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ARTICLE INFO ABSTRACT

Keywords: Over the past few years, antibodies such as immunoglobulin G, IgG, have increased their market share as

Antibodies ) alternative therapeutics. However, their production at high purity levels is still costly due to the absence of a

Lm@;noglobul1n G cost-effective platform for their recovery and purification from the complex biological media in which they are
urification

produced. This work describes, for the first time, that materials modified with ionic liquids (ILs) can be designed
for the effective capture and purification of antibodies from complex matrices, allowing both the selective
adsorption of IgG or the selective adsorption of other proteins present in the media. The best results correspond
to IgG with 59 % of yield and 84 % of purity in the aqueous solution, and IgG with 76 % of yield and 100 % of
purity on the surface of one SIL due to the selective adsorption of IgG from human serum. The best conditions and
materials were then applied to other IgG-containing matrices, namely rabbit serum and Chinese hamster ovary
(CHO) cell culture supernatants, proving the robustness of the developed strategy. Furthermore, it is demon-
strated that the secondary structure of IgG is preserved during the purification process and that these antibodies
remain biologically active. In summary, it is shown that by only changing the IL chemical structure at the
material surface it is possible to selectively adsorb IgG or to adsorb other proteins leaving IgG in solution. These
findings prove that SILs are customizable materials with future potential to act in the flow-through or bind-and-
elute modes. Therefore, SILs can be envisioned as potential chromatographic columns capable of substituting the
high-cost commercial chromatographic columns based on biological ligands currently used to purify IgG.

Supported ionic liquids
Customizable materials

1. Introduction applications, antibodies must meet standards of safety, efficacy, potency
and purity [5].
Several advances were achieved in the past years regarding the up-

stream processing of antibodies increasing its productivity; however,

In a time where the efficacy of conventional drugs is declining and
population is aging, the biopharmaceuticals market is currently-one of

the fastest growing segments of the pharmaceutical industry [1]. In
recent decades, biopharmaceuticals have proven their high specificity,
low risk and low adverse effects to the patients [2]. In this context,
therapies based on polyclonal (pAbs) and monoclonal (mAbs) antibodies
have emerged. Plasma-derived human IgGs are increasingly used for the
treatment of genetic and acquired immunodeficiencies and for several
inflammatory and autoimmune disorders [3,4]. Regarding mAbs, they
present a high potential for different applications, such as immuno-
therapy and for the treatment of cancer, transplant rejection, inflam-
matory and autoimmune diseases [5]. In order to be used in these
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improvements in the downstream processing have been ignored since
the biopharmaceuticals industries are unwilling to replace well-
established processes [6]. The downstream processing is now consid-
ered the bottleneck in antibodies production, accounting for up to 80 %
of the total production costs [7]. The traditional downstream scheme
used by the biopharmaceutical industry usually includes multiple steps
for the recovery, isolation, purification and polishing, including several
chromatographic operations for the selective capture and purification
steps [8]. The affinity chromatography using protein A (proA) that is an
affinity biological ligand, is the “gold standard” of the pharmaceutical
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industry for the capture and purification of antibodies, representing the
largest fraction of the costs of the chromatographic steps.

Besides non-chromatographic methods that could be valuable alter-
natives for the downstream processing of antibodies [9], several chro-
matographic platforms have been proposed during the last years,
including cation exchange chromatography [10,11], anion exchange
chromatography [12], hydrophobic interaction chromatography [13],
multimodal chromatography [14], immobilized metal affinity chroma-
tography [15], expanded bed adsorption chromatography [16],
continuous annular chromatography [17] and affinity chromatography
[18,19]. In addition, mimetic resins can also be considered as potential
alternatives to proA chromatography, for instance matrices that specif-
ically bind IgG such as protein G and L, synthetic ligands, proA-like
porous polymeric monoliths or bioengineered peptides [20-23], in
which the contributions by Roque and collaborators are significant
[24-26]. Nevertheless, the development of simpler and cost-efficient
techniques capable to separate, extract and purify antibodies and
other proteins of relevance is still an open field.

Supported ionic liquids (SILs) are a class of materials with potential
to be employed in the capture/purification of proteins [27-30]. The
main advantage of ionic liquids (ILs) in the field of separation is their
capacity to be designed, i.e., the possibility of manipulating their cation
and anion structures to obtain the desired properties and thus improve
separation performance and selectivity of a target compound such as
proteins [31]. This important property is also featured in SILs, since ILs
are the functional groups of a matrix (to which they are covalently
bound), allowing different interactions to be established between the
target compounds and the solid support, ultimately leading to increased
selectivity when processing complex biological matrices. Most SILs
investigated up to date have been applied as enzymatic supports [32] or
in the capture of gases [33]. In addition to these applications, SILs have
been reported for the separation of various molecules, such as inor-
ganic/organic anions [34-36], metals [30,37,38] and small organic
molecules [39,40]. Despite their relevance in bioprocessing, few works
have been reported in the extraction/separation of biomolecules, such as
proteins [41-43]. Shu et al. [41] reported an ionic liquid-polyvinyl
chloride based on N-methylimidazole capable to successfully adsorb
lysozyme, cytochrome ¢ and haemoglobin, with yields of 97 %, 98 % and
94 %, respectively, while the adsorption capacity for acidic proteins
such as IgG, bovine serum albumin (BSA) and transferrin was negligible.
All these studies were carried out with model protein solutions. Even
though the material was finally applied to the extraction of haemoglobin
from human whole blood, the authors did not provide the purity levels
obtained [41]. In the same line, Zhao et al. [42] successfully demon-
strated the use of imidazolium-modified polystyrene (N-methyl-
imidazole and crosslinked chloromethyl polystyrene resin) for the
extraction of cytochrome ¢ from horse heart and bovine haemoglobin
with yields of 93 % and 91 %, respectively, while the retention of other
proteins (IgG, BSA and transferrin) was negligible. Also, the material
was applied to the extraction of haemoglobin from human whole blood;
however, no purity levels were provided [42]. More recently, Song et al.
[43] used an imidazolium hydrogen sulfate modified silica gel for the
extraction/purification of BSA from cow’s blood, achieving 28 % of
yield and a purity of 91 %. The mentioned works highlight the potential
of SILs to recover proteins [41-43]. Nevertheless, only one work [43]
gives indication regarding the selectivity/performance of the studied
materials when applied to real and complex matrices, in which a large
number of proteins and other metabolites are present.

Despite the success of SILs in the processing of biomolecules, to the
best of our knowledge, they were not previously applied for the purifi-
cation of antibodies. In this work, a silica matrix was functionalized with
three ILs, the materials were chemically, surface and morphologically
characterized, and finally evaluated as adsorbents for the capture and
purification of human antibodies from serum samples. The process was
optimized in terms of solid:liquid ratio, pH and contact time in order to
develop cost-effective strategies. Finally, the best conditions were
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applied to other IgG-containing matrices (rabbit serum and Chinese
hamster ovary (CHO) cell culture supernatants) to demonstrate the
applicability of the developed SIL-based platforms to bioprocess other
matrices.

2. Materials and methods

The chemicals used for the activation of silica (used as supporting
material) were silica gel (60 ;\) with a particle size of 0.2-0.5 mm from
Merck and hydrochloric acid (HCI, purity 37 wt%) from Sigma-Aldrich.
The solvents used to prepare the IL-functionalized silica were toluene
(99.98 % purity) and ethanol (99.99 % purity) both from Fisher Scien-
tific; methanol (99.99 % purity) from Fisher Chemical; (3-chloropropyl)
trimethoxysilane (98 % purity), N-methylimidazole (99 % purity),
tributylamine (99 % purity) provided by Acros Organics; and trioctyl-
amine (>98 % purity) acquired from Fluka.

For the HPLC mobile phase, the following salts were used: anhydrous
monobasic sodium phosphate (99-100.5 % purity), sodium phosphate
dibasic heptahydrate (98-102 % purity), and sodium chloride (99.5 %
purity), all provided by Panreac.

The biologicals used in this work were human IgG for therapeutic
administration (trade name: Gammanorm®), obtained from Octa-
pharma (Lachen, Switzerland), as a 165 mg.mL’l solution; HSA (96 %
purity) provided by Alfa Aesar; human serum from human male AB
plasma, USA origin, sterile-filtered, obtained from Sigma-Aldrich
(H4522 Sigma) (>95.0 % purity); rabbit serum (containing 0.01 % of
thimerosal) unconjugated and pooled from a normal donor population,
also purchased from Sigma-Aldrich. The CHO cell culture supernatant
containing anti-human interleukin-8 (anti-IL-8) monoclonal antibodies
(mAbs) was produced in-house according to the details presented in the
Supplementary Material. The produced anti-IL-8 mAb has an isoelectric
point (pI) of 9.3 [44]. The Quantikine® Human IL-8/CXCL8 kit (R&D
systems, Minneapolis, MN, USA) was used for competitive enzyme
linked immunosorbent assay (ELISA) experiments.

In order to investigate the effect of pH on the adsorption behaviour of
IgG and albumin, distinct buffer solutions were used: phosphate buff-
ered saline (PBS) tablets was acquired from Sigma-Aldrich-Merck KGaA
(St Louis, Missouri, USA). One tablet of PBS was dissolved in 200 mL of
distilled water yielding 0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride, pH 7.4, at 25 °C. From pH 3 to pH
7: citrate/phosphate buffer (0.1 M citric acid/0.2 M NayHPO4); from pH
9 to pH 11: carbonate-Bicarbonate buffer: (0.1 M NayCO3/0.1 M
NaHCOs); pH 12: Glycine-NaOH buffer (0.1 M glycine + 0.1 M NaCl/0.1
M NaOH).

Other reagents used in this work were of analytical grade and used as
acquired, without further purification steps.

2.1. Synthesis of SIL materials

Three different SIL materials were herein synthesized, namely a 1-
methyl-3-propylimidazolium-based supported silica with chloride as
the counter ion ([Si][C3mim]Cl), a propyltributylammonium-based
supported silica with chloride as the counter ion ([Si][N3444]Cl) and a
propyltrioctylammonium-based supported silica with chloride as the
counter ion ([Si][N3ggg]Cl). The synthesis of SILs was adapted from the
method described by Qiu et al. [35], and previously proposed by us
[39,40,45]. The initial step for the synthesis of the SIL materials consists
in the activation of the silica gel (pore size of 60 f\) with a solution of
hydrochloric acid (37 wt%) for 24 h to increase the content of silanol
groups on the silica surface. Subsequently, the activated silica was
washed with ca. 2 L of distilled water, until the washing water achieves
the distilled water pH, and then placed in the kiln for 24 h at 60 °C. In the
next step the activated silica was functionalized with 3-chloropropyltri-
methoxysilane. For that 5.0 g of activated silica was suspended in 60 mL
of toluene and 5.0 mL (0.026 mol) of 3-chloropropyltrimethoxysilane
added. Then, the mixture was refluxed under magnetic stirring (550
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rpm) for 24 h at 115 °C to obtain the intermediate material 3-chloropro-
pylsilane ([Si][C3]Cl). Afterwards, the obtained material was filtered
and washed with 100 mL of toluene, 200 mL of 1:1 mixture of ethanol:
water, 500 mL of distilled water and 100 mL of methanol, and finally
dried for 24 h at 60 °C. The third step in the SILs synthesis consisted in
the functionalization of the [Si][C3]Cl, by mixing 5.0 g of the material
with 50 mL of toluene and 5 mL of the respective cation source (N-
methylimidazole, tributylamine or trioctylamine; cf. Fig. 1). Thus, the
chemical amount of the cation source was 0.061, 0.021 and 0.011 mol
respectively. The suspension was magnetically stirred under reflux for
24 h. Finally, the obtained materials were filtered and washed with 100
mL of toluene, 350 mL of methanol, 300 mL of distilled water and 150
mL of methanol, and once again dried for 24 h at 60 °C. In Fig. 1, a
schematic representation of the synthesis protocol used for the prepa-
ration of the SILs under study is provided.
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2.2. Characterization of SILs materials

The synthesized materials were characterized through several tech-
niques, namely elemental analysis, solid-state *C nuclear magnetic
resonance (NMR) spectroscopy, attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectroscopy, point zero charge (PZC),
and scanning electron microscopy (SEM).

The content of carbon, hydrogen and nitrogen of the three SILs ([Si]
[Csmim]Cl, [Sil[N3444]Cl and [Si][N3ggs]Cl) were determined by
elemental analysis technique using the TruSpec LECO-CHNS 630-200-
200 analyser. A small amount of solid sample (~2 mg) was placed and
analysed at a combustion furnace temperature of 1075 °C and an
afterburner temperature of 850 °C. Infrared absorption was used to
determine the carbon and hydrogen contents whereas thermal conduc-
tivity was used for nitrogen quantification.

Solid-state carbon-13 Nuclear Magnetic Resonance (*3c NMR)

OH —o0 0 OH
OH \ /\/\ Toluene \ ~
+ Si cl _ Si
N \
o reflux for 24 h \/\/CI
OH oO— 0 /
Sio, 3-chloropropyl-trimethoxysilane [Si][C,]cl
(o] OH
) ) \ pd N-methylimidazole
[Si][Csmim]Cl Si N/\ﬁ——CHg Toluene
o - A VA __Ja reflux for 24 h
(6] \ /OH . .
) Si . Tributylamine
(Si][N3444]Cl P \/\/N/\/\ Toluene
0] Cl\\\\ reflux for 24 h
(6] \ /OH . .
si Trioctylamine
[Si][N3555]Cl ; —
o / \/\/C oluene

N
/\\\\\/\:\\/\/\ reflux for 24 h

Fig. 1. Schematic representation of the preparation of SILs, their chemical structures and respective abbreviations — [Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3ggg] Cl.
3-chloropropylsilane ([Si][C3]Cl), the intermediate of the two-step reaction, is also represented.
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spectroscopy was used to confirm the SILs preparation. The spectra of
the three SIL materials were recorded at 9.4 T, on a spectrometer
BRUKER AVANCE III (wide-bore). A 4 mm double-resonance MAS probe
was employed at 100.6 MHz. Fourier-Transform infrared spectroscopy
(FTIR) of synthesized SILs was carried out using a Perkin Elmer FT-
IRSystem Spectrum BX), between 4000 and 400 cm™! at a resolution
of 2 cm™! and 256 scans per sample. The point of zero charge (PZC) was
determined by zeta potential curves. Zeta potential values were recor-
ded for suspensions of materials in water at different pH values, which
were adjusted with NaOH (0.01 M) and HCI (0.01 M) solutions, and
employing a suitable cell for this purpose using a Malvern Zetasizer
Nano ZS equipment (Malvern Instruments 1td. Malvern). The surface
area (Spgr) of SiOy was estimated by N isotherm adsorption measure-
ments and the Brunauer-Emmett-Teller (BET) method, operating a
Gemini V2.0 surface analyser from Micromeritics Instrument Corp. Prior
to BET measurements, the sample was degassed at —80 °C under ni-
trogen flow overnight. Scanning electron microscopy (SEM) was per-
formed using a FE-SEM Hitachi SU-70. The SILs materials were
deposited on an aluminium sample holder followed by carbon coating.

2.3. Bonding amount

The chemical amount of IL per area of material, designated by
bonding amount (BA) (umol m~2), was determined for [Si] [C3]Cl and
for the synthetized SILs. Considering the Spgt of silica as 435 m2. g'l, the
BA value was calculated according to Egs. (S1-S3) given in the Supple-
mentary Material.

2.4. Determination of the SIL-based process performance

IgG and protein impurities were quantified in all feeds and in each
sample by size-exclusion high-performance liquid chromatography (SE-
HPLC). Samples were diluted at a 1:2 (v:v) ratio in an aqueous potassium
phosphate buffer solution (50 mmoleL™!, pH 7.0, with NaCl 0.3 mol..L'})
used as the mobile phase. The equipment used was a Chromaster HPLC
system (VWR Hitachi) equipped with a binary pump, column oven
(operating at 40 °C), temperature controlled auto-sampler (operating at
10 °C), DAD detector and a column Shodex Protein KW-802.5 (8 mm x
300 mm). The mobile phase was run isocratically with a flow rate of 0.5
mL.min ! and the injection volume was 25 pL. The wavelength was set
at 280 nm. The IgG calibration curve (presented in the Supplementary
Material, Fig. S1) was established with commercial human IgG, with a
concentration ranging from 5 to 200 mg.L’l.

The process performance was evaluated by the recovery yield and
purity level for IgG. In addition, both the IgG concentration and ag-
gregation percentage were determined for a full characterization of the
process outputs. The importance of evaluating the percentage of I1gG
aggregates is due to its biological activity since the presence of IgG ag-
gregates compromise the therapeutic effectiveness and safety [46]. For
each sample, the peaks areas were estimated using PeakFit® software,
and the remaining data was treated on Excel.

The recovery yield (%Yieldigg) of IgG, the percentage purity level of
IgG (%Purityyeg) and the aggregation percentage of IgG (%Aggregatio-
nggc) retained in the solution and adsorbed onto the material were
determined by equations (S4-S9) given in the Supplementary Material.
At least two individual experiments were performed to determine the
average in performance parameters, as well as the respective standard
deviations. To complement the SE-HPLC data and to infer on the total
protein profile and integrity of IgG and HSA, sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) was performed, as
described in the Supplementary Material.

2.5. Screening of the SIL materials for the purification of IgG from human
serum

An initial screening was performed with all the synthesized materials
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to purify IgG. Activated silica was used as a control for comparison
purposes. Each SIL/activated silica was added to 2 mL microtubes under
the following operating conditions: Solid:Liquid ratio (S:L ratio) of 100
mg.mL~! (50 mg of supported material (SILs) and 500 pL of human
serum 20-fold diluted in the appropriated buffer according to the
selected pH); pH value of 3, 5, 7 and 9; and contact time of 60 min. The
samples were stirred on a programmable rotator-mixer from PTR-30
Grant-bio. Finally, the samples were centrifuged in a VRW MICRO
STAR 17 at 13000 rpm during 20 min to separate the aqueous solution
from the material, that remained in the bottom of the microtube. All
aqueous solutions were diluted at a 1:1 (v:v) ratio with the HPLC mobile
phase, and then analysed by SE-HPLC.

2.6. Optimization of the purification process by factorial design
experiments

After the first screening performed, factorial design was used to
maximize human antibodies recovery and purification. A 2K factorial
planning was carried out, in which there are k factors that can contribute
to a different response regarding the final IgG recovery yield or purity in
just one step. The experimental data were treated according to Eqs S10-
S12 provided in the Supplementary Material.

In this work, the 23 factorial planning was used aiming at the opti-
mization of three independent variables (inputs), namely i) solid:liquid
ratio (mg of material per mL of aqueous solution of biological media); ii)
pH value; and iii) contact time (min), both for the maximization of the
IgG yield or purity. The inputs were studied at three levels: the central
point (zero level), factorial points (1 and —1, level one), and axial points
(level a), being the 23 factorial planning provided in the Supplementary
Material (Table S1). Based on Eq. (S11), a total of 17 experiments were
performed for the development of the proposed factorial design. Also,
for k = 3 and considering Eq. (S12), « adopts a value of 1.68. The range
was defined according to preliminary results, and the chosen central
point was 100 mg.mL ! for S:L ratio, pH 5 and 60 min of contact time.
The detailed list of experiments performed with the coded and uncoded
coefficients is provided in the Supplementary Material (Table S2).

The results obtained were statistically analysed using Statsoft©
STATISTICA 10.0 software and considering a confidence level of 95 %.
Three-dimensional surface response plots were originated by changing
two variables within the experimental range and maintaining the
remaining factors at the central point. Each factorial planning developed
used a central point experimentally obtained at least three times. The
response surfaces and contour plots were also obtained using Statsoft©
STATISTICA 10.0 software.

2.7. Optimization of the IgG purification processes

In order to further optimize the processes based on the information
given by the design of experiments, a set of new conditions regarding the
pH value and S:L ratio were considered for the IgG capture and/or pu-
rification using the three SILs under study ([Si][Csmim]Cl, [Si][N3444]ClL
and [Si][N3ggg] Cl). For the optimization of the process pH, a S:L ratio of
100 mg.mL ™! (50 mg of SILs and 500 pL of human serum 20-fold diluted
in the appropriated buffer) and an intermediate contact time of 60 min
were fixed, while pH values of 10, 11 and 12 were studied (values higher
than the pI of the protein of interest, pligg = 9 [47]). Further optimi-
zation of the S:L ratio was performed for [Si][C3mim]Cl, also using the
three pH values (10, 11 and 12) and 60 min of contact time, and at two
different S:L ratio — 150 and 200 mg-mL ! (75 and 100 mg of material
with 500 pL of human serum 20-fold diluted in the appropriated buffer,
respectively). All the assays were prepared following the procedure
described above.

2.8. Evaluation of the robustness of the processes

The two best conditions identified were finally investigated to prove
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the robustness of the IgG downstream processes developed. The mate-
rials were set in contact with two new biological complex matrices,
namely rabbit serum and CHO cell culture supernatants. For [Si]
[Csmim]Cl, the operating conditions were a S:L ratio of 150 mg.mL’l,
pH 12 and 60 min, while for [Si][N3ggg]Cl the selected operating con-
ditions were a S:L ratio of 100 mg.mL™!, pH 11 and 60 min. The
experimental procedure adopted followed the one mentioned above.

2.9. Assessment of IgG stability and anti-IL-8 mAbs activity

Circular dichroism (CD) was used to address the secondary structure
of IgG at different pH values and after extraction from human serum
under the optimized conditions. Competitive ELISA was performed for
the CHO cell culture supernatant and purified fractions from [Si]
[Csmim]Cl to evaluate the activity of anti-human IL-8 mAbs. The mouse
anti-human CXCL8/IL8 antibody (RayBiotech Life, Peachtree Corners,
GA, USA) was used as positive control. Detailed information can be
found in the Supplementary Material.

3. Results and discussion
3.1. Synthesis and characterization of SIL materials

Fig. 1 presents a schematic overview of the SILs synthesis procedure
adopted in this work, by which three different SILs were prepared: [Si]
[Csmim]Cl, [Si][N3444]Cl and [Si][N3ggg]Cl. Although three different
cations were investigated, chloride was kept as the counterion in all SILs,
avoiding the use of more complex anions, while allowing to lower the
costs of the materials and reduce their eco- and cytotoxicity [39]. All
SILs were prepared by a two-step reaction process where activated silica
reacts with a silane-coupling agent (3-chloropropyltrimethoxysilane)
and the obtained chloropropylsilica reacts with N-methylimidazole or
other tertiary ammines (as cation sources).

Elemental analysis was carried out to quantitatively determine the
carbon, hydrogen, and nitrogen contents of the prepared SILs. Consid-
ering the St value for the used silica of 435 m2. g'l, the bonding amount
was calculated for chloropropylsilica and for the synthetized SILs. Zeta
potential curves as function of pH (Supplementary Material, Fig. S2)
were used to determine the PZC of the materials. This information is
summarized in Table 1.

The intermediate [Si][C3]Cl shows the presence of carbon (C) and
hydrogen (H), but as expected does not contain nitrogen (N), indicating
the absence of the IL cation source. It is also possible to verify that the
higher the amount of cation source used, the higher the percentage of
nitrogen. This increase relates to an increase of the functionalization
degree, noticeable by the increase in the bonding amount. However,
there is no linear dependence between the amount of cation source and
the bonding amount in the case of the imidazole and the quaternary
ammonium SILs based cations. The justification for this evidence may be
related to stereochemical effects. According to the elemental analysis
(Table 1) the amount of 2.84, 0.15 and 0.07 (in %) of N was achieved for

Table 1

Chemical amount (n(mol)) of 3-chloropropyltrimethoxysilane and of the cation
source in the synthesis, elemental analysis results: weight percentages of carbon
(%C), hydrogen (%H), and nitrogen (%N); bonding amount (BA) (pmol.m’z);
and point of zero charge (PZC) of activated silica, [Si][C3]Cl and all SIL mate-
rials: [Si][Camim]CL [Si][N3444]1ClL, and [Si][Nsggs]CL).

SILs n(mol) AE

BA (umol.m~2)  PZC

C(%) H(%) N(%)

Activated silica - - - - - 3.0
[Si][C3]Cl 0.026 4.64 1.39 - 2.96 4.1
[Si][C3mim]Cl 0.061 8.38 2.12 2.84 2.33 8.9
[Si][N3444]Cl 0.021 5.74 1.37 0.15 0.24 5.7

[Si][N3ggs]Cl 0.011 6.90 1.34 0.07 0.12 5.8
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the SILs [Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3ggg]Cl, respectively.
Considering the structure of the SILs, it is possible to conclude that the
mass of IL per mass of SIL is respectively: 161.92 mg. g, 27.77 mg.g™* and
21.85 mg.g'l.

The successful preparation of SILs was additionally confirmed
through solid-state 13¢ Nuclear magnetic resonance (NMR), whose
spectra are shown in the Supplementary Material (Fig. S3). Concerning
the intermediate [Si][C3]Cl spectrum, three peaks at 10, 27 and 47 ppm
are assigned to the three carbons of the propyl alkyl chain. For [Si]
[Csmim]Cl, the presence of the six peaks was noticed: the three carbon
atoms of the alkyl side chain of the aromatic ring (C2, C1 and C6) cor-
responds to the peaks at 10, 25 and 38 ppm, respectively. The signals
between 120 and 140 ppm correspond to the aromatic carbons of the
imidazolium ring (C5 and C4), respectively. The last carbon of the alkyl
chain (C3) corresponds to the peak at 53 ppm. Regarding to the solid-
state 3C NMR, the spectra of [Si][N3444]Cl and [Si][N3ggs]Cl are
similar to the spectrum of the intermediate material ([Si][C3]Cl), which
is due to the low functionalization degree of these materials, in agree-
ment with the elemental analysis results and the results previously re-
ported [39].

The attenuated total reflectance Fourier-Transform infrared spec-
troscopy (ATR-FTIR) spectra of activated silica, chloropropyl silica, and
prepared SILs were also recorded in the range of 400 and 4000 cm™!. All
were obtained using silica as background, being represented in the
Supplementary Material (Fig. S4). At around 3400-3900 em ! it s
observed a band corresponding to Si-OH stretching, which corresponds
to the first step of reaction with the 3-chloropropyltrimethoxysilane. The
relatively weaker bands occurring at 2900-3200 cm ™! are the stretching
vibrations of CHs and CH,, whereas the band at 1100 cm ™! represents
the aliphatic chain C-N from all the SILs after their reaction with the
corresponding cation source. Finally, the peaks at 400-900 cm ™' are
related with the OH bending from the first reaction of the activated silica
with the anion, and to the chloride anion, also from the first reaction.
Overall, ATR-FTIR results also allow to confirm the silica functionali-
zation with ILs.

All the studied materials presented different PZC values, determined
from the graphical representations of the zeta potential as function of pH
(Fig. S2 in the Supplementary Material). The SILs studied showed to lead
to stable suspensions in water, allowing to measure the zeta potential as
function of the pH. Activated Silica presents the lowest PZC value (3.0),
while all the other materials have higher PZC values, ranging from 4.1
(intermediate material, [Si][C3]Cl) to 8.9 ([Si][C3mim]Cl). These results
suggest that the surface of [Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3gsg]
Cl is more positively charged when compared to the activated silica and
to the intermediate material, therefore confirming the successful func-
tionalization of the synthesized SILs, since they are more positively
charged due to the grafting of the IL cation to the silica surface.

Finally, SEM was used to morphologically characterize the synthe-
sized materials. The SEM images of activated silica and the synthesized
SILs are given in the Supplementary Material (Fig. S5). As seen from the
SEM images, the commercial silica gel 60 used does not have a homo-
geneous size and morphology. Overall, no significant differences in the
materials morphology are observed between the prepared SILs and the
non-functionalized silica obtained from the same two step procedure but
without the chemical reagents (namely the silane and the IL cation
source), meaning that the intermediate step and remaining steps
required for silica functionalization with ILs do not change the material
morphology. Nevertheless, it should be noted that the two refluxing
steps with magnetic stirring have a grinding effect on the particles,
which commercially have a size between 200 and 500 pum, and which
after functionalization shown sizes between 10 and 100 um. Overall, the
characterization of the prepared SILs by elemental analysis, FTIR, zeta
potential, CPMAS '3C NMR and SEM allowed to confirm the successful
functionalization of these materials.
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3.2. Characterization of the biological matrices

Aqueous solutions of commercially available pure IgG, pure albumin
and the complex biological matrices used in this work (human serum 20-
fold diluted, rabbit serum 20-fold diluted and CHO cell culture super-
natants) were analysed by SE-HPLC for the characterization of their
chromatographic profiles. The results obtained are presented in the
Supplementary Material Fig S6.

Under the chromatographic conditions used, pure IgG samples pre-
sent 2 chromatographic peaks: one corresponding to the IgG monomer
and the other to IgG aggregates, with a retention time of ca. 15.0 min
and 13.8 min, respectively, in agreement with previous reports [48,49].
The major protein impurity in the feed is human serum albumin (HSA),
with a retention time of ca. 16.2 min. Both rabbit serum and CHO cell
culture supernatant also exhibit a similar chromatographic profile.
Nevertheless, it should be highlighted that in the cell culture superna-
tant, the main protein impurity is BSA, whereas in the rabbit serum it
corresponds to rabbit albumin.

The IgG content in the human serum samples was ascertained before
each assay, and it was found that its average concentration was 470.1 +
12.5 mg.L}, with a purity of 47.0 = 1.6 %; in CHO cell culture super-
natants it was found an average concentration of IgG of 46.0 & 5.8 mg.L~
! with a purity of 19.90 + 4.5 %; finally, for rabbit serum, the IgG
average concentration was found to be 297.2 + 22.0 mg.L}, with an
average purity of 24.6 + 0.3 %.

In this work, all the assays were initially conducted using human
serum, since it is a consistent and homogenous biological complex me-
dium containing high concentrations of antibodies, and also presenting
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similar composition between samples, allowing consistent and compa-
rable results along the work and avoiding discrepancies arising from the
use of different batches. CHO cell culture supernatants and rabbit serum
were then selected to evaluate the applicability of the developed IgG
downstream processes for different biological matrices.

3.3. Screening of SIL materials for IgG purification

An initial screening was performed to understand the behaviour of
the IgG antibodies of human serum samples in the presence of activated
silica (without any functionalization) and the SIL materials under study
([Si]l[C3mim]Cl, [Si][N3444]Cl and [Si][N3ggg]Cl). For that purpose,
activated silica and SILs were placed in contact with human serum
samples at different pH values (ranging from 3 to 9) to evaluate the
influence of the pH in the (selective) adsorption of proteins from human
serum.

The same operational conditions were applied for all materials: a S:L
ratio of 100 mg.mL~' and 60 min of contact time, while the pH value
was changed (3, 5, 7 and 9). After the contact of the human serum
sample with the materials, the chromatograms of the aqueous solutions
were obtained and compared with the initial chromatogram of the
human serum (before contact with the material), allowing to evaluate
the ability of these materials to (selectively) adsorb proteins present in
the biological complex medium. The respective chromatograms are
presented in Fig. 2. At the studied pH, the SE-HPLC chromatograms
clearly demonstrate that the aggregates peaks intensity of the initial
biological matrices is similar. Furthermore, no precipitation was
observed in all experiments.
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Fig. 2. SE-HPLC chromatograms of the human serum samples 20-fold diluted after contact with the supported materials under study at: (A) pH 3; (B) pH 5; (C) pH 7;
and (D) pH 9. For each graph, the chromatographic profiles of human serum (eee), and human serum after contact with activated silica (=), [Si][C3mim]Cl (=), [Si]

[N3444]Cl (), and [Si][N3ggg]Cl (-) are presented.
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Based on results provided in Fig. 2, activated silica presents no
selectivity, at any of the pH values studied, and for any of the bio-
molecules present in human serum. In this case, similar SE-HPLC chro-
matograms were obtained for all aqueous solutions after contact with
activated silica and the initial human serum sample. Moreover, at pH 3,
similar chromatographic profiles between the initial and final samples
were found for all the SILs under study, meaning that no IgG nor albu-
min preferentially adsorb into the materials under these conditions. This
behaviour seems to be related with the fact that, at pH 3 both IgG and
HSA are positively charged (pligg = 9.0 and pIusa = 4.9). As the studied
SILs are also positively charged (PZCysij[csmimict = 8-9; PZCisi][N3u.cl =
5.7 and PZC{sij[N3ss]cl = 5.8), there is no electrostatic attraction between
the proteins and the materials, preventing their adsorption.

When increasing the pH to 5, it is noticed that IgG and albumin start
to adsorb into [Si][N3444]Cl and [Si][N3ggg]Cl; however, there is no
significant adsorption of proteins into [Si][Csmim]Cl, since it consists in
the material with most positive charges (due to the higher PZC). At pH 7,
a preferential adsorption of IgG onto [Si][N3444]Cl and [Si][N3ggg]Cl
occurs, in accordance with the pI of IgG and HSA and the PZC of the
materials; both [Si][N3444]Cl and [Si][N3ggg]Cl are negatively charged,
while IgG is positively charged. This trend reveals that electrostatic in-
teractions may be contributing for the adsorption behaviour. However,
since albumin is negatively charged and its adsorption into the materials
also occurs, this means that other interactions are taking place as well.
[Si][Csmim]Cl that is positively charged at the work pH, leads to the less
promising results, adsorbing less IgG and albumin than the quaternary
ammonium-based SILs. The adsorption of IgG (also positively charged)
was unexpected, suggesting that on this material other interactions than
electrostatic ones, such as hydrogen-bonding, dispersive and x...7 in-
teractions, play a significant role in the process.

Finally, at pH 9, both IgG and albumin were adsorbed into the three
SILs, but less than at pH 7. Again the lower adsorption was observed for
[Si][Csmim]Cl, revealing that the pH is not a significant parameter to
control the adsorption onto this SIL. Using a combination of experi-
mental (e.g. fluorescence measurements using BSA) and computational
data (molecular docking using HSA), Shu et al. [50] studied the inter-
action of several imidazolium-based ILs, including 1-butyl-3-methylimi-
dazolium chloride also investigated in this work, and albumins. The
authors found that at pH 7.4, electrostatic attraction between the IL
cationic moieties and negatively charged BSA facilitates the binding of
ILs with BSA. Additional molecular docking analysis revealed that the 1-
butyl-3-methylimidazolium cation is surrounded by HSA hydrophobic
residues (Phe502, Phe507, Phe509, Val547, Phe551, Leu575 and
Ser579). Overall, these results suggest that hydrophobic forces may be
the main interaction forces in the binding of imidazolium ILs to HSA,
although electrostratic interactions might also be involved in the bind-
ing of the IL to HSA (which contains two charged amino acid residues -
Lys536 and GIn580), being in good agreement with the thermodynamic
analysis [50]. Generally, the interaction behaviour of HSA with the SILs
synthesized in this work, particularly for [Si][C3mim]Cl, are in good
agreement with the results previously reported [50].

In conclusion, the data here gathered allowed to conclude that the
functionalization of activated silica with ILs is fundamental to introduce
selectivity in the materials (SILs); by using activated silica, no adsorp-
tion of proteins was observed in the pH range herein studied. Although
for pH 3 no significant proteins adsorption could be noticed, for pH 5 it
was observed a preferential IgG adsorption into two SILs, [Si][N3444]Cl
and [Si][N3ggg] Cl, whereas for [Si][C3mim]Cl it only occurs at pH 7. The
higher pH values seem to favour the adsorption phenomenon as the
material becomes negatively charged, as shown above. The [Si][C3mim]
Cl was the SIL with the lower ability for proteins adsorption.

3.4. Optimization of the adsorption process and selectivity by factorial
design experiments

Based on the most promising conditions obtained in the initial
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screening of the three SILs, a 22 factorial planning was performed aiming
at optimizing the operation conditions (S:L ratio, pH and contact time)
in the SIL-based process for the capture/recovery and purification of IgG
antibodies from human serum. The performance parameters (%Yieldrgg
and %Purityigg) were experimentally obtained for each assay using the
three SILs. For [Si][Csmim]Cl, the performance parameters were
determined in the aqueous solution after contact with the supported
material (since IgG is preferentially maintained in solution using this
SIL), and for [Si][N3444]Cl and [Si][N3ggg]Cl the performance parame-
ters refer to the material after contact with the liquid (due to the pref-
erential adsorption of IgG onto these materials). The quantitative results
obtained are presented in Table S3, while the comparison between the
experimental and theoretical results, as well as the statistical analyses
performed (regression coefficients and ANOVA), are presented in the
Supplementary Material (Tables S4 — S21 and Figs. S6 — S11). According
to the data presented in Table S3, for each SIL material there are optimal
conditions providing good purity levels without impairing the IgG re-
covery yield (highlighted in bold).

For [Si][C3mim]Cl, the IgG is completely retained in solution, i.e.
100 % of yield, with a purity of 46.9 + 0.7 % using a S:L ratio of 50 mg.
mL~}, pH 3 and a contact time of 90 min. On the other hand, by using
[Si][N3444]Cl, IgG is preferentially adsorbed onto the SIL material with a
yield of 57.0 &+ 7.5 % and a purity level of 65.0 & 5.9 %, using a S:L ratio
of 150 mg.mL’l, pH 7 and a contact time of 30 min. Finally, for [Si]
[N3ggslCl, the IgG is also adsorbed onto the material with a yield of 42.8
+ 0.7 % and a purity of 81.1 & 8.9 %, using a S:L ratio of 50 mg.mL ™,
pH 7 and a contact time of 90 min. At pH 3, [Si][C3mim]Cl and IgG are
positively charged, thus promoting a preferential capture of the protein
impurities in the SIL and allowing IgG to be recovered in a simple and
quick way, i.e. directly in the aqueous solution that contacted with the
material. Also, [Si][Csmim]Cl presents an aromatic ring on its structure,
and thus =#...n interactions between the aromatic ring of the SIL and the
aromatic residues of protein impurities may be playing a role in the
process. On the other hand, by using [Si][N3444]Cl and [Si][N3ggg]Cl at
pH 7, IgG is positively charged, while both SILs are negatively charged,
being observed in this case a preferential adsorption of IgG onto the
material. However, since a minor amount of HSA is also adsorbed in
these conditions, along with electrostatic interactions (as discussed
above), dispersive interactions may also be playing a role in the
adsorption process. [Si][N3444]Cl and [Si][N3ggglCl are composed of
long alkyl chains and are, consequently, the most hydrophobic SILs
under study, whereas IgG is the most hydrophobic protein in the bio-
logical matrix (i.e. the protein composed of higher number of surface
hydrophobic residues [47]).

The experimental data obtained in the 2% factorial plannings
(response surface and contour plots) regarding the optimization of IgG
recovery yield and purity are depicted in Fig. 3 and Fig. 4, respectively.
The best conditions above mentioned for [Si][C3mim]Cl are close to the
optimum zone (dark red), whereas for [Si][N3444]Cl and [Si][N3ggg]Cl
they fit within the optimum zone obtained in the response surface and
contour plots. Still, based on response surface plots, it is possible to
predict the optimal conditions of S:L ratio, pH and contact time that
allow to maximize IgG recovery yield and purity. The values of optimum
conditions are summarized in the Supplementary Material (Table S22).

There is a close agreement between the optimum conditions for both
the IgG recovery yield and IgG purity for [Si][N3444]Cl and [Si][N3ggg]
ClL, while a pH difference was observed for [Si][Csmim]Cl. By the
analysis of the pareto charts from [Si][Csmim]Cl [c¢f. Supplementary
Material (Fig. S12 (A) and Fig. S13 (A))] it is shown that pH displays a
significant influence upon the IgG recovery yield, and that no parame-
ters appear to affect IgG purity. For [Si][N3444]Cl [cf. Supplementary
Material (Fig. S12 (B) and Fig. S13 (B))1, the pH significantly affects IgG
recovery yield. Furthermore, also the pH quadratic function and the
quadratic function of contact time are statistically relevant for the IgG
purity. Finally, for [Si][Nsggg]Cl [¢f. Supplementary Material (Fig. S12
(C) and Fig. S13 (C))], both pH and S:L ratio display a significant
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Fig. 3. Response surface plots (left) and contour plots (right) on the IgG recovery yield (%Yieldisc) using: (A) and (B) [Si][Csmim]Cl (focused on pH 5); (C) and (D)
[Si][N3444]Cl (focused on S:L ratio of 100 mg.mL'); and (E) and (F) [Si][Nsgsg]Cl (focused on S:L ratio of 100 mg.mL ™).

influence in the IgG recovery yield, whereas only the pH affects signif-
icantly the IgG purity.

Overall, the pH is the most important and statistically relevant var-
iable ruling the IgG recovery/purification process. Moreover, it was
found that the central point was appropriate for the optimization of the
IgG recovery yield using [Si][Csmim]Cl, since the area of maximum

@

yield is included in the defined intervals; however, the factorial planning
using the same materials for the optimization of IgG purity only allowed
to define a region in which the IgG purification seems to be maximized
(but with an undefined optimum point). Only slight discrepancies were
identified between the predicted and experimental values for the re-
covery yield and purity of IgG [cf. Supplementary Material (Fig. S6 and
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Fig. 4. Response surface plots (left) and contour plots (right) on the IgG purity level (%Purityyc) using: (A) and (B) [Si][Csmim]Cl (focused on pH 5); (C) and (D)
[Si][N3444]Cl (focused on S:L ratio of 100 mg.mL’l); and (E) and (F) [Si][N3ggg]Cl (focused on S:L ratio of 100 mg.mL’l).

Fig. S7)1, assuring the accuracy and precision of the factorial design, and
allowing to define as the optimum conditions for this material a S:L ratio
of 50 mg.mL~}, pH 3 and a contact time of 90 min. For the remaining
SILs, [Sil[N3444]Cl and [Si][Ns3ggsglCl, some discrepancies for the re-
covery yield and purity of IgG were also identified between the pre-
dicted and experimental values [cf. Supplementary Material (Figs. S8-
S11)]1, but it is still possible to clearly identify the most promising

conditions for the recovery and purification of IgG from human serum
samples.

The obtained results through the studied factorial plannings allowed
to identify the conditions required to achieve its maximum performance.
In general, S:L ratios of 100 mg.mL ™}, more alkaline pH values (>8), and
contact times above 60 min proved to be beneficial for the process.
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3.5. Experimental optimization of the IgG purification process

Based on the results obtained from the factorial planning, the best
conditions in terms of S:L ratio and contact time were fixed (100 mg.
mL~! and 60 min of contact time, in order to reduce the energetic input
and the economic cost of the process), while the pH value, a parameter
that was proven to be statistically significant, was further optimized to
maximize the yield/purity of IgG from human serum samples. Since the
factorial planning showed that alkaline pH values are more favourable
for the processes under development, a pH study was carried out for all
SILs, considering pH 10, 11 and 12. The stability of IgG at the selected
alkaline pH range was evaluated by CD spectroscopy, whose spectra are
shown in Fig. S14 in the Supplementary Material. The spectrum of IgG in
PBS (pH 7.4) displays a minimum of ellipticity around 218 nm and a
maximum at approximately 200 nm, which suggests the predominance
of a B-sheet structure [51]. No noticeable changes in the spectra of IgG at
pH values of 10, 11 and 12 were observed at wavelengths ranging from
210 to 260 nm, in comparison with that recorded at pH 7.4. A slight
decrease of ellipticity was, however, observed for wavelengths within
the range 200-205 nm, indicating a minor perturbation of the IgG sec-
ondary structure. Nevertheles, it does not impair its antigen binding
activity, as addressed below by ELISA experiments.

The purification processes were investigated under the described
conditions and data were analysed in terms of performance parameters
(%Yieldygg and %Purityrgc) for each material after contact with human
serum samples, whose results are presented in Fig. 5. The detailed ob-
tained data ([IgG], %Yieldg, %Purityc and %Purity,g) and the
respective SE-HPLC chromatograms are given in the Supplementary
Material (Table S23 and Figs. S15-S17, respectively).

It should be highlighted that, as previously described, using [Si]
[C3mim]Cl there is a preferential adsorption of the protein impurities
onto the material whereas human IgG remains in solution, while using
[Si][N3444]Cl and [Si][N3ggg]Cl the opposite behavior occurs. These
different behaviors could be explained by the differences in the chemical
structures of the SILs under study and the interactions they are capable
to establish. Due to the different behaviors of the materials, the results
shown in Fig. 5 reflect the performance parameters obtained in the
aqueous medium for [Si][C3mim]Cl and in the SIL material for [Si]
[N3444]Cl and [Si][N3ggg]Cl.
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In general, good recovery yields were achieved, ranging from a low
value of 19.1 % up to 85.5 %, as well as promising purity levels, ranging
from 40.7 % up to 100 %. It was found that pH 11 leads to the best
compromise between recovery yield and purity level for all the three
SILs studied. For instance, for [Si][Csmim]Cl, an IgG recovery yield of
74.0 % and a purity level of 52.3 % were obtained in the aqueous me-
dium, with a full removal of aggregates [%Aggregationy,g = 0.0 %, cf.
the Supplementary Material (Table S23)]. Regarding [Si][N3444]1Cl, an
extraction yield of 51.0 % was obtained with a purity level of 88.9 %,
and with low aggregates content (%Aggregationygg = 15.7 % vs 30.0 %
in the initial human serum sample). Remarkably, the complete purifi-
cation of IgG was achieved (100 %) in a single step using [Si][N3sss]Cl,
with a recovery yied of 75.5 %, and also with low content in aggregates
(%Aggregationgg = 15.9 % vs 30.0 % in the initial human serum
sample).

Based on the aforementioned information, the most hydrophobic SIL,
[Si][N3ggglCl, performs better than [Si][N3444]Cl, since a good IgG re-
covery and complete purification (%Yieldgg = 75.5 %; %Purityic =
100 %) was achieved under the operating conditions studied — S:L ratio
of 100 mg.mL’l, pH 11, contact time of 60 min. Using [Si][Csmim]Cl, a
good recovery of IgG was obtained (74.0 %); however, with a purity of
only 52.3 %. Since this material allowed the target protein, IgG, to
remain in the liquid phase, and thus a different operation mode, this
material was selected to proceed with studies after an optimization of
the S:L ratio aiming to maximize the performance parameters.

The process based on [Si][Csmim]Cl, that would allow a simple and
direct recovery of IgG in the aqueous media without any elution step,
was optimized concerning the S:L ratio (100, 150 and 200 mg.mL™}), at
different pH values (pH 10, 11 and 12) and at a fixed contact time of 60
min. The results obtained (%VYieldjgg and %Purityg) are shown in
Fig. 6, whereas the detailed obtained data ([IgG], %Yieldyg, %Purityyc
and %Purity,g) can be found in the Supplementary Material
(Table S24).

Recovery yields ranging between 54.5 % and 88.2 % with purity
levels comprised between 31.3 % and up to 84.2 % were achieved in a
single step. Moreover, independently of the S:L ratio used, higher re-
covery yields were obtained for the lowest pH value (%Yieldjgg ranging
between 79.3 % and 88.2 %), while lower recovery yields for the highest
pH value (%Yieldyyc ranging between 54.5 % and 59.2 %). Nevertheless,
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it is interesting to notice that an opposite trend was observed regarding
the purity of IgG, which increases with the pH value, allowing purity
levels up to 84.2 % to be achieved at pH 12. It is important to highlight
that the increase of the S:L ratio from 100 up to 200 mg.mL ™! for pH 10
and 11 leads to a decrease in the purity levels of IgG (from 40.7 % to
32.6 %, and from 52.3 % to 42.6 %, respectively), thus revealing not to
favour the IgG purification process. However, at pH 12, the increase in
the S:L ratio showed to have an important role on the purification pro-
cess, since an increase on the IgG purity level was observed for higher S:

three different pH values (pH 10, 11 and 12) and 60 min of contact time.

L ratios. The best results in terms of compromise between recovery yield
and purity were obtained at pH 12 and using a S:L ratio of 150 mg.mL ™,
allowing to recover 59.2 % of IgG from human serum with a purity level
of 84.2 % in a single-step. Under these conditions, the influence of the
purification process on the secondary structure of IgG was evaluated by
CD spectroscopy, being the recorded spectra displayed in Fig. S18
(Supplementary Material). As expected, the CD spectrum of HSA shows
two minima of ellipticity at 208 and 222 nm, being characteristic of their
a-helical structure [52]. Also, the CD spectrum of human serum at pH 12

Free IgG in solution

x S:Lratio =150 mg mL? | pH 12 | t=60 min

*

-- initial

— after contact with SIL

b

Abs (280 nm)

Time (min)

[Sil[C;mim]cI

(@
@
e

/\\H

——> IgGin solution

X 7~

Gow |+

Albumin and protein impurities
adsorbed onto the material

Adsorbed IgG onto SIL

(B)

S:Lratio=100 mg mL? | pH 11| t=60 min

i

-- initial

— after contact with SIL

Abs (280 nm)

Y

Time (min)

[S][N3ggs]Cl

\/ _/\/\/\/

/\/\/\_\_\_L

—» Albumin and protein impurities
in solution

=
@If

\G._

.\( @(_

—» 1gG adsorbed onto the material

Fig. 7. Schematic overview on the proposed IgG recovery and purification processes mediated by SILs: (A) Albumin and protein impurities adsorbed on [Si][Czmim]
Cl while IgG remains in solution; and (B) IgG is adsorbed onto [Si][N3ggg]Cl while albumin and other protein impurities remain in solution.

11



E.V. Capela et al.

largely resembles that of HSA, indicating the predominance of this
protein over IgG. However, we noticed that the CD spectrum of IgG
purified using [Si][C3mim]Cl is similar to that of the standard IgG, with
a minor deviation in the wavelength at which the minimum of ellipticity
is achieved. Overall, these results not only demonstrate that IgG retains,
in general, its native secondary structure during the purification process,
as it is effectively obtained in a more purified form than that initially
found in the human serum.

Based on the exposed, it was possible to optimize the SIL-mediated
process with [Si][Csmim]Cl in order to show a good performance to-
wards IgG recovery and purification with its native secondary structure,
having the advantage that IgG can be simply and directly recovered in
the aqueous medium after contact with the SIL material.

Based on the aforementioned results, two different IgG recovery/
purification approaches can be followed, depending on the chemical
structure of the IL supported in the silica material. SILs may be designed
to allow both the selective adsorption of IgG or the selective adsorption
of other proteins present in the media. The two different strategies are
schematically presented in Fig. 7.

It is shown that IgG can be purified and recovered in a very simple
and direct way in the aqueous medium after contact with [Si][Cgmim]
Cl, under specific operation conditions (S:L ratio of 150 mg.mL ™}, pH
12, and contact time of 60 min). In this case, it is possible to adsorb the
protein impurities onto the SIL material, in particular albumin, as well as
high molecular weight protein aggregates, while IgG remain in the
aqueous media. Through the SE-HPLC chromatogram presented in Fig. 7
(A), it is noticeable the predominance of the IgG peak in the sample after
contact with the SIL material, confirming its presence with a high purity
level in the aqueous solution (recovery yield of 59.2 % and purity level
of 84.2 %), and free of protein aggregates. Imidazolium-based ILs
already proved to improve the results achieved for the downstream
processing of antibodies with other techniques, namely as adjuvants in
aqueous biphasic systems [53], where an IgG extraction yield of 46 %
and a purity level of 26 % were obtained. Still, the results obtained in
this work using the imidazolium-based SIL seems to be promising with a
better performance.

On the other hand, IgG could be adsorbed onto [Si][N3ggsg]Cl, leading
to the protein impurities to be retained in the aqueous media, under
specific operation conditions (S:L ratio of 100 mg.mL™}, pH 11, and
contact time of 60 min). Under these operation conditions, 75.5 % of IgG
could be recovered with a purity of 100 %, in a single-step, and with a
reduction of the protein aggregates to 15.9 % (cf. the SE-HPLC chro-
matogram in Fig. 7 (B)). Taking into account the initial concentration of
IgG in human serum, the mass of [Si][N3ggg]Cl and the IgG yield after
adsorption, the amount of IgG adsorbed per weight of material is 3.55
mg IgG.g'1 [Si][N3ggglCl. The results herein reported are better than
those obtained with the same type of ILs (quaternary ammonium-based
ILs) in other techniques, such as aqueous micellar two-phase systems
(AMTPS) [54] applied to the purification of IgG from human plasma.
Vicente et al. [54] reported a slightly higher recovery yield of 82 % (vs
76 % obtained in this work using [Si][N3ggg]Cl), however, with a lower
purification factor. Affinity chromatography, namely Protein A affinity,
is one of the commonly used techniques for antibody purification due to
its high selectivity to IgG (high purity, > 90 %) from complex biological
sources [55,56]. However, there is an urgent demand towards the
development of novel chromatographic resins with improved stability,
which will be essential to decrease the purification costs.

Overall, SILs appear as promising candidates for the development of
cost-effective alternatives for the downstream processing of therapeutic
antibodies that deserve to be studied in the future as chromatographic
matrices, with envisaged potential to work on the flowthrough or bind-
and-elute modes according to the chosen IL chemical structure. In
comparison with common affinity ligands, it is herein demonstrated that
SILs maintain their ability to establish a multitude of interactions with
IgG and remarkable purification performance, further displaying
improved stability in wide operating conditions, such as in an extended
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range of pH values. Therefore, the ability to easily fine-tuning the
chemical structure of SILs toward improved purification processes
coupled with their high stability strongly support their application as
efficient alternative materials for the capture and purification of IgG.

3.6. Reproducibility and robustness of the developed processes

To evaluate the reproducibility and robustness of the proposed SILs
for processing other complex biological matrices, additional studies
were carried out using CHO cell culture supernatants and rabbit serum
samples (20-fold diluted). The studies were carried out under the best
operation conditions identified for the two most promising SILs: [Si]
[C3mim]Cl (S:L ratio of 150 mg.mL ™}, pH 12, and contact time of 60
min) and [Si][N3ggg]Cl (S:L ratio of 100 mg.mL’l, pH 11, and contact
time of 60 min). The results obtained (%VYieldgg and %Purityyyg) are
shown in Fig. 8, whereas the detailed data obtained ([IgG], %Yieldsg, %
Purityygg and %Purityg) are provided in the Supplementary Material
(Table S25). The chromatograms for the human serum, CHO cell culture
supernatants and rabbit serum are given in the Supplementary Material
(Figs. S19 and S20).

Although dealing with different biological samples, that inherently
display different compositions, the obtained results show that, in gen-
eral, similar trends are obtained. For [Si][C3mim]Cl, independently of
the biological matrix, the IgG remains in solution after contact with the
SIL adsorbent. When bioprocessing the two new biological matrices,
higher IgG recovery yields are obtained (>75 %) in comparison with
human serum (59.2 %); however, with lower purity values (<52 %). In
particular, for the rabbit serum samples, 75.7 % of IgG could be recov-
ered with a purity level of 51.4 %, and when bioprocessing CHO cell
culture supernatants, a higher recovery yield is achieved (85.8 %) even
though with a lower purity (36.8 %). The performance of the purifica-
tion processes developed for distinct biological samples using [Si]
[Csmim]Cl were also analysed by denaturing and reducing protein
electrophoresis, as shown in Fig. S21 (Supplementary Material).
Although with varying contents, the major impurity in all biological
samples is albumin, while IgG is composed of two heavy chains and two
light chains, visible in reducing SDS-PAGE, respectively, with molecular
weights of 50 kDa and 25 kDa. As observed in the SDS-PAGE gel, there is
a depletion of albumin after the contact of the biological sample with the
SIL, being this effect more pronounced for human serum. As a result, the
purity of IgG recovered in the aqueous medium recovered after the in-
cubation of the SIL with human serum is higher than that recovered with
rabbit serum and the CHO cell supernatant, being also in good agree-
ment with the results displayed in Fig. 8.

Competitive ELISA was also applied to qualitatively evaluate if the
purified mAbs from CHO cell culture supernatants retain their biological
activity, a parameter deemed crucial to ensure their therapeutic effi-
ciency. As demonstrated in Table S26 (Supplementary Material), in
comparison with the blank (negative control), the mouse anti-human
CXCL8/IL8 antibody (positive control) and the CHO cell supernatants
and purified mAbs samples present lower absorbance values. Being a
competitive ELISA experiment, the presence of biologically active anti-
IL-8 mAbs in the analysed samples will impair binding of human IL-8
conjugate to IL-8, and hence less substrate is transformed in the col-
oured product, accounting for the reduction in the absorbance at 450
nm. In summary, competitive ELISA experiments confirm that no
noticeable conformational changes in IgG occur during the purification
process.

Regarding the bioprocess mediated by [Si][N3ggg]Cl, and for the new
matrices, IgG was evenly distributed between the SIL and the aqueous
media, since a recovery yield of around 50 % was achieved in both cases.
Particularly, a recovery yield of 49.8 % with a purity of 96.4 % was
achieved in the material for rabbit serum, and a recovery yield of 48.1 %
with a purity of 64.9 % was achieved in the material for the CHO cell
culture supernatant.

Although in general lower performance parameters were obtained
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Fig. 8. Recovery yields (%Yield;,c — ) and purity levels (%Purity;,c — l) of IgG from different biological matrices (human serum, CHO cell culture supernatants
and rabbit serum) after contact with [Si][Csmim]Cl (operation conditions: S:L ratio of 150 mg.mL’l, pH 12 and 60 min of contact time) and [Si][N3ggg]Cl (operation

conditions: S:L ratio of 100 mg.mL’l, pH 11 and 60 min of contact time).

for the new matrices than those achieved for human serum samples, it
should be remarked that a similar yield/purity level was observed for
rabbit serum — a matrix with higher similarity to human serum than cell
culture supernatants. In the CHO cell culture supernatant, the major
protein impurity is BSA whereas other protein impurities are also pre-
sent resulting from the medium used in the cell proliferation, growth,
and also from their metabolism (e.g. insulin, transferrin and other CHO
host cell proteins) [48]. Therefore, it can be concluded that the same
adsorption mechanisms were present in each SIL, independently of the
matrix under study. Although a lower performance was found when
bioprocessing other matrices than human serum, good results for the
recovery yield/purity have been however found. Improvements in the
performance of SIL-mediated downstream processes for other complex
biological matrices such as rabbit serum or CHO cell culture superna-
tants, would require the optimization of the operational parameters for
each matrix. Even though not addressed in this work, the regeneration
and reuse of SILs was previously demonstrated [40,57] following
appropriated clean-in-place (CIP) procedures, reinforcing the possibility
that the materials investigated in this work could be recycled and reused
as well. Moreover, it should be highlighted that the material with the
best performance for IgG purification, [Si][N3ggg]Cl, presents a negli-
gible toxicity towards the liver cell line HepG2 [39].

4. Conclusions

Aiming to develop new recovery/purification platforms for thera-
peutic IgG antibodies from complex biological media, the potential of
SILs as alternative purification materials was here evaluated. Three SILs
([Si][Csmim]Cl, [Si][N3444]Cl and [Si][N3ggg]lCl) were synthesized,
characterized and studied for the first time towards the recovery and
purification of IgG antibodies from biological matrices. Firstly, an initial
screening of pH values (from 3.0 to 9.0) was performed to evaluate the
effect of the pH in the (selective) adsorption of proteins from human
serum. A pH equal to 5 or higher is required for proteins adsorption.
Then, a factorial planning was implemented to get insights regarding the
optimum conditions to purify IgG, namely in terms of S:L ratio, pH and
contact time. Based on the results obtained, a S:L ratio of 100 mg.mL !,
a pH higher than 9, and a contact time of 60 min were identified as the
optimum conditions for a better performance of the SIL-mediated pro-
cesses. The performance parameters were then optimized through the
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optimization of the pH value and S:L ratio.

Two different IgG recovery/purification mechanisms were identi-
fied, being highly dependent on the IL chemical structure: (i) by using
[Si][C3mim]Cl, IgG could be simply and directly recovered in the
aqueous solution after contact with the material under a specific set of
operating conditions, namely an S:L ratio of 150 mg.mL ™}, pH 12, and a
contact time of 60 min, yielding 59 % of IgG with a purity level of 84 %,
and (ii) by using [Si][N3ggg]Cl, IgG is mainly adsorbed onto the material,
using as operating conditions an S:L ratio of 100 mg-mL ™%, pH 11 and
contact time of 60 min, yielding 76 % of IgG with a purity level of 100 %.
The identified conditions were applied for the downstream processing of
1gG antibodies from other complex biological matrices, namely CHO cell
culture supernatants and rabbit serum, revealing the same recovery/
purification mechanisms. It is further demonstrated that the secondary
structure of purified IgG in the aqueous medium after contact with [Si]
[Csmim]Cl is generally preserved during purification, while the bio-
logical activity of anti-IL-8 mAbs recovered from the CHO cell super-
natant retain their biological activity. These features are crucial
parameters considering that they will influence the therapeutic effi-
ciency of purified antibodies using these materials.

Overall, it is shown that by only changing the IL chemical structure,
SILs are customizable materials, being able to establish a multitude of
interactions with the target biopharmaceuticals and with future poten-
tial to work as chromatographic columns in the flowthrough or bind-
and-elute modes to capture and purify IgG. SILs are of low-cost and
display improved stabilities in wide operating conditions, thus having
high potential to substitute commercial chromatographic columns
currently used in preparative liquid chromatography based on biological
ligands to purify IgG. Based on the results here reported it is expected to
have SILs being adopted by the pharmaceutical industry as novel
chromatographic matrices.
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