Journal of Chromatography B 1125 (2019) 121719

journal homepage: www.elsevier.com/locate/jchromb

Contents lists available at ScienceDirect

Journal of Chromatography B

JOURNAL OF CHROMATOGRAPHY B

Experimental designs for optimizing the purification of immunoglobulin G = R)

by mixed-mode chromatography

Check for
updates

P.L.R. de Sousa®, P.A.S. Tavares®, E.M.T.S. Teixeira®, N.A. Dias”, M. de A. Lima®, F.M.T. Luna?,

D.R. Gondim”, D.C.S. de Azevedo?, 1.J. Silva Junior™"

@ Universidade Federal do Ceard, Centro de Tecnologia, Departamento de Engenharia Quimica — Grupo de Pesquisa em Separagdes por Adsor¢do — GPSA, Campus do Pici,

BL 709, CEP: 60455-760 Fortaleza, CE, Brazil

Y Universidade Universidade Estadual Vale do Acaratl, Departamento de Quimica, Campus Betdnia, CEP: 62040-370 Sobral, CE, Brazil

ARTICLE INFO ABSTRACT

Keywords: The main aim of this study was to define the optimal adsorption and elution conditions for the purification of
Protein human immunoglobulin G (IgG) by mixed-mode chromatography using the multimodal resin Capto MMC. To
Human serum this end, Central Composite Experimental Design (ED) was performed for both the adsorption and desorption
Capto MMC

stages. In the first case, the conditions were systematically studied in batch mode while in the latter case, these
were performed in column. For both studies, the experimental design was conducted using high-purity human
1gG samples. Buffer pH and concentration as well as the salt concentration were the parameters under study in
the ED. Adsorption kinetics and equilibrium experiments were performed under the best conditions defined in
the ED (phosphate buffer 60 mmol/L, pH6.75, no salt). The equilibrium experimental data were fit to the
Langmuir equation, with maximum uptake g,,q, equal to 549.2 mg/g. The gmq value found for IgG in Capto
MMC was quite high as compared to other chromatographic techniques that employ single modes of interaction.
Regarding elution, the best conditions were obtained with acetate buffer (56.40 mmol/L), pH 5.2 and 0.2 mol/L
NaCl. An ultimate recovery of 46.96% for high-purity IgG was achieved. Thus, the effectiveness of Capto MMC
for IgG adsorption and recovery could be confirmed. Moreover, electrophoretic runs in the human serum in-
dicated that although co-elution of HSA and IgG proteins occurs, substantial HSA removal and a high IgG re-

covery were achieved in the elution step.

1. Introduction

Immunoglubulin G (IgG) has been widely studied due to its poten-
tial use in the treatment of health conditions such as cancer, infectious
diseases, autoimmune disorders, among others [1,2]. This can explain
the constant search in the pharmaceutical industry for more efficient
methodologies to obtain IgG in its pure form. However, the methods
currently used comprise two or more steps, which tends to reduce yields
and increase process costs. In most cases, the “purification train” in-
cludes not only the chromatographic techniques but also some pre- or
post-treatment processes [3-5].

Following primary, non-specific pre-treatment protocols, ionic ex-
change and affinity chromatography are, respectively, the most widely
used separation and purification techniques for IgG purification due to
the high loading capacities allowed by ion exchange adsorbents and the
good interaction of the target biomolecule (IgG) with the active sites of
affinity stationary phases. These features render the aforementioned
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techniques highly efficient, especially regarding affinity chromato-
graphy. Binding of molecules to the stationary phase occurs due to
specific interactions between IgG and the ligand attached to the resin,
giving rise to high selectivities that are not achieved in ion exchange
chromatography. Nevertheless, it is a costly technique and may lead to
undesirable phenomena, such as protein aggregation, low stability and
eventual denaturation of the target protein or ligand during the elution
and regeneration steps of chromatographic runs [4,6]. Table 1 sum-
marizes examples of different materials used in IgG purification assays
by means of ion exchange, affinity and mixed-mode chromatography.

Mixed Mode Chromatography (MMC) has recently been recognized
as having a great potential for the separation and purification of bio-
molecules. The technique is based on the capture of the target molecule
by multiple interactions, such as ion exchange, hydrophobic interac-
tions, hydrogen bonds and Wan der Waals forces, thus increasing the
adsorption capacity as compared to single-mode phases. The presence
of hydrophobic groups, such as phenyls, grants a salt-tolerance
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Table 1
Materials used for IgG purification.
Interaction type Material Reference
Pseudo affinity Microcomposite composed of bentonite, [7]
acrylamide and histidine
Affinity HiTrap protein A [8]
Multimodal charge- W-ABI (tryptophan-5- [9]
induction aminobenzimidazole)
Ion exchange Q Sepharose FF/ Poros 50HQ [10]
Multimodal charge- W-ABI (tryptophan-5- [11]
induction aminobenzimidazole)
Affinity Protein G [12]
Modo misto Mercapto-Ethyl-Pyridine-Hypercel™ [13]
Affinity biomimetic FYE-ABI (Phenylalanine-Tyrosine- [14]
Glutamate-“5-amino-benzimidazole™)
Ton exchange — anionic Diethylaminoethyl (DEAE) [15]

characteristic to the process [4,15-21]. MMC has been used for the
separation of biomolecules of different natures, such as monoclonal and
polyclonal antibodies [1,22-24], as well as enzymes [25].

In a recent work, Luo et al. [26] studied the selectivity of four
mixed-mode resins (MEP HyperCel, MMI-4FF, ABI-4FF and W-ABI-4FF)
with serum fragments of IgG, namely crystallizable fragment (Fc) and
antigen-binding fragment (Fab). They concluded that the selectivity of
the resins was directly related to the pH of the adsorption step. Re-
garding IgG, for instance, the best results were obtained at pH close to
neutrality (6.0 at 8.9). In addition, by Isothermal Titration Calorimetry
(ITC), they could confirm that hydrophobic interactions were pre-
dominant.

As mentioned, MMC involves multiple interactions and hence, de-
fining the operating conditions to maximize the retention and elution of
the target molecule is of paramount importance. To our best knowl-
edge, there are no studies in the literature that propose to investigate
IgG purification using mixed mode resins by Experimental Design (ED)
algorithms.

Therefore, the main objective of this study was to apply ED tools to
define the best adsorption and elution conditions for the purification of
human IgG by Mixed Mode Chromatography. The tested parameters
were pH, buffer concentration and salt concentration and experiments
were performed both in batch and in fixed bed modes. Subsequently, to
demonstrate the performance of the chromatographic runs, experi-
ments with human serum were carried out.

2. Experimental section
2.1. Materials

Resin Capto MMC was supplied by GE Healthcare (USA). Human
immunoglobulin G (IgG) and human serum AB type were obtained from
Sigma-Aldrich (USA). Sodium phosphate and sodium chloride were
purchased from Vetec (Brazil); sodium acetate and glacial acetic acid
were supplied by Dynamics (Brazil) and Synth (Brazil), respectively.
The chemicals used in the sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) were all supplied by Sigma (USA): acryla-
mide, bis-acrylamide, SDS and dithiothreitol. All chemicals were of
analytical grade and used without further purification. Ultrapure water,
required to prepare buffers and other solutions, was obtained using a
Milli-Q System (Millipore, USA).

2.2. Experimental design

2.2.1. Batch adsorption experiments

A Central Composite Experimental Design (ED) was performed in
order to identify the most favorable IgG adsorption conditions. Table 2
presents the range of variables pH, buffer concentration (Cpy.r) and salt
concentration (C,q,) used in the ED. Software Statistica (StatSoft, v. 10)

Table 2
Parameters and levels of the central compound planning in the adsorption step.
Parameters Levels
—1.68 —1.00 0.00 +1.00 +1.68
pH 6.00 6.20 6.75 7.20 7.50
Chuffer (mmol/L) 20.00 36.00 60.00 84.00 100.00
Care (mol/L) 0.00 0.20 0.50 0.80 1.00

was used to define the experimental matrix and to analyze the obtained
data in order to find the optimum conditions, i.e., those that maximize
the response variable, IgG uptake.

The pH values chosen for the ED were based on the pI of IgG which,
according to the literature, ranges between 6.3 and 9.0 [27]. Sodium
phosphate buffer was then chosen because of its buffering range
(pH 5.8-8.0).

The experiments were conducted in vials placed in an orbital stir-
ring system (TECNAL, model TE-165, Brazil) at 30 rpm and room
temperature for 1.5h. In each vial, 3mL IgG solution in 1.0 mg/mL
sodium phosphate buffer were mixed with 10 mg resin. Thereafter, a 2-
mL sample was collected and centrifuged at 9998 xg for 10 min. Then,
the absorbance of the supernatant at 280 nm was measured in a UV-VIS
spectrophotometer. The adsorbed concentration of IgG (response vari-
able) was calculated according to Eq. (1):

_ Vsol (CO - Ceq)
Mads @

where g* is the adsorbed concentration of protein (mg/g); C.q is the
protein concentration in the liquid phase (mg/mL) at equilibrium with
the solid phase; C, is the initial protein concentration in the liquid
phase (mg/mL); m,q4s is the mass of adsorbent (g) and Vj,; is the volume
of protein solution (mL) added to the vial.

Following the identification of the best adsorption conditions, ki-
netic experiments were performed under those conditions to verify the
time required to reach equilibrium for human IgG adsorption onto
Capto MMC. The experiments were performed with three initial protein
concentrations (1.0, 2.0 and 3.0 mg/mL) and uptake times ranged from
0 to 240 min.

The parallel diffusion model (Egs. (2)-(6)) was used to estimate the
contribution of mass transfer parameters in the kinetics of human IgG
adsorption onto Capto MMC resin. It was assumed that diffusion in the
pore and in the surface occur simultaneously.

Mass balance in the resin particle:

ac; dq; e | 20 o , 29
| — |+ Dyp—+ =Dy — + =—| + DD, -+ =
P(at) P ot Pp(z:'ir2 rar) P(arz r or )
where D, and D; are, respectively, the diffusion coefficients in the pore

and on the surface.
Boundary conditions:

601
=0, —=0
T ®)
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r=R; EPDPE + DapDSE = kf(Cb - Ci) (4)
Mass balance in liquid phase:
3vk
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Initial conditions:
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where Cj is the total concentration of proteins in the liquid phase, k¢ is
the mass transfer coefficient through the liquid film, R is the particle
radius, v is the volume of the adsorbent and V is the volume of liquid.
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The ks and D,p were estimated according to Geankoplis [28] (Egs.
(7) and (8)) and used as input values of the model:

_2 1
3 3
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where D4p is the molecular diffusivity, d is the particle diameter, u is the
viscosity of the solution, p is the particle density, 4p is the difference
between the particle density and the solution and g is the acceleration
due to gravity.

T
1 (My)3 @®

where M, is the molecular weight of the protein and T is the absolute
temperature.

The model was solved numerically using the gPROMS commercial
solver (Version 3.2). The radial domain was discretized using a third-
order orthogonal collocation method in finite elements. The estimation
of the mass transfer parameters (D, and D;) in batch mode was per-
formed by an optimization subroutine using the heterocedastic method
[29].

To measure the adsorption equilibrium isotherms under the optimal
PH, Cpyger and Cyq, conditions identified, the default time to reach
equilibrium was taken to be 3h. The initial protein concentration
ranged between 0.5 and 6.0 mg/mL. The Langmuir equation was used
to fit the experimental data (Origin®software, Microcal, USA), ac-
cording to Eq. (9):

Dyp = 9.4:10715

q= qmaxkce‘l
1 + kCe ©

where g, is the theoretical maximum adsorbed concentration (mg/g);
k is the adsorbent-adsorbate interaction constant (mL/mg) and C.q is
the equilibrium concentration (mg/mL) in the liquid phase.

2.2.2. In-column desorption

A new central composite experimental design was performed in
order to obtain the best conditions for the elution (desorption) step.
Table 3 shows the levels attributed to each variable under study. Ac-
cording to the literature [26], pH, acetate buffer concentration (Cpyger)
and salt concentration (C,q,) should be used as independent variables.
For the elution assays, acetate buffer was used because the pH range
differed from that in the adsorption step.

The tests were performed in a chromatographic system consisting of
a peristaltic pump (WATSON MARLOW, Brazil), a glass column C10/10
from GE (10cm X 10mm) and a fraction collector (BUCHI C-660,
Switzerland). 250 mg dry Capto MMC were packed into the column so
as to obtain a bed length of 1.6 cm. Subsequently, 10 mL of a 1 mg/mL
IgG solution was prepared under the optimal pH and buffer conditions
previously identified for adsorption. This solution was pumped into the
column under a flow rate of 0.8 mL/min. After 10 min, the column was
submitted to a washing step by changing the feed to pure buffer under
the same conditions as those in the adsorption step. For the elution, the
conditions defined by the ED (Table 3) were used. Between two suc-
cessive chromatographic runs, a NaOH solution (1 mol/L) would flow
through the column for regeneration purposes. In total, 17

Table 3
Parameters and levels of the central compound experimental design in the
elution step.

Parameters Levels

-1.68 —1.00 -1.68 +1.00 -1.68
pH 3.60 4.10 4.60 5.20 5.60
Cpuffer (mmol/L) 20.00 56.40 110.00 163.60 200.00

Csaie (mol/L) 0.00 0.200 0.50 0.80 1.00
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chromatograph experiments were performed. Note that the adsorption,
washing and regeneration steps were identical, following previously
optimized conditions; only the elution step was carried out according to
the conditions described in Table 3. The IgG recovery was then calcu-
lated according to Eq. (10):

Eluted IgG
uted IgG (mg)

IgG R %) =
8G Recovery (%) Injected IgG (mg) (10)

2.3. Purification of IgG from human serum

Once the optimal conditions regarding the adsorption and elution
steps were identified, chromatographic experiments were performed for
IgG purification from human serum using a Contichrom system
(Knauer, Germany). 250 mg Capto MMC were packed into the column
and 10 mL of 5 mg/mL human serum diluted in 60 mmol/L phosphate
buffer at pH 6.75 were injected into the column. Then, the column was
rinsed with 10 mL of 60 mol/L phosphate buffer at pH 6.75. Finally,
elution was performed with 0.2mol/L NaCl in 56.4 mmol/L sodium
acetate buffer at pH 5.2. During all experiments, samples were collected
at the outlet of the columns for electrophoresis assays and quantifica-
tion by the Bradford method.

2.4. Analytical methods

2.4.1. Total protein quantification

The total protein content was analyzed according to the procedure
described by Bradford [30] using Bovine Serum Albumin (BSA) as the
reference protein and Coomassie blue for color development. The in-
tensity of the color was measured at 595 nm using a UV-Visible spec-
trophotometer (Thermo Scientific, USA).

2.4.2. Electrophoresis assays

SDS-PAGEs of protein samples were performed under denaturing
and reducing conditions [31] using a Mini-Protean III System (Bio-Rad,
USA). The runs were carried out at 150 V in 7.5% separation gels with a
4% stacking gel. Protein bands were revealed with Coomassie Blue.

3. Results and discussion
3.1. Batch adsorption experiments

Seventeen batch adsorption experiments were performed to define
the pH, buffer concentration and salt concentration that would max-
imize IgG uptake. Table 4 shows the values of adsorbed protein
Table 4

Batch adsorption experiments with Capto MMC for IgG adsorption using so-
dium phosphate buffer at different condition.

Test pH Cpufrer (mmol/L) Csale (mol/L) q (mg/g)
1 6.20 36.00 0.20 116.91
2 6.20 36.00 84.00 58.67
3 6.20 84.00 0.20 116.06
4 6.20 84.00 84.00 102.06
5 7.20 36.00 0.20 67.20
6 7.20 36.00 84.00 96.14
7 7.20 84.00 0.20 80.97
8 7.20 84.00 84.00 82.49
9 6.00 60.00 0.50 122.27
10 7.50 60.00 0.50 73.53
11 6.75 20.00 0.50 77.13
12 6.75 100.00 0.50 83.89
13 6.75 60.00 0.00 223.28
14 6.75 60.00 1.00 103.20
15 6.75 60.00 0.50 80.05
16 6.75 60.00 0.50 73.11
17 6.75 60.00 0.50 84.68
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Fig. 1. Response Surface for adsorption step with variations of pH and buffer
concentration and salt concentration in central point (0.5 mol/L).

obtained in each run of the ED for the adsorption step. The IgG solution
was diluted in sodium phosphate in all the experiments.

The experimental condition with the highest concentration of ad-
sorbed IgG (223.28 mg/g of IgG adsorbed) was achieved under the
following conditions: pH 6.75, Cpyfrer 60.0 mmol/L and Csqe 0.0 mol/L.
Figs. 1 to 4 illustrate the Response Surfaces and the Pareto Diagram
obtained from Statistica by handling of the results shown in Table 4.

The results were consistent with those reported in the literature,
since most biomolecules tend to show favorable binding conditions
close to their respective pl. The pl of IgG falls within the range of 6.3 to
9.0 [28]. Joucla et al. [32] carried out IgG adsorption experiments in
phosphate buffer (0.1 mmol/L) at pH 6.8, conditions similar to those
found in the present study, except for the buffer concentration.

Gospodarek et al. [33] investigated the interactions between Capto
MMC and bovine serum albumin (BSA) by hydrogen exchange mass
spectrometry (HXMS). They tried to relate the BSA pI with the solution

T T it
W e
7 2 ok
2

Fig. 2. Response Surface for adsorption step with variations pH and salt con-
centration and buffer concentration in central point (60.00 mmol/L).
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Fig. 3. Response Surface for adsorption step with variations buffer and salt
concentrations and pH in central point (6.75).

(3)C:|:(L) -11.5364 |

(1)pH(L) -6.34045

1lby3L 5.578291

Chutter(Q) -3.73304

(z)cbuﬂer(L) 2.674134

1Lby2L -2.66434
pH(Q) 1.05018 |

2Lby3L 1.050048 |

p=0.05

Fig. 4. Pareto diagram, at 95% of significance, for central compound experi-
mental design adsorption step.

pH and ionic strength (50 mmol/L ammonium sulfate). By increasing
the ionic strength (0.5 to 1.5mol/L) and adjusting the pH to the pI of
BSA, the electrostatic interactions were decreased and hydrophobic
interactions were favored.

A relevant observation was made regarding Cyy,, since the highest
protein uptake was obtained in salt-free conditions. This fact suggests
that, although Capto MMC comprises different modes of interaction, ion
exchange appear to be the governing chromatographic mechanism.
Also, according to the Pareto Diagram, Cyy is the most significant
variable to influence the adsorbed concentration g, followed by pH.
Inside the range of the experimental conditions considered, the best
protein uptakes were obtained at the lowest values of Cyy, and pH. As
for Cpugrer, NO consistent trends could be observed.

The kinetic experiments were carried out under the conditions of
maximum protein uptake found by the ED (pH 6.75, Cpyger 60.00 mmol/
L, Csq¢ 0.00 mol/L). The input parameters used for the parallel diffusion
model are shown in Table 5. The coefficients kf and D,p were obtained
using Egs. (7) and (8), respectively. The particle porosity was found by
Lima et al. [34].
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Table 5

Parameters inserted in the parallel diffusion model.
Parametros Capto MMC
Porosity of the particle, ep 0.55%

Density of the particle, D, (g~cm_3) 1.5

Particle diameter, d (cm) 3.7510°%
Coefficient of molecular diffusion, Daz (cm?min~') 3.39107°
Coefficient of mass transfer in the film, ks (cm'min~1) 0.188

2 Source: [34].
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Fig. 5. Kinetic Profile Modeling to IgG (C; = 1 mgmL~') using Capto MMC
resin.
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Fig. 6. Kinetic Profile Modeling to IgG (C; = 2mgmL™') using Capto MMC
resin.

In Figs. 5 to 7, the experimental and the simulated kinetic profiles
are depicted. The parallel diffusion model was employed to simulate the
adsorption kinetics data at different concentrations (1, 2 e 3 mgmL ™!
of IgG). The estimated values of D, and D; indicated the predominance
of pore diffusivity, since D, values ranged from 1.95107° to
1.67-10 " cm®*min~'. The values of D, varied from 7.9210° to
1.7-10 "8 em2min~!. In addition, it has been noticed that the diffusiv-
ities tend to decrease with increasing IgG concentration. Zhu and Carta
[35] noticed a similar behavior when adsorption kinetics for lysozyme
and mAb were investigated at different salt concentrations with the
mixed mode resins Nuvia cPrime and Capto MMC. They also noticed
that the apparent diffusivity (D.) values found for these proteins are
independent of the salt concentration for both resins. For lysozyme,
operating at pH 5.0 and in the absence of NaCl, the authors obtained D,
values of 0.16:10~° cm*min~* and 0.96:10 ~° cm®min ! for the mixed
mode resins Nuvia cPrime and Capto MMC, respectively. On the other
hand, for mAb, the diffusivities were 3-fold lower when compared to
those presented by lysozyme  (0.410 >cm®min~!  and
0.7810° em®*min " for Nuvia cPrime and Capto MMC, respectively).
The lower mass transfer rates obtained with Capto MMC were

Time (min)

Fig. 7. Kinetic Profile Modeling to IgG (C; = 3mgmL~') using Capto MMC
resin.

600

500 -

q (mg/g)
S

T T T T

0 1 2 3 4 5
Ceq (mg/mL)

Fig. 8. Adsorption equilibrium isotherm at room temperature for IgG in capto
MMC under the best conditions defined by experimental design (pH 6.75, Cpuyffer
60.00 mmol/L, Cguie 0.00 mol/L). The continuous curve stands for the regression
of experimental data with the Langmuir model.

associated to its smaller pore size when compared to that of Nuvia
cPrime. In the addition, the presence of diffusional impedance was
observed in Capto MMC, which was related to the size of the mAb
molecule: the higher the mAb concentration the lower the diffusivity in
Capto MMC, and vice versa.

The curves show that the highest mass transfer rates occurred in the
initial minutes; the concentration of IgG in solution was reduced to less
than 50% in the first 5min for most experiments. The transfer rates
would then slow down, and equilibrium was reached after 180 min,
when the IgG concentrations in the liquid phase had been reduced by
about 90% (1 mg/mL), 70% (2 mg/mL) and 50% (3 mg/mL). It can also
be stated that the equilibrium time was not affected by initial con-
centration, since the all the curves presented very similar behavior
patterns.

Fig. 8 shows the equilibrium adsorption isotherm at room tem-
perature and the curve plotted represents the data fit to the Langmuir
model. It can be observed that after the plateau was reached, the ad-
sorption capacity was identified to be 549.2mgg”!, k-value
4.97 mL'mg ! and R? 0.99. The IgG adsorbed concentration was rela-
tively high, since this represented nearly 50% of the resin mass, what
showed that IgG might have had its interactions with Capto MMC en-
hanced with the use of a suitable buffer, pH and a salt-free liquid-phase.
When evaluating the adsorption capacity, the Capto MMC and Nuvia
cPrime for lysozyme at pH 3.0, 5.0 and 7.0 and adding NaCl at con-
centrations of 0.0, 200 and 400 mmol-L. "}, Zhu and Carta [35] verified
that the pH as well as the salt concentration interfere with the
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adsorption isotherm. This behavior was explained by the multimodal
nature of the resins and their salt-tolerance effect. The maximum ca-
pacity reached was 130 mg:mL ™! for Capto MMC, when at pH 7.0 and
with no added NaCl. Regarding Nuvia cPrime, a g,, of 110 mg-mL ™! was
obtained at pHs 5.0 and 7.0 and in the absence of NaCl. For both resins,
the gp-values are lower than that obtained for IgG on Capto MMC.
However, when compared to other types of materials, maximum ca-
pacities much higher than those found in this work can be observed. A
class of synthetized and functionalized materials, known as SBA-15,
have been evaluated for protein capture and the adsorption capacities
reported are higher than those for Capto MMC. This is apparently due to
synthesis conditions, which grant the material a very large and well-
defined pore structure. For example, Bazzaz et al. [36] obtained a quax
of 1000 mg/g for BSA in the hexagonal mesoporous silicate material
loaded with APTES and tannin. Acet et al. [37] obtained a quax of
1275.2 mg/g for lysozyme in Cu*2-SBA-15 nanoparticles.

The initial slope of the adsorption isotherm also suggests that
human IgG shows a strong interaction with Capto MMC. This fact may
be related to the multiplicity of possible interactions between the ad-
sorbent and the biomolecule (ion exchange, hydrophobic interactions,
Van der Waals forces and hydrogen bonds), although ion exchange
seems to be the predominant modality. Li and Sun [38] developed a
multimodal poly (4-vinylpyridine) polymer binder for protein applica-
tion. A decrease in adsorption capacity was observed when the Cpyger
was increased, indicating that electrostatic interactions between the
adsorbent and proteins are predominant. In Capto MMC, hydrophobic
interactions are likely to play a secondary role. However, their presence
contributed to the salt tolerance characteristic of the adsorbent. Joucla
et al. [32], studying capture of mAb in Capto MMC, found that, at
pH 5.0, the increase in conductivity was not significant for antibody
capture due to the ligand being salt tolerant. This means that an in-
creased conductivity reduces ion exchange interactions at the same
time that it favors hydrophobic interactions. However, higher mAb
retention could also be achieved for lower conductivities, which is as-
sociated with the predominance of ion exchange interactions in the li-
gand Capto MMC.

3.2. In-column desorption

The elution experiments were carried out in fixed bed with sodium
chloride added to acetate buffer at different molar concentrations in the
elution step (as described in Section 2.2.2), in order to find the best
condition for maximizing IgG recovery. Figs. 9 to 12 show the Response
Surfaces and the Pareto Diagram for the elution step of human IgG. The
recovery was calculated by a mass balance in the liquid phase.

The response surfaces indicate that the best elution conditions are
found at the highest pH and C;,;, ranges. For Cpyg.r, as previously ob-
served in the ED performed for adsorption, no outstanding trends were
observed. According to the statistical treatment of the data, all variables
studied were significant, with Csq, showing the strongest influence on
IgG recovery, followed by the interaction between pH and Cyyg.r This
behavior suggests that under these conditions, ion exchange interac-
tions predominantly govern the IgG adsorption and desorption on
Capto MMC.

The IgG recoveries obtained in the fixed bed experiments are shown
in Table 6. Run 5 (pH 5.2; Cpyfrer 56.4 mmol/L; Cgy 0.2 mol/L) yielded
the highest recovery percentage of IgG (47%). Yang et al. [39], studying
IgG adsorption on the resin Nuvia cPrime, were able to obtain re-
coveries of above 80%. In their work, however, much more drastic
conditions were used, when compared to those in our study: 0.8 mol/L
(NH4)»SO4 buffer at pH 8.0 and 1.0 mol/L NaCl for the elution stage.
This set of conditions could impart higher processing costs due to the
need for posterior desalting operations.

Statistical handling of the data showed that among all the variables
studied in the adsorption and elution stages of IgG, salt concentration
was the most significant parameter. The best adsorption condition
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1gG Recovery (%)

Fig. 9. Response Surface for elution step with variations pH and buffer con-
centration and salt concentration in central point (0.5 mol/L).

1gG Recovery (%)

Fig. 10. Response Surface for elution step with variations pH and salt con-
centration and buffer concentration in central point (110 mmol/L).

occurred in the absence of salt and, for elution, this happened in the
highest salt concentration tested. This fact seems to confirm the hy-
pothesis that ion exchange is in fact the predominant interaction taking
place between IgG and Capto MMC. Luo et al. [11] obtained similar
results by using the adsorbent MMI-4FF (2-mercapto-1-methyl-imida-
zole) in the separation of IgG from Fc-fragments when operating under
pH 6.0 for adsorption and pH 3.0 (48.0%) and 4.0 (41.9%) for deso-
rption. Even better results (86.5%) were observed when the resin
Trtptophan-5-aminobenzimidazole (W-ABI-4FF) was employed at
pH 8.0 for loading and 3.6 for elution. These materials differ in the
number of aromatic rings of the ligands and consequently, present
different hydrophobicities. Also, elution of IgG is likely to be strongly
influenced by salt concentration gradients. In fact, Maria et al. [23]
reported the successful elution of IgG when using pH and a buffer
conductivity gradient for Capto MMC. As shown in the Pareto Chart
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S

Fig. 11. Response Surface for elution step with variations Buffer and salt con-
centrations and pH in central point (4.6).

p=0.5

Fig. 12. Pareto diagram, at a 95% of significance, for central compound ex-
perimental design elution step.

(Fig. 12), salt concentration was the most significant variable, followed
by the interaction thereof with the pH.

By solely considering the recovery percentage, the overall yield is in
fact lower than those found in a few other studies available in the lit-
erature. Tong et al. [40] report recoveries of around 85% with a hy-
drophobic interaction resin and Wang et al. [41], of 95% with a mixed
mode adsorbent, both working with IgG from BSA. Specifically tar-
geting HSA, Bresolin et al. [27] obtained an IgG recovery of 75% with a
mixed-mode agarose-based ligand. Nevertheless, apart from reiterating
that using Capto MMC for purifying human IgG has never been ap-
proached and hence, the present study serving as a valid addition to the
already-existing knowledge, future work can focus on refining this
process for improving the results obtained, either by fine-tuning other
process parameters or by adding downstream unit operations to the
protocol, such as membrane technologies [42].
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Table 6
Recovery percentages in the elution step of IgG.

Experiment pH Chpuffer (mmol/L) Cgare (mol/L) 1gG recovery (%)
1 4.10 56.40 0.20 10.20
2 4.10 56.40 0.80 44.96
3 4.10 163.60 0.20 7.51
4 4.10 163.60 0.80 40.25
5 5.20 56.40 0.20 46.96
6 5.20 56.40 0.80 30.97
7 5.20 163.60 0.20 5.34
8 5.20 163.60 0.80 22.85
9 3.60 110.00 0.50 8.79
10 5.60 110.00 0.50 18.08
11 4.60 20.00 0.50 14.24
12 4.60 200.00 0.50 5.14
13 4.60 110.00 0.00 0.26
14 4.60 110.00 1.00 14.52
15 4.60 110.00 0.50 8.28
16 4.60 110.00 0.50 6.80
17 4.60 110.00 0.50 7.81

3.3. Purification of IgG from human serum

Chromatographic experiments with human serum samples diluted
in phosphate buffer (60 mmol/L) and at pH 6.75 were performed. The
adsorption step consisted in injecting 1 mL of human serum (at 5.0 mg/
mL in buffer); the washing step was performed with pure phosphate
buffer and the elution was carried out with NaCl (at 0.2 mol/L) added of
acetate buffer (56.4 mmol/L), at pH 5.2.

Fig. 13 shows the UV-absorbance (280 nm) at the exit of the column
for the chromatographic run in the FPLC - Contichrom using the resin
Capto MMC under the conditions previously described.

The peak observed in the regeneration (R) step stands out in the
profile and is much higher than that observed in the elution (E) step.
Apparently, most of the adsorbed proteins (IgG and HSA) are recovered
at point R rather than in E, which is consistent with the relatively low
recoveries (below 50%) observed in the fixed bed experiments with
pure IgG.

Yang et al. [20] investigated the co-adsorption of IgG and Bovine
Serum Albumin (BSA) using the multimodal resin Nuvia cPrime as the
adsorbent. Their results also indicated high adsorption for both proteins
in pHs ranging from 6.0 to 8.0, which is very close to the pI of the IgG.
IgG showed higher adsorption for all the tests. Tong et al. [9] also
performed experiments using a multimodal W-ABI resin modified by
induction charges to purify IgG from a mixture solution with BSA. Se-
paration was achieved with elution with acetate buffer in the pH range
4.5-5.0, which yielded IgG with a purity degree of 95.2% and of 98.4%,
if adding 0,1 M NaCl to the loading buffer. By utilizing a similar starting
material, it was possible to recover 88.1-89.9% of IgG from the resin
MEP HyperCel.

One factor that might have contributed for the recovery value of IgG
obtained in this work (~47%) is the structural form and the binding
energy of the protein with Capto MMC. The IgG molecule is “Y”-shaped,
what makes it difficult to access the adsorbent pores. This is reinforced
by observing the results of the kinetic modeling, which showed that
although pore diffusion is indeed predominant, surface diffusion also
occurs. HSA, on the other hand, is a much smaller protein, presenting
small molecular weight and globular structure, thus facilitating its ac-
cess to the pores. Also, it could be verified that HSA possesses much
higher adsorption energy in Capto MMC when compared to IgG (data
not shown), deeming its separation more difficult. Although a large
amount of proteins still seems to remain bound to the resin during the
elution step, it is important to assess the relative concentration of I1gG
and HSA (i.e., resin selectivity) present in the elution fraction collected.

The electrophoresis assay of the various fractions collected is de-
picted in Fig. 14. It is noticeable that the elution conditions applied
were able to deliver fractions that are free from some of the proteins
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700 file at the column exit for a chromatographic
e | h run of human serum proteins. Conditions:
200 -] A | " Adsorption (Phosphate buffer 60 mmol/L
| pH6.75), Elution (Acetate sodium
500 - |
- | . 56.4mmol/L pH5.2 NaCl 0.2mol/L),
D 400 | Regeneration (NaOH 1.0mol/L). Samples
E e E H . collected at different moments: (A)
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Fig. 14. Electrophoresis related to chromatographic run with human serum in
Capto MMC in Contichrom. HMW: High molecular weight standard; FEED:
Sample of human serum used in the tests; A: Adsorption; E: Elution; R:
Regeneration; HSA: Human Serum Albumin; IgG: immunoglobulin G.

present in human serum, particularly those of intermediate molecular
weight. However, IgG could not be completely purified, since human
serum albumin (HSA) can still be found in the eluted fraction. In fact,
Yan et al. [21] also concluded that, for the resin Nuvia cPrime, the most
favorable adsorption and elution conditions were very similar for both
IgG and HSA, which can lead to constant ‘contamination’ during all
stages. No proteins were identified in the regeneration (R) stage due to
the high concentration of NaOH used.

The results for adsorption and desorption reported in this work for
Capto MMC can provide a useful guide for an unrefined separation of
IgG from most of the human serum proteins. For finer applications,
where complete IgG purification is required, other chromatographic
operations can be useful additions, such as affinity chromatography or
the testing of other buffer conditions of ionic strength or pH. In this
case, further data on HSA adsorption equilibrium and kinetics in the
target stationary phase is required. In this work, however, it was al-
ready possible to obtain a fraction much purer than the raw sample
used for loading the system. As such, the resin can be undoubtedly used
to greatly reduce the number of interferences and, additionally, other
specific chromatographic processes can be performed aiming at com-
pletely purifying IgG. Thus being, the purity degree of the protein could
be potentially increased along with process yields due to the con-
siderable decrease in the number of contaminant proteins.

4. Conclusion

The experimental designs in tandem with the statistical tools em-
ployed in this work were useful for defining the operating conditions

(pH, buffer and salt concentration) that enhanced and optimized the
adsorption and recovery (upon elution) of human IgG using the mul-
timodal chromatographic resin Capto MMC. These conditions allowed a
recovery of about 50% (w/w) of relatively-pure IgG.

When an actual sample of human serum was tested under the op-
timal adsorption/desorption conditions previously identified, the IgG
could be successfully separated from most serum proteins, except from
HSA. In case complete purity is required, there is a need for further
investigation onto the co-elution of these proteins.

Finally, this study was a good addition to the knowledge by re-
vealing the prevailing modalities of interactions between IgG and Capto
MMC, which were found to be of ion-exchange nature, despite the
concurrence of other types of interaction inherent in the multimodal
resin.
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