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Proteins derived from plant resources such as oilseed meals, canola and sunflower, are con-
sidered a viable alternative to animal proteins for food consumption. This work presents a
rational methodology, using high throughput experimentation (HTE), for the separation of
cruciferin and napin, the two major proteins of canola meal, by chromatography. Eight dif-
ferent mixed mode and ion exchange resins were evaluated at different conditions with the
aim of capturing napin and identifying adsorption/desorption behavior, ease of desorption
and selectivity. POROS 50 HS resulted as the most promising resin. The obtained equilibrium
adsorption data for napin and cruciferin was used in a mechanistic chromatography model
and compared with experimental results showing a very good agreement. The model was
used to identify column operating parameters that lead to >98% yield and purity for both
proteins. Subsequently a conceptual downstream processing was proposed.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical
Engineers. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Global protein demand has risen as a result of growing pop-
ulation and in order to satisfy this demand protein with
appropriate quality needs to be generated from animal and
plant sources (Wanasundara et al., 2016). Valorization of agri-
food byproducts, such as oilseed meal, could help to satisfy
the demand of the future food supply across the world. Canola
meal is a competitive plant-based protein source, it contains
~40% protein content; ~12 % of crude fiber, 3% phenolic com-
pounds and 3% of phytic acid among others (Lomascolo et al.,
2012; Wanasundara, 2011; Wanasundara et al., 2017). Proteins
from this meal have potential applications in bakery products
as emulsifiers, in diary and dressing products as egg white
protein replacement (Kodagoda et al., 1973), in beverages as
protein supplement, meatbinders, mayonnaise and in cheese-
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like products (Wanasundara et al., 2016). Moreover, canola
proteins are reported to have antiamnestic, anti-oxidative,
antihypertensive, anorectic and antithrombotic properties
(Wanasundara, 2011; Wanasundara et al., 2016).

Napin and cruciferin are the two major proteins in canola
meal, these are storage proteins with different characteris-
tics. Napin (2S albumin) is a basic protein with an isoelectric
point around 11 and a molecular weight between 12-14kDa.
Highly soluble in water at a wide pH range, stable at high tem-
peratures (75°C) (Jyothi et al., 2007; Perera et al., 2016) and
holds foaming properties (Aider and Barbana, 2011; Schmidt
et al,, 2004; Wanasundara et al., 2016a). Napin protein consti-
tutes around 20% of the protein content of canola meal, while
cruciferin represent 60% (Wanasundara, 2011). Cruciferin (11S
globulin) has an isoelectric point of around 7.2 and a molec-
ular weight between 230—300kDa, much higher than napin
protein. This protein resembles structural features of other
seed storage proteins (Adachi et al., 2003) and has well orga-
nized structural levels (Wanasundara et al., 2017). In contrast
with napin, cruciferin possesses gelling, binding and emulsi-

0960-3085/© 2020 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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fying properties which makes it an interesting product for food
applications (Aider and Barbana, 2011; Wanasundara, 2011).

Several methods have been described to successfully
extract proteins from defatted oilseed meals including solvent
extraction, aqueous and alkaline extraction assisted with salt
and enzymes. The reported protein yields vary between 50%
and 80% (Contreras et al., 2019; Fetzer et al., 2018; Pickardt
et al., 2009; Vuorela et al., 2004). Despite the high protein
level in canola meal extracts, the presence of glucosinolates,
phytic acid and phenolics, which are also co-extracted, could
limit application of the proteins in food products. Therefore,
effective separation techniques such as membrane processes
(Akbari and Wu, 2015; Ghodsvali et al., 2005; Xu and Diosady,
2002) are required for the separation of such antinutritional
components (Wanasundara et al., 2017). Even though pheno-
lics are considered antinutritional components, their recovery
might present some economic potential. Given their antiox-
idative properties, they have potential application in the fields
of cosmetics, pharmaceutical and food products (Moreno-
Gonzdlez et al., 2020).

Purification of the extracted proteins can be accomplished
by several methods such as isoelectric precipitation followed
by membrane separation (Ghodsvali et al, 2005; Xu and
Diosady, 2002) and protein micellar formation (Murray et al.,
1980), being isoelectric precipitation (after alkaline extraction)
the most applied. However, extreme alkaline conditions can
have a negative effect on the functionality of the proteins
due to denaturalization, loss of essential amino acids and
lysinoalanine formation (Fetzer et al., 2018; Gerzhova et al.,
2015; Hou et al., 2017; Rommi et al., 2015). In addition, high
pH might create protein-polyphenols complexes, which make
protein products dark and have bitter flavor. Similarly, pro-
tein precipitation might reduce the solubility of products and
promotes protein denaturation caused by globulin aggregates
(Bérot et al., 2005; Raab and Schwenke, 1984). Moreover, co-
precipitation of both proteins might occur leading to protein
mixtures rather than individual protein isolates. Application
of more selective and milder conditions, such as aqueous
extraction and chromatography could be applied to keep pro-
tein functionality and improve purity of each protein product.
Studies in purification of canola proteins by chromatography
have been evaluated (Bérot et al., 2005; Pudel et al., 2015; Zhang
et al.,, 2007) using cation exchange resins (CEX), hydropho-
bic interaction (HIC) and size exclusion (SEC), showing the
promising potential of applying this technology.

This study presents a rational strategy for the separation
of cruciferin and napin proteins from canola meal extract
by preparative protein chromatography. Protein extraction is
assumed to be done at pH6 and at 0.3M NaCl. The strategy
involves the evaluation of different cation exchange resins
(CaptoS, POROS 50HS, CM Sheparose and MacroPrep 50) and
mixed mode resins (CaptoMMC, Nuvia cPrime, PPA HyperCel
and Toyopearl MX-Trp-650 M) at different pH values and salt
concentrations to identify adsorption/desorption conditions
with the goal of capturing napin. Resin screening was done by
means of high throughput experimentation (HTE) Addition-
ally, resin selection was done by establishing a resin selection
criteria based on napin capacity, selectivity, ease of desorption
and resin price. The obtained equilibrium information was
used in a column adsorption/desorption model which is then
used to suggest a conceptual downstream process for the sep-
aration of the two major proteins (cruciferin and napin) from
canola meal extract.

2. Materials and methods
2.1. Chemicals

For preparation of the buffers and solutions analytical grade
chemicals were used. Bis-tris (>98%), tris-HCl (>98%), acetoni-
trile (HPLC grade), hydrochloric acid analytical reagent (37%),
trifluoroacetic acid (>99%) were obtained from Sigma-Aldrich,
the Netherlands. Sodium chloride (>99%) was purchased from
J.T. Baker, Denmark, sodium hydroxide from Mallinckrodt
Baker, The Netherlands, and Ethanol: Emsure absolute for
analysis was obtained from Merck, The Netherlands.

The used proteins are: napin isolate (>98%, ABIN1995012),
cruciferin isolate (>98%, ABIN1995013) and rapeseed pro-
tein mixture (57% napin and 43% cruciferin, ABIN1995014).
The products were acquired from antibodies-online, GmbH,
Germany. As cruciferin isolate presented very limited solu-
bility properties in water, it was decided to use the rapeseed
protein mixture to perform binary adsorption experiments.

Napin isolate, cruciferin isolate and rapeseed protein mix-
ture were characterized by SDS-PAGE under non-reducing
conditions and reducing conditions (reducing agent TCEP
solution). SDS-PAGE was performed on a 4-12% Bis-Tris Gel
(NuPAGE™ Novex) at constant voltage (200V). The non-
reduced sample was prepared with NuPAGE™ LDS sample
buffer. The reduced sample was incubated with LDS sam-
ple buffer before loading on gel. NuPAGE Mark12™ was used
as a molecular marker. The electrophoresis was carried out
using MES SDS as running buffer. After running, the gel was
stained in GelCode™ Blue Safe Protein Stain and destained
with Milli-Q water. All SDS-PAGE reagents were obtained from
ThermoScientific, The Netherlands.

2.2. Resins

Three mixed mode cation resins: Capto MMC (GE Healthcare,
Sweden), Nuvia cPrime (Bio Rad, USA) and Toyopearl MX-
Trp-650 M (Tosoh, Japan); one mixed mode anion resin, PPA
HyperCel (Pall Life Sciences, France), two strong cation resins,
Capto S (GE Healthcare, Sweden) and POROS 50HS (Ther-
moFisher Scientific, The Netherlands) and two weak cation
resins, CM Sepharose Fastflow (GE Healthcare, Sweden) and
MacroPrep50 CM (Bio Rad, USA), were used to evaluate napin
and cruciferin adsorption. The characteristics of all resins are
shown in Table 1.

2.3.  Buffer solution and preparations

For buffers at pH 4, pH 5, pH 6 and pH 8, lactic acid, acetic
acid, bis-tris and tris-HCl were used respectively. All buffers
were prepared by dissolving the amount of salt corresponding
to 50mM in Milli-Q water, adjusting the pH using 2M HCl or
2M NaOH. The salt concentration was adjusted to 0.1M, 0.3 M,
0.7M and 1.0M by adding the corresponding amount of NaCl
before completing buffer final volume. All buffers were filtered
previous to use using filters with 0.45 um pore size.

Napin stock solution was prepared by dissolving napin
protein (8¢g/L) in the appropriate buffer and filtered with a
disposable 0.22 um PVDF filter. This napin stock solution was
diluted to different napin concentrations (from 1 to 8 g/L) using
Milli-Q water.

In binary component experiments, protein mixture
(napin + cruciferin) was dissolved in the corresponding buffer.
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Table 1 - Mixed mode and Ion exchange resins.

Name/Type pKa Matrix composition® Ligand density®
(mmol/L) #

Capto MMC Mixed mode weak cation exchanger ~4.6° Highly cross-linked agarose 80

Nuvia cPrime Mixed mode weak cation exchanger ~4.5P Macroporous highly cross-linked 65
hydrophilic polymer

Toyopearl MX-Trp-650 MMixed mode weak cation exchanger 2.9 and 9.4¢ Methacrylic polymer matrix 110

PPA HyperCel Weak anion exchanger 8 High porosity cross-linked 65
cellulose

Capto S Strong cation exchanger 1.2 Highly cross-linked agarose with 125
dextran surface extender

POROS 50 HS Strong cation exchanger 1.2 Cross-linked 104
polystyrene-divinylbenzene

CM Sepharose Fastflow Weak cation exchanger 4.7 Cross-linked agarose 80

MacroPrep50 CM Weak cation exchanger 4.7 Methacrylate polymer based 210

2@ Provided by resin suppliers.
b Based on (Zhu and Carta, 2016).

¢ Based on the pKa of the tryptophan ligand (National Center for Biotechnology Information, 2020).

The solution was sonicated at room temperature for 30 min in
order to increase the solubility of cruciferin. After that, insol-
ubilized protein was removed by filtering with a disposable
0.22 pm PVDF filter, this stock solution was diluted to evaluate
cruciferin effect on napin adsorption.

2.4.  Analytical methods

In single component napin experiments, the concentration of
the protein was measured spectrophotometrically, measur-
ing the absorbance at 280nm using the spectrophotometer
InfiniTe Pro 200 plate reader (Tecan, Switzerland). The mea-
surement was performed with 100 pL of liquid solution in
a 96-well half-area microplate (UV-STAR®, Greiner bio-one,
Germany)

To measure the concentration of both proteins, in the
protein mixture experiments, reverse phase liquid chromatog-
raphy (RPC) was applied. The analysis was done using an Ultra
High Performance Liquid Chromatography system (UHPLC
Ultimate 3000) (Thermo Scientific, USA) equipped with a Zor-
bax 300 SB-C8 Rapid Resolution HD column (2.1 x 100 mm,
1.8 um) (Agilent, USA). The column was equilibrated with 20%
acetonitrile supplemented with 0.1% Trifluoroacetic acid (TFA)
at 0.3 mL/min keeping column temperature at 30°C. The sam-
ple was injected and a gradient of acetonitrile started from
20% to 75% in 7 min, detection was done at 280 nm. Then the
column was washed with 75% acetonitrile supplemented with
0.1% TFA for 5min before the next injection. Napin calibra-
tion lines were evaluated using napin protein isolate. Since
cruciferin isolate did not show the expected characteristics,
as the polypeptide profile did not show the corresponding
bands (Supplementary material), a standard curve could not
be obtained. The relative change of concentration was used to
evaluate cruciferin. Assuming that the ratio between equilib-
rium concentration and initial concentration is proportional

: Ce __ Areapeakafter adsoprtion :
to peak area ratio (Cﬂﬁ = W) determined by
UHPLC.

2.5.  Batch adsorption experiments

Batch experiments were performed in order to determine
adsorption equilibrium isotherms of napin and cruciferin at
different adsorption/desorption conditions on different mixed

mode and ion exchange resins, in order to separate both pro-
teins.

2.5.1. Adsorption equilibrium isotherms

Napin adsorption equilibrium isotherms were evaluated using
a Tecan EVO Freedom 200 robotic station (Tecan, Switzerland)
equipped with an orbital mixer (Te-shake), an automated
vacuum system (Te-VacS), a plate reader (InfiniTe Pro 200),
a robotic manipulator (RoMa) arm (to move microplates to
the different positions of the robotic station) and two liquid
handing arms (LiHa and MCA96). The procedure involves the
different steps of the chromatography run until adsorption
(washing, equilibration and adsorption). A known amount of
each resin (15.6 pL or 23.4 uL) was added to the wells of a 96
deep-well filter plate (catalog number: MDRLN0410) from Mil-
lipore, USA. Resins were added using MediaScout® ResiQuot
resin loader (Atoll, Germany). Resin were washed two times
with Milli-Q water using the vacuum system (Te-VacS) and
equilibrated with the corresponding buffer for 20 min. under
agitation (1200 rpm). Equilibration buffer was removed by cen-
trifugation with an Eppendorf centrifuge 5810 R (rotation
speed 4000rpm for 3min). After centrifugation, resins were
contacted with 312 pL of napin solutions under agitation until
equilibrium was reached (2h at 1200 rpm). Once equilibrium
was reached, the filter plate was centrifuged to collect the
supernatant and equilibrium concentration was measured
spectrophotometrically (see 2.4 Analytical methods). Napin
experiments were performed in duplicate.

Effect of pH and ionic strength were evaluated for napin
adsorption by performing experiments at 4 different pH (pH
4,5, 6, 8) keeping NaCl concentration (0.3 M) constant and at
PH 6 varying salt concentration from 0.1M to 1M NacCl. This
allows to identify desorption conditions.

Napin adsorption capacity was calculated according to the
mass balance Eq. (1)

Cp.load * Vigad — Cp.eq (VH + Vload)

Viesin

(1)

dp.eq =

Where gy ¢q is the adsorption capacity (mg/mLiesin), Cp,load 1S
the protein initial concentration (mg/mL), V},q is volume of
the liquid phase (mL) Cp ¢q is the protein equilibrium concen-
tration (mg/mL), Vy is the holdup volume (mL) and Vg, is the
volume of resin (mL).
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After centrifugation, some liquid could remain in the resin.
This liquid holdup was determined using the method sug-
gested by Nfor et al. (2010). The resins were placed in a
deep-well filter plate and equilibrated with 350 uL of 1M NaCl.
After 45min the filter plate was centrifuged with 5810 R cen-
trifuge (Eppendorf, Germany) for 3min at 4000 rpm and the
flow through was collected to measure conductivity. This cycle
was repeated until the conductivity of flow through was equal
to the conductivity of 1M NacCl solution. Consequently, the
equilibrated resins were contacted with 312 pL of Milli-Q water
and incubated overnight without agitation. After contacting,
the filter plate was centrifuged and the conductivity of the
flow-through was measured. All the conditions were done
in triplicate. The conductivity was measured with a multi-
parameter analyzer C832 (Consort NV, Belgium).

The holdup volume was measured using the salt mass bal-
ance Eq. (2)

Cs,initial * Vi = Cs fina * (Vu + Vw) )

Initial salt concentration in all resins was 1 M NaCl (Cs initia1),
Vg is holdup volume (mL), Cg fnq is the final salt concentra-
tion after contacting with Milli-Q water and V is the added
volume of Milli-Q water.

Since cruciferin has low solubility in water, cruciferin
adsorption isotherms were evaluated using the protein mix-
ture. A similar procedure to the one applied for napin
adsorption isotherms was used with the protein mixture in
the liquid handling robotic station. The evaluated conditions
were: pH 6 and 0.3M NaCl since they are the same condi-
tions in the protein extract (adsorption condition). Cruciferin
experiments were performed in duplicate.

As the absolute cruciferin liquid concentration values
could not be measured, cruciferin adsorption capacity was
determined by dividing Eq. (1) by the reference concentration

. Cp, Area at equilibirum
(Co) (Eq. (3)), assuming that =51 = 7Areaof‘f€fereme

Tpoo = dp.eq Cp.load * Vicad — Cp,eq (VH + Vigaq)
p-ed Co Vyesin Co

3)

The reference cruciferin area peaks were the ones cor-
responding to the conditions of 0.3M NaCl and Napin
concentration of around 6 g/L for experiments at pH6 (feed
condition).

2.5.2. Parameter estimation

Adsorption isotherm experimental results of napin were fit-
ted to a linear isotherm or to a Langmuir type isotherm (Eq.
(4)). This to identify the initial isotherm slope, which is an
indication of the affinity of napin to the resin.

bp.idy Cp.i 4
dp.eq = T byiCpr )

where ¢ is the maximum adsorption capacity (mg/mLesin)
and by ; is the Langmuir constant also known as equilibrium
constant (Carta and Jungbauer, 2010). The initial isotherm
slope, at the evaluated conditions, was used to evaluate resin
selection (see 2.6 Resin selection).

The most suitable resin equilibrium data (POROS 50 HS) was
fitted to the mixed mode isotherm, developed by Nfor et al.
(2010). This isotherms is based on the thermodynamic frame-
work of Mollerup et al. (2008). A more detail explanation of this
isotherm is found in section 2.8.1 Mixed mode isotherm model

of this paper. The fitted parameters of this isotherm model
were: 1) the thermodynamic equilibrium constant (Keq); 2) the
stoichiometric coefficient of salt counter ion (v); 3) the param-
eter that describes the difference between water-protein and
protein-protein interactions (Kp) and 4) the parameter that
describes the difference between water — protein and salt
- protein interactions (Ks). As previously mentioned, binary
component experiments (napin + cruciferin) were performed
using a protein mixture powder. Binary component adsorp-
tion experiments showed a higher napin adsorption capacity
than napin single component experiments. Forisotherm mod-
elling this was adjusted by considering the value obtained
from binary mixture experimental results, which corresponds
to 44 mg/mL.

Data regressions were done using MATLAB R2017b and the
function Isqcurvefit. In the mixed mode model, g, appears in
both sides of the equation (Eq. (7)) The numerical solution
of this equation was found using the fsolve function of MAT-
LAB and it was combined with the regression using Isqcurvefit
optimizer. Thus, the procedure of the parameter regression is
applying Isqcurvefit optimizer to minimize the sum of squared
residuals between the experimental data and the numerically
solved adsorption data using fsolve function.

In addition, as binary mixture experiment presented a very
low change in cruciferin concentration. A linear isotherm
model was considered for this protein by estimating isotherm
slope by fitting a linear curve to the experimental data.

2.6. Resin selection

The generated equilibrium data was used to select the most
suitable resin for the separation of both proteins. The desired
scenario is the adsorption of napin while cruciferin flows
through. The selection criteria were defined as suggested by
Sevillano et al. (2014), considering napin adsorption capacity
at feed conditions (pH 6 and 0.3 M NaCl) and napin desorption,
which was evaluated using the inverse of the lowest isotherm
slope determined at the evaluated conditions. The third crite-
rion, selectivity, was evaluated using the ratio between napin
and cruciferin isotherm slopes at adsorption conditions. The
fourth criterion was the price of the resin obtained from the
different suppliers. A weight between 0 and 1 was given to
each criterion, being 0.5 for napin capacity, 0.3 for napin des-
orption, 0.1 for selectivity and 0.1 for price. The reason for
giving a low weight to the selectivity criterion had to do with
the observed poor binding of cruciferin onto most of the eval-
uated resins.

Each criterion was normalized and resin score was calcu-
lated using Eq. (5).

criterion
maximum value of criterion

Resinscore = Z weight *

2.7. Column adsorption/desorption experiments

The highest scoring resin, POROS 50 HS, was used to per-
form pulse column experiments using napin and the protein
mixture (napin + cruciferin). The experiments were performed
in an AKTA™Avant system (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) at room temperature (25 °C) operated with
Unicorn 7.0 software. Conductivity, pH and UV at 280 nm sig-
nals were monitored during the experiments.

A ValiChrom 11.3-100 POROS® 50 HS (Repligen, Sweden)
column was used. The column internal diameter was 1.12cm
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and the total bed height was 10cm, providing a total col-
umn volume of 9.8 mL. Extraparticle and total porosities were
determined by pulse injections of blue dextran and 1M NaCl
respectively. The obtained values were 0.83 total porosity (eT)
and 0.3 for extraparticle porosity (sp).

For napin and protein mixture experiments, the column
was equilibrated with 50mM bis-tris pH6 with 0.3M NaCl
buffer for 5 column volumes (CV) at 2.5 mL/min. Then 1mL
of napin solution at 6 g/L was injected in the column (10.1 %
CV), column was washed with the equilibration buffer for 5 CV
in order to remove non-binding substrates out of the column.
Step elution was done by applying 5 CV of elution buffer, Tris-
HCl pH 8 with 0.7 M NaCl. After each experiment, the column
was regenerated with 1M NacCl solution for 5 CV as recom-
mended by supplier.

For rapeseed protein mixture, 12 g/L of protein mixture was
dissolved in 50 mM Bis-Tris pH 6 with 0.3 M NacCl buffer. This
corresponds to 6.84 g/L of napin and 5.16 g/L of cruciferin. The
protein mixture solution was then sonicated for 30 min in
order to increase protein solubility. The solution was filtered
with 0.22 pm PVDF filter before injection in column. After use,
the column was stored in 20 % (v/v) ethanol as suggested by
supplier.

2.8. Chromatography modeling

2.8.1. Mixed mode isotherm model

The mixed mode adsorption isotherm model from Nfor et al.
(2010) was applied in this work. The model is a combina-
tion of HIC and IEX models from Mollerup (2007). This mixed
mode isotherm is based on the assumption that a protein (P)
binds to n amount of ligand (L) by hydrophobic interaction
and concurrently exchanges with v amount of salt counter-ion
(S) generating a protein-ligand complex (Ln4y) in a fixed stoi-
chiometry as shown in Eq. (6). The stoichiometric coefficient
of salt counter ion is defined as the ratio between the pro-
tein binding charge divided by the charge of the salt counter
ion (u = %’) In this work, sodium chloride was used as a
salt counter ion. The single component adsorption isotherm,
based on reaction in Eq. (6), results in the isotherm model
described in Eq. (7).

P+ USL+nL < PLpyy +US (6)
q q v+n

P _Ax(1- 2 * 7)
Cp qp

~ 1
where A = Keq(4)"" (;
S*-S

v 1 n

) (E) and yp = exp (Kpcp + Kscs) (8)

In Eq. (7), qp is the adsorbed protein concentration
(mg/mLyesin), ¢p is the protein concentration in solution
(mg/mL), Keq is thermodynamic equilibrium constant of reac-
tion (mL/mg), cs is the concentration of salt in liquid phase. c
is molarity of the solution (assumed to be water concentration
(Mollerup, 2007)) and gp'®* is maximum adsorption capacity of
protein (mg/mLyegn), A is ligand density of the mixed mode
resins which are assumed to be equal for HIC and IEX ligands
(mmol/L) and was obtained based on supplier specifications.
The activity coefficient of the protein () was determined
using the Van der Waals equation of state shown in Eq. (8)
as suggested by Mollerup (2006). K, parameter describes the
difference between water-protein and protein-protein inter-
actions while Ks parameter describes the difference between

water — protein and salt — protein interactions (Nfor et al.,
2010). In the model, (1 - qg%) describes the fraction of free
ligands, which is 1if no protein is bound and decreases asymp-
totically to zero. This isotherm incorporates the effect of salt
concentration in the term Cs.

The mixed mode isotherm described in Eq. (7) reduces to
the HIC and IEX isotherm models derived by Mollerup (2006)
when v=0 (electrostatic interactions not present) and n=0 (no
hydrophobic interactions), respectively.

2.8.2.  Column chromatography model

Column chromatography was simulated based on the
transport-dispersive column model which can be described
per component as shown in Eq. (9)

cp i 1- ap.i acp i 3¢y ;
p.1 +< Sb) qp,l _ U p.1 D p.i (9)

= — + R
ot b at ax Li%x2

where, ¢, is the bed porosity, v is the interstitial velocity of the
mobile phase (m/s), and Dy, is the axial dispersion coefficient
(m?/s)

Mass transfer can be quantified by the liquid-film linear
driving force approximation. The solid stationary phase con-

dqp,i

centration term —2* is defined as follows in Eq. (10):

% = kou,i (Cp,i - C;.eq,i) (10)
koy,i is the overall mas tranfers coefficient (1/s) and C; ., .is the
bulk equilibrium concentration which is obtained using the
mixed mode isotherm (Eq. (7)). Mixed mode isotherm param-
eters were used to model napin chromatography while a linear
isotherm was considered to model cruciferin chromatography.

The film mass transfer coefficient is defined in Eq. (11)

(Felinger and Guiochon, 2004).

1 _ 4 dj
Rovi 6 * ky +60*sp*Dp

(11)

where dp is the particle diameter (m), ks is the film mass trans-
fer coefficient (m/s), ¢, is the intraparticle porosity and D,
is the pore diffusivity (m?/s). To determine additional rele-
vant model parameters, correlations presented in Table 2 were
used.

Column boundary conditions are described by Danckwerts
for dispersive systems and it is assumed that the column is
not preloaded with the proteins Cp(t=0)=0 and qp(t=0)=0.

Dy aC (t, X = 0)
C(t,x=0)=C(; - — 7
( X ) inlet un X

(12)
aC(t,x =L)

——— =0 (13)

where x is the axial position. Eq. (12) represents the boundary
at the inlet of the column and Eq. (13) the boundary condition
at the column outlet. As pulse experiments were performed,
the injection profile is modelled as a rectangular pulse with
a constant feed concentration for a given time, where tyy =
Vinj/®v, where &, is the volumetric flow rate (m3/s) and Vipj is
the injection volume.

Pulse Cin]et(t) = Cfeedsi at 0 <t< tpulse (14)

Elution Cinlet(t) =0att> tpulse (15)
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Table 2 - Engineering correlations for column modelling.

Mass transfer parameter

Correlation

Reference

Hydrodynamic radius

Free diffusivity

Film mass transfer coefficient
Pore tortuosity

Pore diffusivity

Axial dispersion coefficient
Pressure drop

Young

Gunn

Stokes Einstein
Wilson & Geankoplis
Wakao & Smith

Brenner & Gaydos

Karman-Cozeny

LeVan et al. (1999)

Young et al. (1980)

Wilson and Geankoplis (1966)
Wakao and Smith (1962)
Brenner and Gaydos (1977)
Gunn (1987)

Carta and Jungbauer (2010)

Eqg. (9) is a partial differential equation, dependent on time
and column position, that can be approximated to an ordinary
differential equation by spatial discretization. The method of
lines was used to discretize Eq. (9) in space. The set of ordinary
differential equations was solved in MATLAB R2017b using the
ODE solver odel5s.

3. Results and discussion
3.1. Resin and proteins characteristics

The used protein isolates, cruciferin, napin and protein mix-
ture were analyzed by SDS-PAGE (Supplementary material).
Napin and the protein mixture showed expected band profiles
that were comparable to the ones reported elsewhere (Perera
etal., 2016). Cruciferin did not shown the expected profile and
the solubility of this protein isolate in any of the tested condi-
tions was very limited, therefore the protein mixture was used
to evaluate cruciferin isotherms.

To avoid an overestimation of the adsorbed phase pro-
tein concentration, the resin liquid hold-up was evaluated.
The obtained values were 9.3 pL, 8.7 pL, 7.0 uL, 9.2 uL, 10.0 pL,
9.8 L, 12.4 L and 8.5 uL for CaptoMMC, Nuvia cPrime, Toy-
opearl MX, PPA HyperCel, CaptoS, POROS 50 HS, CM Sepharose
and MacroPrep50 CM respectively. These hold up volumes
correspond to ~3-4% of the total volume applied in the
adsorption experiments (350 pL).

3.2 Napin adsorption equilibrium isotherms

Napin adsorption equilibrium isotherms were determined for
all resins at feed conditions, (0.3M NacCl at pH6). Results are
shown in Fig. 1, where the experimental napin adsorption
capacity is plotted against the equilibrium bulk concentra-
tion. From the figure, one can observe that at feed conditions,
the highest adsorption capacity is obtained using resin Capto
MMC, followed by Nuvia cPrime, POROS HS, PPA HyperCel,
Toyopearl, Capto S, MacroPrep and CM Sepharose. Most of
the resins showed a maximum limit in the amount adsorbed,
which can be described with a Langmuir isotherm model
(EQ. (4)). Resins CaptoS and CM Sepharose presented a linear
behavior. The experimental data was fitted with two isotherm
models - Langmuir or linear type.

In addition to the resin isotherm shape presented in Fig. 1,
the affinity of napin to the resins was also obtained by deter-
mining the initial isotherm slopes. The initial isotherm slope is
an indication of the interaction strength between the protein
and the resin. The larger the isotherm slope, the stronger the
interaction. At feed conditions, the isotherms’ initial slopes,
for each resin, can be ranked from largest to smallest: Cap-
toMMC, Nuvia cPrime, POROS HS, PPA HyperCel, Toyopearl,
Macro Prep, Capto S and CM Sepharose. Absolute values
(obtained from fitting) can be found in Table 3.

S

Capto MMC

o Nuvia cPri

POROS HS

Toyapearl

..CaptoS_——
X MacroPrep
CM Sepharose
oO 1 2 3 4 5 ) 6 7 8
CLYPqu (mg/mL)

Fig. 1 - Napin adsorption isotherms on mixed mode and
ion exchange resins at pH6 and 0.3 M NaCl. Symbols
represent experimental results. Error bars resulted from
duplicate experiments. Lines represent Langmuir isotherm
for CaptoMMC, Nuvia cPrime, POROS HS, Toyopearl, PPA
Hypercel and MacroPrep and linear isotherm for Capto S
and CM Sepharose.

The difference between the napin binding strength onto
the different resins can be explained based on the pKa of
the resins (Table 1), the isoelectric point of napin protein - in
this case around 11 - and the protein net charge at the eval-
uated conditions. At pH 6, all resins are negatively charged
and napin has a positive net charge. Therefore, attractive
electrostatic interactions are possible. However, there is also
salt presented in the medium (NaCl) which could promote
hydrophobic interactions between napin and the mixed mode
resins. A salt concentration of 0.3M NaCl - which can be con-
sidered medium -, proved to be already too high for the weak
ion exchangers here evaluated (CM Sepharose and Macro-
Perp) and even for the strong cation exchanger Capto S. As the
preferable scenario is the adsorption of napin at pH 6 and 0.3 M
NaCl, CM Sepharose, Macro-Prep and CaptoS resins were dis-
carded as suitable candidates due to the poor binding of napin
under such conditions.

The effect of ionic strength and pH was evaluated for all
resins in order to determine suitable desorption conditions.

3.2.1. Effect of pH on napin adsorption
The ionic strength and pH might have a significant impact
on the adsorption of napin on mixed mode cationic resins,
cation exchange resins and the anion mixed mode resin here
evaluated. Experiments were performed at different pH values
keeping the salt concentration constant at 0.3M NacCl, which
correspond to the same ionic strength as in the protein extract.
Napin isotherm results are shown in Fig. 2 and Fig. 3.

From Fig. 2, one can notice that for Capto MMC, Nuvia
cPrime and Toyopearl, there is a decrease on napin adsorption
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Table 3 - Napin isotherm slope on mixed mode resin and ion exchange resin at pH6 and pH8 and different NaCl (Cs)

concentration.

Resin pH Cs (M) Isotherm slope Resin pH Cs (M) Isotherm slope
(mL/ereSin) (mL/eresin)
0.1 1185.4+245.2 0.1 146.1+12
6 0.3 437.6+266.1 6 0.3 1.4+0.1
Capto MMC 1.0 23.1+7.9 Capto 0.7 Not adsorbed
0.1 1114.4 +248.8 S 0.1 25.2+3.8
8 0.3 99.3+25.6 8 0.3 0.2+0.0
0.7 17.8+6.8 0.7 Not adsorbed
0.1 620.9+78.3 0.1 453.8+76.2
6 0.3 67.5+17.23 6 0.3 52.5+14.9
i i 1.0 1.3+0.01 0.7 0.7+0.9
Nuvia cPrime 0.1 276.6+57.5 POROS 50 HS 0.1 108.9+22.5
8 0.3 20.2+3.5 8 0.3 6.0+1.8
0.7 2.1+0.2 0.7 Not adsorbed
0.1 97.4+13.6 0.1 8.5+3.0
6 0.3 5.9+5.02 6 0.3 0.3+0.0
1.0 0.4+0.2 CM 0.7 Not adsorbed
Toyopearl
0.1 52.4+9.1 Sepharose 0.1 13.5+1.9
8 0.3 1.8+0.3 8 0.3 0.2+0.0
0.7 0.5+0.1 0.7 Not adsorbed
0.1 1.9+0.1 0.1 67.4+14.8
6 0.3 8.5+3.4 6 0.3 3.6+1.3
PPA HyperCel 1.0 13.0+3.7 Macro Prep 0.7 Not adsorbed
0.1 7.7+7.5 0.1 19.8+2.6
8 0.3 15.4+2.8 8 0.3 0.8+0.1
0.7 35.4+7.9 0.7 Not adsorbed
Capto MMC Nuvia cPrime
50 a T p 50 b ; . = e |
oo e s [N PP PP s A
X ¢ /
oo ?’I_ v __,,_,_,___; ............ ;H_a.--: g) 30 I//
£
g
o
= |
o K
0 oF
0 2 4 6 8 0 2 4 6 8
CL‘F,‘eq (mg/mL) CL‘P‘eq (mg/mL)
50 v Toyopearl — 55 PPA HyperCel
c ] /’Jp_ﬂ,
a0 ,,,ffj~"""w5"

C

L.P.eq (mg/mL)

Fig. 2 - Napin adsorption isotherms at different pH keeping salt concentration at 0.3 M NaCl a) Capto MMG resin, b) Nuvia
cPrime resin, c) Toyopearl resin and d) PPA HyperCel resin. Symbols represent experimental results. Error bars resulted from

duplicate experiments. Lines represent the Langmuir isotherm.

capacity with increasing pH. This can be explained by the pro-
tein’s net charge and the resin ligand’s pKa. The weak cation
exchangers are negatively charged at pH higher than the pKa,
while the opposite occurs for weak anion exchangers, which
are positively charged at pH lower than the pKa. Strong cation
exchangers are practically always charged at any pH (Carta
and Jungbauer, 2010). The interactions between mixed mode
resins and proteins have been explained by different authors

(Nfor et al., 2010). The interaction is strongest close to the pKa
of the ligand and decreases if the pH is close to the plI of the
protein, which is clearly observed here for Toyopearl, Capto
MMC, Nuvia cPrime and POROS HS. At pH 4, the net charge
of napin is around 12 while at pH 8, the net charge decreases
significantly to around 4. The net charge of napin at differ-
ent pH values was estimated using the using the amino acid
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Fig. 3 - Effect of ionic strength on napin adsorption on Capto MMC, POROS HS and PPA HyperCel at pH6 and pHS8. Symbols
represent experimental results. Error bars resulted from duplicate experiments. Lines represent the mixed mode isotherm

that the data has been fitted to.

sequence (obtained from the RCSB Protein Data Bank (PBD))
and Eq. (16) (Supplementary materials).

Znet = Z Npasic,i Nacidic.i
net — -
14 10PH-PKa 1 4 qoPH-PKa;

i

(16)

Where zpet is the net charge Npggc; is the number of basic
amino acids and N terminal, and N4  is the number of basic
amino acids and C terminal.

The opposite behavior is observed with the weak anion
mixed mode resin PPA HyperCel: an increase in adsorp-
tion capacity with an increase of pH. Since the pKa of the
PPA HyperCel resin ligand is around 8, the resin is posi-
tively charged. Because napin is also positively charged at all
the evaluated pH values, there is an electrostatic repulsion
between the resin and the protein. The adsorption is con-
sequently a result of the hydrophobic interactions between
napin and the resin and the electrostatic repulsion. The pH
has a big influence on the adsorption of napin in PPA resin,
as the isotherm slope and isotherm shape change with pH:

there is a higher napin affinity to the resin at a higher pH.
However, the adsorption capacity is still lower than the max-
imum obtained at feed condition pH 6 and 0.3M NaCl with
other resins (e.g. 40 mg/mL by Capto MMC), which decreases
PPA resin score.

Even though, there is a notorious change on napin adsorp-
tion at different pH values, the Capto MMC resin is the least
influenced, showing a favorable isotherm even at pH 8. On
the other hand, napin adsorption strength on Nuvia cPrime,
POROS 50 HS and Toyopearl is significantly reduced. The
isotherm slopes of all the resins at different conditions are
indicated in Table 3.

The isotherm slope represents the affinity of the protein to
the resin (the binding strength) which is clearly much higher
for Capto MMC at almost any pH value. However, this is not
necessary an advantage, as a higher pH might be needed
to desorb napin with this resin, possibly interfering with its
native structure, stable between pH 3-12 (Wanasundara, 2011),
thus with its physico-chemical properties.
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These results can be used to identify desorption conditions
of the best performing resin.

3.2.2.  Effect of ionic strength on napin adsorption

Higher ionic strength is known to promote hydrophobic
interactions due to the so-called “salting-out” effect. Three dif-
ferent salt concentrations (ionic strengths) were tested at two
different pH conditions. Most of the tested resins showed sim-
ilar trends: a decrease of napin adsorption strength with an
increase of ionic strength. This can be observed by the lower
isotherm slope values and experimental capacities obtained
at higher salt concentrations (See Fig. 3 and Table 3). This sug-
gests that napin adsorption on mixed mode resins is mainly
controlled by ionic interactions.

The exception was PPA resin, which presented an increase
in napin adsorption with increasing salt concentration. As
previously mentioned, since for this resin electrostatic inter-
actions are repulsive, an increase in the binding capacity of
napin should be mainly due to an increase in the strength of
hydrophobic interactions. No significant improvement in the
adsorption of napin was observed between pH 6 and pH 8§,
at different salt concentrations. This might support the fact
that napin adsorption on PPA HyperCel is characterized only
by hydrophobic interactions in that range.

Based on the isotherm slope, one can notice that Capto
MMC has the largest affinity for napin. However, this might
complicate the desorption and recovery of the protein after
the capture step, as even at high pH and salt concentrations
the isotherm is favorable. As a consequence, especially harsh
conditions (e.g. pH higher than the pI of the napin) might need
to be applied. The determined napin isotherm slopes at all
tested conditions are shown in Table 3.

From the obtained results it is clear that the effect of ionic
strength is more significant than the effect of pH, especially for
the PPA HyperCel resin. When comparing the results for that
resin (Fig. 3e and f), the isotherms seem to overlap. This was
expected, as the adsorption of napin occurs mainly through
hydrophobic interactions. This effect can be evaluated by com-
paring the ratio between the isotherm slopes at two different
salt concentration (at a specific pH) and the ratio between the
isotherm slopes at two different pH conditions (at a specific
salt concentration).

Similar isotherm trends to the ones determined in this
work were observed in the research of Nfor et al. (2010). The
authors evaluated lysozyme (similar pI and molecular weight
as napin) adsorption on Capto MMC and PPA HyperCel. The
adsorption capacity of lysozyme was in the same order of mag-
nitude as the one obtained for napin in this work. In addition,
similar isotherm curves were observed when comparing two
pH values and one salt concentration.

All this information was used to select the most suitable
resin for napin capture.

3.3.  Protein mixture adsorption experiments

Batch adsorption experiments were performed using solu-
tions of a protein mixture (napin + cruciferin), to evaluate both,
the effect of cruciferin on napin’s adsorption and to deter-
mine cruciferin’s adsorption isotherms. At feed conditions, it
is expected that cruciferin poorly binds to the resins, as the pH
is close to the plI of this protein (~7). A comparison between the
expected napin adsorption capacity and the adsorption capac-
ity obtained from the experiments using the protein mixture
was done and the results can be found in Fig. 4.

resin)

I Expected
40 B Experimental

30 -

20 -

Ul h I
0

Capto  Nuvia Toyopearl PPA POROS Capto S
MMC cPrime HyperCel HS

Napin Adsoprtion Capacity (mg/mL

Fig. 4 - Napin adsorption capacity comparison between
expected capacity and experimentally obtained from
protein mixture experiments at pH6 and 0.3 M NacCl.
Expected capacity was calculated from single component
isotherm.

The presence of cruciferin seems to enhance napin adsorp-
tion at pH6 and 0.3 M NaCl for POROS HS and CaptoS where
higher adsorption capacities than expected were obtained.
This behavior might be explained by the charge of the pro-
teins. At pH 6, both cruciferin and napin possess a positive
net charge, allowing cruciferin to bind to the resins as well.
However, cruciferin is considered a large protein, and in solu-
tion with napin, the positive charge on cruciferin’s surface
might have resulted in a strong electrostatic repulsion of napin
molecules. By creating a less favorable chemical environment
in the liquid solution, the presence of cruciferin might then be
improving the adsorption of napin molecules onto the tested
resins.

In all experiments (Supplementary material), cruciferin
showed a very small change in concentration after equilibra-
tion with the resins, which indicated a low binding strength.
Only resin PPA HyperCel showed a relatively high cruciferin
concentration change. The cruciferin’s isotherm slope values
were obtained by fitting a linear curve to the experimen-
tally obtained capacities (as function of the equilibrium liquid
concentrations). The obtained values were 2.0+1.3, 0.8+0.1,
2.3+1, 22.1+8.2, 1.6+0.5 and 0.9+0.7 mL/mL,., for Capto
MMC, Nuvia cPrime, Toyopearl, PPA HyperCel, POROS HS and
Capto S respectively. Cruciferin’s isotherm slope is signifi-
cantly lower than the one of napin for resin Capto MMC,
Nuvia cPrime and POROS HS, suggesting a preferential bind-
ing of napin to these resins. Napin isotherm slope values were
slightly higher for resins CaptoS and Toyopearl and cruciferin’s
isotherm slope was higher than napin’s isotherm slope for
resin PPA HyperCel. As discussed before, for PPA HyperCel
resin, binding is mainly characterized by hydrophobic inter-
actions. Because, cruciferin is a more hydrophobic molecule
than napin, this might explain the higher affinity towards this
resin. All the obtained results were used to identify the most
suitable resin for the capture of napin.

3.4. Resin selection

The most suitable resin for the separation of napin an cru-
ciferin was selected using the previously defined selection
criteria (2.6 Resin selection). 1) Napin adsorption capacity
at feed conditions (pH6 with 0.3M NaCl), 2) best desorption
conditions (based on the lowest isotherm slope obtained for
each resin), 3) selectivity of napin over cruciferin and 4) resin
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Table 4 - Values of each criterion (napin capacity, selectivity, resin price and desorption) used for resin selection and

resin scores.

Napin capacity® (mg/mL) Selectivity® (-) 1/slope desorption® (MLyesin/mL) Price/highest price (-) Resin score

Capto MMC 40.0 219.9 0.14 0.8 66%
Nuvia cPrime 34.3 81.3 0.8¢ 0.8 57%
Toyopearl 14.1 2.5 2.6° 1.0 37%
PPA HyperCel 26.6 04 0.5¢8 1.0 41%
POROS HS50 30.0 33.0 5.6" 0.5 75%
@ Napin capacity at 0.3M NaCl and pH 6.

b

Inverse of isotherm slope:
at 0.7 M NacCl and pH 8;
at 1.0M NacCl and pH 6;
at 1.0M NacCl and pH 6;
at 0.1M NacCl and pH 6;
at 0.7 M NaCl and pH 8.

o a n

-

5 0a

Ratio between napin an crucferin isotherm slopes at 0.3M NaCl and pH 6.

price. Adsorption (napin capacity) and desorption were the
two criteria with higher importance in the selection pro-
cess. As previously mentioned, resins CaptoS, CM Sheparose
and MacroPrep where discarded, as they showed significantly
lower napin capacity compared to the other resins at feed
conditions. The results are shown in Table 4.

Even though resin Capto MMC possesses the highest napin
capacity (in all conditions tested) and selectivity, this resin
was not selected as the most promising. The reason has to
do mainly with desorption, possibly requiring a pH higher
than napin’s pl, which, as previously mentioned, can lead to
problems with the structural stability of napin. Therefore, des-
orbing at a pH above the pl is not recommended. The best
performing resin in terms of desorption performance was
POROS HS, since its results indicate that desorption can be
performed at high salt concentration without increasing the
pH to a higher value than napin’s pl. Despite being second
best on desorption criteria. the Toyopearl resin also showed
a much lower adsorption capacity for napin when compared
to Capto MMC and Nuvia cPrime at feed conditions. There-
fore, the Toyopearl resin scored the lowest in the adsorption
capacity criterion.

PPA HyperCel and POROS HS showed comparable adsorp-
tion capacities at feed condition. Nevertheless, from the
experiments performed with the protein mixture it was
clear that cruciferin also interacts with resin PPA Hyper-
Cel having an even larger isotherm slope than napin. This
was observed with the obtained selectivity value which was
lower than unity, indicating that at pH6 and 0.3M Nacl, cru-
ciferin interacts more favorably with PPA HyperCel resin than
napin.

The last evaluated selection criterion was resin cost, with
resin POROS HS being the cheapest one, as the price range
is around half the price obtained for the mixed mode resins.
Even though this criterion was evaluated with a lower weight,
it was taken into account, as process economics is a significant
factor in process development.

3.5. Mixed mode isotherm parameter estimation

Napin adsorption data obtained for POROS HS resin was used
in order to fit the isotherm model described in 2.8.1 Mixed
mode isotherm model. Since POROS HS is a strong cation
resin, there are no hydrophobicinteractions presented and the

parameter n from Eq. (7) was set to zero. In order to reduce the
complexity of solving the non-linear system, the model was
linearized by applying the natural logarithm in both sides of
the equation and the regression was performed as explained
in 2.5.2 Parameter estimation. The experimental data from
the three evaluated salt concentrations were fitted to deter-
mine the set of parameters Keq, v, Kp and Ks, for each pH value.
The maximum adsorption capacity (q;'**) was obtained from
adsorption equilibrium experiments from protein mixture and
the obtained value was 44 mg/mLyei,. The regressed parame-
ters are shown in Table 5.

The stoichiometric coefficient (v) of the salt counter ion
at pH6 was higher than at pH8, which was expected. For
this system, v is equal to protein binding charge. At pH val-
ues approaching the plI of the protein (napin plI ~11), the net
charge of the protein approaches zero (lower) and the electro-
static binding strength becomes weaker, resulting in a lower
binding capacity. K, is the parameter that describes the differ-
ence between water-protein and protein-protein interactions
(Mollerup, 2006). The regressed K, for both pH values (6 and
8) had a positive value, suggesting that interactions between
protein-water were stronger than protein-protein interac-
tions. This also matches the observations obtained in this
work and the data from literature, indicating a high solubil-
ity of napin in water. Similar to Ky, the parameter K describes
the difference between water—protein and salt-protein inter-
actions (Mollerup, 2006). The obtained Ks values at both
evaluated pH conditions were around zero, implying that the
strength of protein-salt interactions is not significantly dif-
ferent than protein-water interactions. By analyzing the two
different interaction parameters - K, and K;s -, the strength
of water-protein, protein-salt and protein-protein interactions
could be inferred. In this system, given that K, >0 and Ks =0,
protein-water interactions were dominant.

The pH value of mobile phase has an influence on the bind-
ing charge of the protein which consequently changes the v
value and it is expected to be lower when the pH is closer to
the pl of the protein. In order to include the influence of pH on
the stoichiometric coefficient, approaches like the one from
Pirrung et al. (2018) could be used. The v for POROS decreases
with increasing of pH which corresponds to the influence of
PH on electrostatic interactions.

Alinear isotherm model was considered for cruciferin pro-
tein due to the low binding observed with resin POROS HS.
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Table 5 - Ion exchange isotherm parameters of napin protein in POROS HS resin at pH6 and pHS.

In Keq v Kp (mM1) Ks (mM?) R? SD
POROS HS pH6 6.6+0.3 1.9+04 23427 —5x 103 +1x 1073 0.97 0.2
POROS HS pH8 5.8+0.2 1.2+0.2 0.8+1.0 —9x 1073 + 8x103 0.98 0.1

3.6. Column chromatography

Two pulse experiments were performed at small scale (~10 mL
column volume) using either a solution of napin or a solu-
tion of protein mixture (napin + cruciferin). The experimental
results were compared with the model output and can be
found in Fig. 5. The data obtained from the chromatography
station was normalized for easier comparison with the mod-
eling results.

As canbe seeninFig. 5, the modelis in excellent agreement
with the experimental results for napin as single component
and also when napin is in the presence of the second protein,
cruciferin. Analyzing napin results (Fig. 5a), one can notice
that no desorption of napin occurs after 5 CV of washing step,
which suggests a strong binding at these conditions (as shown
by the determined isotherm). Elution with high salt concen-
tration (0.7 M NacCl) and pH8 shows a very sharp peak. This
was expected as at these conditions, napin capacity in POROS
HS is close to zero. High salt and pH conditions were chosen in
order to have high recovery, which correspond to 100% based
on mass balance (evaluated by numerical integration). Note
that high pH might not be needed to fully desorb this pro-
tein. After desorption phase, the column was washed with
a concentrated salt solution (1M NaCl) until no absorbance
at 280nm was detected. The maximum napin concentration
detected was 6.8+0.1g/L.

Protein mixture chromatogram is presented in Fig. Sb.
Napin elution profile using this binary mixture corresponds
to the one obtained using single component napin. After
applying the elution buffer, again a sharp peak is observed
with a peak maximum at around 6.0 CV (approximately one
column volume after the switch in conditions). In this exper-
iment, an extra peak is observed during the washing step,
which might correspond to cruciferin protein. Using a linear
isotherm model for cruciferin protein (slope 1.6 mL/mL) and
performing the simulation, one can observed a peak at around
1.8CV (washing step). Comparing cruciferin simulation results
with experimental results, it is clear that cruciferin isotherm
slope was overestimated. This because the experimental peak
exited the column earlier (~1CV) and it is sharper but also
presented tailing. This tailing might be caused by the size of
cruciferin, which is around 300kDa. The difference between
the experimental and simulated results might be attributed
to cruciferin equilibrium parameter. As previously mentioned,
during binary mixture experiments cruciferin data presented
very small changes which were difficult to quantify. Besides
these difficulties, the model shows excellent agreement in
respect to napin protein. The maximum napin concentration
obtained in the chromatogram of the protein mixture pulse
experiment was 7.8+ 0.1 g/L. This value is higher than the one
obtained in the experiment with pure napin experiment due
to the slightly higher napin concentration applied.

Using column experimental results from the protein
mixture, the slope of cruciferin was calculated to be
0.6 mL/mL,egin, Which consequently increased the selectivity
of napin to POROS HS resin to 87.0.

The validated model can be then used for industrial column
design to identify column sizing and operating parameters.
Scale up of chromatography processes from laboratory results
is usually done by keeping bed height and velocity constant
and changing column diameter. However, this makes scalabil-
ity inflexible, often resulting in column volumes that cannot
satisfy the desired capacity or that do march the capacities
found at pilot and industrial scale, where companies often
possess already existing equipment. Pre-determined volumes
(Staby et al., 2017), with fixed column diameter and adjustable
headers. The use of the previous model could reduce the
number of experiments or investment required to satisfy pro-
duction.

The following section describe the use of the previous
model to design an ion exchange column for the separation
of these proteins. The model was applied to a hypothesized
case study considering the production of rapeseed meal in
the Netherlands. This case study can be used as base for large
scale purification of oilseed meals.

3.7.  Adsorptive process design for the purification of
napin, cruciferin and sinapic acid from rapeseed meal

Rapeseed production has significantly increased in the last
years, having a global production of 75 million Mt in 2018
where 25 million Mt were produced in Europe (Food and
Agriculture Organization of the United Nations (FAO), 2019).
As mentioned before the main product obtained from rape-
seed is oil for human consumption, usually extracted from
the seed by mechanical and solvent extraction (Fetzer et al.,
2018; Wanasundara et al., 2017). As byproduct, rapeseed meal
with a high protein content (~40% dry basis), mainly consist-
ing of cruciferin and napin (Contreras et al., 2019; Lomascolo
et al.,, 2012; Wanasundara et al., 2017) is generated. In the
Netherlands, around 3500 MT of rapeseed meal were gener-
ated in 2018, corresponding to around 1400 MT of total protein.
A conceptual downstream process (DSP) of rapeseed meal for
the purification of proteins and polyphenols is shown in Fig. 6.
The DSP includes: an aqueous extraction assisted with salts
(Bérot et al., 2005) to solubilize the different components in
the meal, followed by a small molecule separation (phytic acid,
polyphenols compounds, carbohydrates) using ultrafiltration
with a cut-off membrane of 3kDa. The protein rich reten-
tate is sent to an ion exchange (IEX) column where napin is
captured and cruciferin flows through. The permeate can be
further processed to recover sinapic acid (major polyphenol in
rapeseed meal) using adsorption (hydrophobic resins), as rec-
ommended by Moreno-Gonzdlez et al. (2020) and Silva et al.
(2018a) or liquid-liquid extraction (with organic solvents or
ionic liquids) as suggested by Silva et al. (2018b). The purified
fractions of napin and cruciferin, obtained after the chro-
matography column, are then sent to another membrane unit
to remove the salts before being sent to the final drying stage.
Following the adsorption method for sinapic acid recovery
from Moreno-Gonzalez et al. (2020), elution and regeneration
of the adsorption column can be done with ethanol/water mix-
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tures which can be recovered by distillation and recycled to the
column. To obtain sinapic acid crystals, a multiple effect evap-
oration can be used to crystalize the polyphenol (Silva et al,,
2018b). The evaporated solvent is directed to the distillation
column and sinapic acid crystals are then filtered, washed and
dried.

Considering that the annual production of rapeseed in the
Netherlands is 5836 tons (Food and Agriculture Organization
of the United Nations (FAO), 2019) and assuming that the
first stages of the process (aqueous extraction, centrifugation,
small molecules separation) account an overall protein yield
of 90% the initial protein extract flow rate can be estimated.

The ion exchange column for protein purification can be
sized using the previous model. The selected resin POROS 50
HS has a polymeric matrix (rigid particles) and a particle size of
50 pm and based on supplier specification, this resin possesses
high mechanical resistance (100 bars). For a stainless-steel
column, a maximum of 50bar pressure drop was set for a
column diameter of 1m (Schmidt-Traub et al., 2013). Maxi-
mum column height using this resin can be estimated using
Karman-Cozeny equation, and it corresponds to 1 m.

The column model is then used to determine the operation
of the ion exchange column, in specific to identify the loading
volume, which is this case is two column volumes. The load-
ing volume is low because the concentration of each protein in
the protein rich extractis relatively high (higher than 8 g/L) and
the resin gets to equilibrium saturation with relatively low vol-
ume. For this simulation, an isotherm slope of 0.6 mL/mLqgin
was considered for cruciferin equilibrium. The model indi-
cates a resin utilization of 82% and a napin yield of 98% with
>99% purity. In the flowthrough, cruciferin is recovered (>99%
yield and >98% purity). The productivity calculated with this
column size (1 m diameter and 1 m height) is 26.3 gNapin/Lg/h,
which consequently produces 52.1 MT/a. This accounts to 12%
of the total amount of napin than can be recovered from the
rapeseed meal generated in the Netherlands using one ion
exchange column.

It is possible to purify the annual production of rapeseed
meal by calculating the number of columns needed to oper-
ate in parallel and the number of cycles that each column
can be run. It is important to keep in mind that this is a
preliminary evaluation and that breakthrough curve experi-
ments for napin will be still needed to corroborate the selected
loading. In addition, for this estimation a similar column oper-
ation in terms of desorption was selected (5CV) which could
be reduced, as based on the column experiments, full napin
recovery might be achieved with less volume. Operation of
the ion exchange column can also be adapted to continuous
(Simulated moving bed) or semi-continuous (CaptureSMB and
Periodic Countercurrent Chromatography, PCC) with multiple
columns connected in series or operating in parallel. In addi-
tion, economic feasibility should be assessed with a detail
economic evaluation to identify overall capital expenditure
(CAPEX) and the overall operational cost (OPEX) and perform-
ing for instance a cash flow analysis.

4, Conclusions

High throughput process development (HTPD) generates reli-
able and significant information in a short time period. In the
case of adsorptive processes, HTPD, different resins and condi-
tions could be assessed in parallel which allows proper resin
choice. The generated information can be used in combina-

tion with mechanistic models to evaluate technical feasibility
of a process design which involves process understanding and
contributes to fast process development.
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