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Abstract Monoclonal antibodies (MAbs) have been used for therapies and some analytical
procedures as highly purified molecules. Many techniques have been applied and studied,
focusing on monoclonal antibodies purification. In this study, an immobilized metal affinity
chromatography membrane was developed and evaluated for the purification of anti-TNP
IgG; mouse MAbs from cell culture supernatant after precipitation with a 50% saturated
ammonium sulfate solution. The chelating ligands iminodiacetic acid, carboxymethylated
aspartic acid (CM-Asp), nitrilotriacetic acid, and tris (carboxymethyl) ethylenediamine in
agarose gels with immobilized Ni(Il) and Zn(II) ions were compared for the adsorption and
desorption of MADbs. The most promising chelating ligand—CM-Asp—was then coupled to
poly(ethylene vinyl alcohol) (PEVA) hollow fiber membranes. According to SDS-PAGE
and ELISA analyses, a higher selectivity and a purification factor of 85.9 (fraction eluted at
500 mM Tris) were obtained for IgG; using PEVA-CM-Asp-Zn(Il). The anti-TNP MAb
could be eluted under mild pH conditions causing no loss of antigen binding capacity.
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Introduction

Monoclonal antibodies (MAb) are monospecific antibodies with extremely high selectivity
and sensitivity in the recognition of the antigens against which they are developed. Large
amounts of MAbs have been commercially produced by culturing hybridoma cells in
mammalian bioreactor systems [1, 2]. Nowadays, due to the use of genomics and
proteomics, many technical efforts have been made for the development of a second
generation of MAbs with better affinities, decreased immunogenicity, and optimized
effector functions [3].

Due to their main application being in clinical and diagnostic areas, MAbs of high purity
are required. Therefore, many techniques have been studied [4—8]. MADbs are usually
recovered from complex media (ascitic fluid or cell-culture supernatant) composed of
amino acids, proteins, and cells. After cell removal using unit operations such as
centrifugation and filtration, chromatographic techniques based on ion exchange, size
exclusion, hydrophobic interaction, and affinity principles are used in the final purification
processes aiming at the elimination of impurities [9].

Biospecific ligands, such as protein A or G, have been widely used due to their high
affinity for the Fc antibody domain. However, they are characterized by low capacity, low
chemical and proteolytic stability, high costs, and drastic elution conditions which may
cause loss of MAD activity [10]. As an alternative, pseudobiospecific ligands have been
under development for antibodies purification [10—14].

Immobilized metal-ion affinity chromatography (IMAC), a group-specific affinity
technique for separating proteins, is based on the reversible interaction between various
amino acid side chains and immobilized metal ions [15]. This technique has shown
promising results for purification of different species and subclass of antibodies from
different sources [16-24]. In IMAC, chelating ligands play an important role due to the
presence of electron donor atoms in their structure which are able to bind metal ions
forming metal chelates [25, 26]. The choice of chelating ligand must be made focusing on
the stability of the metal ion complex and the availability of free coordination sites for
protein binding. The most used chelating ligand is tridentade iminodiacetic acid (IDA).
Tetradentades, like carboxymethylated aspartic acid (CM-Asp) and nitrilotriacetic acid
(NTA), and pentadentades such as Tris (carboxymethyl) ethylenediamine (TED) contain
fewer free sites to bind the protein, which can make them more selective in the purification
process. Figure 1 shows the schematic structures of IDA, CM-Asp, NTA, and TED
chelating ligands.

The most common support materials used in affinity chromatography are soft gels.
However, performance is limited by mass transfer due to compressibility and pore
diffusion. As an alternative, the idea of using microporous membranes as support matrices
for affinity separation has been introduced, since they provide higher flow rates, much
lower pressure drops, easier scale-up, mechanical stability, and higher productivities [27,
28].

In a recent study, Serpa and colleagues [18] evaluated the effect of four metal ions (Cu
(II), Ni(Il), Zn(IT), and Co(II)) immobilized onto an IMAC affinity hollow fiber membrane
system—an IDA covalently linked poly(ethylenevinyl alcohol) membrane, called IDA-
PEVA—for purification of anti-TNP IgG; mouse MAbs, which were efficiently adsorbed
and eluted while maintaining their antigenic properties. However, a systematic investigation
of different IMAC-chelating agents used for MADb purification is still of paramount
relevance. The present work extends the application of Serpa and coworkers’ studies of
anti-TNP IgG; mouse MAD purification [18] in order to obtain fundamental data for the
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Fig. 1 Schematic structures of different chelate ligand immobilized metal ions having a coordination number
of 6. a IDA; b CM-Asp; ¢ TED; d NTA

development of large-scale MAb purification processes in IMAC membrane chromatog-
raphy with Ni(I) and Zn(II). The selection of chelating agents aimed to study the effect of
tridentade (IDA), tetradentades (NTA, CM-Asp), and pentadentade (TED) on the selectivity
for MAD purification using agarose gel. Studies with PEVA membranes as support material
were performed with the most selective chelating ligand (CM-Asp), including a binding
study with adsorption isotherm data analyzed using the Langmuir, Langmuir—Freundlich,
and Temkin models. The breakthrough curves were useful for determining the dynamic
capacity of the affinity membrane since they are the basis for Mab purification process
design, scale-up, and optimization.

Materials and Methods

Materials

The agarose gel (Sepharose® 6B) and the high molecular weight marker for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; myosine, 212 kDa; «2-

macroglobulin, 170 kDa; [(-galactosidase, 116 kDa; transferrin, 76 kDa; glutamic
dehydrogenase, 53 kDa) were purchased from GE Healthcare (USA). Iminodiacetic acid
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(IDA), L-aspartic acid (Asp), ammonium persulphate and epichlorohydrin were purchased
from Sigma (USA). Tris(hydroxyethyl amino methane) (Tris), disodium ethylenediamine-
tetraacetic acid (EDTA), nickel, zinc, and ammonium sulfate were purchased from Merck
(Germany). For SDS-PAGE analysis, acrylamide, bis-acrylamide, SDS, and dithiotrietol
were purchased from BioRad (USA). All other chemicals were of analytical grade. Milli-Q
water (Millipore, USA) was used to prepare all buffers and solutions.

The poly(ethylenevinyl alcohol)-PEVA-hollow fiber cartridges (Model Eval 4A, 1 m?
surface area) were purchased from Kuraray (Japan). The hollow fiber had an internal
diameter of 200 um, a wall thickness of 20pum, and a nominal molecular mass cutoff of
600 kDa.

MAD

Anti-TNP MAD, isotype IgG;, expressed by the hybridoma 1B2.1B6 [29], was produced in
vitro in a 500-mL spinner flask (Bellco Micro Carrier, USA), using Dulbecco’s Modified
Eagle’s culture media (Sigma, USA) enriched with 10% bovine fetal serum (Nutricell,
Brazil). The cells were removed from the cultures by centrifugation, and the material was
then filtered through a 0.22-um cellulose membrane (Millipore, USA).

Affinity Gels

Agarose (Sepharose-6B) activation with epichlorohydrin and coupling to IDA were carried
out as described in the literature [16—18, 22]. Agarose-NTA and agarose-TED gels were
purchased from Sigma (USA).

The synthesis of agarose-CM-Asp gel followed two steps: first, the coupling of L-aspartic
acid to epichlorohydrin activated gel and then the carboxymethylation reaction, via nitrogen
of Asp [30]. Twenty grams of suction-dried activated Sepharose-6B was washed with
ultrapure water, suction-dried, and transferred to a becker. Five grams of L-aspartic acid was
added to a 50-mL NaHCO;/Na,CO; 1.0 mol L' pH11.5 solution. The reaction mixture
was brought to about 80°C for 4 h and allowed to cool to room temperature overnight in
orbital agitation. The gel was collected by filtration, washed ten times with ultrapure water,
and transferred to a becker; 12.6 g of bromoacetic acid was added to 30 mL NaOH
4.0 mol L' solution, and the pH was adjusted to 10.5. This solution was added to
L-aspartic coupled gel and maintained in orbital agitation overnight at room temperature.
The gel was collected by filtration and washed continuously with ultrapure water until the
pH reached about 6.0.

Immobilization of CM-Asp on a PEVA Hollow Fiber Membrane

Cut Membrane Derivatization

A commercial PEVA hollow fiber cartridge was disassembled, and the fibers were removed and
finely cut into pieces of around 2 mm in length. The cut PEVA membranes were activated with
epichlorohydrin [18, 22, 31], and CM-Asp was coupled to them as described for agarose gel.

Minicartridge Derivatization

A small-scale cartridge of PEVA hollow fibers was manufactured using fibers from an
available commercial cartridge. As indicated above, the fibers were cut and assembled in a
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minicartridge with an effective length of 4.5 cm. The amount of fibers in this cartridge was
0.14 g (dry mass) with a surface area of 71.6 cm® and a bed volume of 0.16 cm® [18]. The
PEVA hollow fiber cartridge was activated with epichlorohydrin, and CM-Asp was coupled
to it by recirculation of the solutions (epichlorohydrin, L-aspartic acid in NaHCO3/Na,CO3
1.0 mol L™! pH11.5 and bromoacetic acid in NaOH 4.0 mol L") inside the fibers using a
peristaltic pump.

Cell Culture Supernatant Precipitation and Dialysis

Following the procedure presented by El-Kak and Vijayalakshmi [32], 200 mL of cell
culture supernatant was precipitated with 200 mL of ammonium sulfate saturated solution
(50% saturation final solution). The ammonium sulfate solution was slowly poured into the
cell culture supernatant; the solution was stirred for 1 h and then centrifuged at 3,000xg for
30 min. The precipitate was dissolved in Tris—HC1 50 mM, pH7.0, and dialyzed against the
same buffer for 30 h. All steps were carried out at 4°C.

Chromatographic Procedures

Chromatographic procedures were carried out aiming to determine the elution profile of the
proteins in Tris—HC] 50 mM, pH7.0 buffer with Zn(Il) and Ni(IT) immobilized in different
chelating ligands in agarose gel and PEVA hollow fiber membranes. Agarose gels were
packed into a column (10 cmx 10 mm L.D.) to give a bed volume varying from 1.0 to 2.0 mL
(0.3 t0 0.7 g dry gel) depending on the gel. Finely cut PEVA membranes were packed into a
column (20 cm* 10 mm 1.D.) to give a bed volume of 5.0 mL (1.25 g dry membrane). IMAC
gels and membranes were loaded with Ni(IT) and Zn(IT) from 50 mM sulfate solutions.

Cell culture supernatant precipitated and dialyzed samples containing anti-TNP IgG,
MAbs were fed into the columns at a flow rate of 0.5 mL/min. Chromatographic procedures
were carried out with the ProTech Biochromatography System (Gilson, France). The outlet
stream was connected to an absorbance monitor (280 nm) and then to a fraction collector
(fractions between 3.0 and 5.0 mL). The adsorption buffer Tris—HCI 25 mM (or 50 mM),
pH7.0 was used, and the retained proteins were eluted with a step increase in Tris
concentration ranging from 50 to 700 mM. The column was regenerated with EDTA
50 mM solution, pH6.5. The fractions were analyzed by the Bradford method [33], those in
the protein peaks were analyzed by SDS-PAGE, and IgG; was quantified by enzyme-linked
immunosorbent assay (ELISA).

Protein Adsorption Studies

Adsorption experiments (stirred tank batch adsorption) for isotherm determination were
carried out using prepurified IgG; MAbs at 25°C. The PEVA-CM-Asp-Zn(Il) finely cut
fibers (10.0 mg dry mass) were weighed in 1.5 mL Eppendorf tubes. The cut fibers were
equilibrated with Tris—HC1 50 mM, pH7.0 for 15 min. Then, aliquots of 1.0 mL of 0.5 to
6.0 mg/mL IgG, solutions were added to the Eppendorf tubes, using IgG; (purified by
agarose-protein G) diluted with adsorption buffer. The tubes were rotated end over end at
6 rpm for 3 h to allow equilibrium to be established. Then, the supernatant was removed,
and the unbound protein concentration in the liquid phase was determined by the Bradford
method [33]. The adsorbed IgG, (¢*) was determined as the difference between the amount
of IgG; added and that present in the liquid phase after equilibrium (c¢*) divided by the dry
mass of the adsorbent. Plotting ¢* against ¢* yielded the equilibrium isotherm. The
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parameters of the Langmuir, Langmuir—Freundlich, and Temkin models (Table 1) were
fitted to the experimental data employing the iterative fitting method of Levenberg—
Marquardt, using Statistica® (Statsoft, USA).

IgG; Precipitate Solution Cross-flow Filtration in the PEVA-CM-Asp-Zn(Il) Hollow Fiber
Cartridge

This experiment was carried out at 25°C with a ProTech Biochromatography System
(Gilson, France). Prior to the experiments, the equilibration buffer (Tris—HCI 50 mM, pH
7.0) was pumped through the PEVA-CM-Asp-Zn(Il) minicartridge for 15 min in dead-end
mode at an inlet flow rate of 1.0 mL/min. A feedstream of IgG; precipitate solution (40 mL)
at 6.4 mg/mL (total protein) was pumped through the minicartridge in a cross-flow mode in
open loop at an inlet flow rate of 0.5 mL/min. The constant inlet flow rate (Q;) and filtrate
flow rate (Qr) were provided by two peristaltic pumps which maintained the Q7/Q; ratio at
0.50. The filtrate outlet passed through the UV detector to monitor the absorbance at
280 nm (protein breakthrough determination). After loading the IgG, precipitate solution,
unretained proteins were washed out with Tris—HCI 50 mM, pH7.0. Four washing steps in
different modes were used: cross-flow filtration, lumen, shell, and backflushing [18, 31].
The retained proteins were eluted in the backflushing mode with a discontinuous step
gradient (100700 mM of Tris—HCI buffer, pH7.0). The effluents were monitored by
measuring the absorbance at 280 nm. After elution was completed, the cartridge was
sequentially washed in the frontal mode with EDTA 50 mM, pH6.5 and with the loading
buffer to restore it to its initial conditions for storage.

Protein concentrations in retained and nonretained fractions were determined by the Bradford
method [33] and analyzed by SDS-PAGE under nonreducing conditions. The breakthrough
curve was plotted as the ratio of total protein concentration (C) in the filtrate and retentate to that
in the feed stream (C,) as a function of the volume of protein solution throughout.

Analytical Methods
Protein Quantification

The total protein concentration of the fractions collected in the chromatographic runs was
quantified by the Bradford method [33], using bovine serum albumin as reference protein.

SDS-PAGE

Fractions of chromatographic peaks were analyzed by SDS-PAGE under denaturating and
nonreducing conditions [34] in a Mini-Protean III system (BioRad, USA). The separation

Table 1 Isotherm adsorption models.

Model Equation References
i * G C*
Langmuir q* = er ™) [18]
Langmuir-Freundlich s\ 41, 42
n(C¥)
% _ _4n ]
. 4 Kd(LF\+(C*)
emkim s
Temk [39, 40]

g* = gr In(1 + Kyc*)
Kr = exp(_AGmﬂx/RT)
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was carried out at 180 V in 7.5% separation gels with a 4% stacking gel. Protein bands were
developed by silver staining [35].

Isoelectric focusing

To determine the pl of eluted MAb samples, isoelectric focusing (IEF) analysis were carried
out using a PhastSystem (Pharmacia, Sweden) in a pH3-9 gradient polyacrylamide gel
(PhastGel IEF 3-9, GE Healthcare, USA). The gel was stained with silver nitrate in
accordance with the methods provided by the manufacturer.

Native PAGE

Aiming to evaluate the homogeneity of eluted MAb, a native PAGE was carried out in a
PhastSystem (Pharmacia, Sweden) in a 7.5% polyacrylamide gel (PhastGel Homogeneous
7.5, GE Healthcare, USA). The gel was silver-stained according to the methods provided by
the manufacturer.

Immunoblotting

After SDS-PAGE run, MADb samples were transferred to a nitrocellulose membrane in a
Mini Transblotting III System (Bio-Rad, USA) as described by Towbin et al. [36]. An anti-
mouse IgG (Fab specific) antibody conjugated to peroxidase produced in goat (Sigma,
USA) was used as secondary antibody. The MAb bands were revealed using a cromogene
solution (0.003% H,0,, 1 mg/mL 3,3'-diaminobenzidine in Tris-HCl 50 mM, pH7.4).

1gG; Quantification and Titulation by ELISA

MAD concentration and activity were determined by solid-phase ELISA as described in the
literature [18, 29]. Polyclonal mouse IgG (Sigma, USA) was used as standard protein.

Determination of the Amount of Immobilized Ni(Il) and Zn(Il)

The metal-loaded columns (agarose and finely cut PEVA membranes) and PEVA membrane
minicartridge were washed with 10 column volumes of Tris—HCI 50 mM, pH7.0 followed
by elution with EDTA 50 mM, pH6.5. The total amount of Ni(II) and Zn(Il) in the eluate
was determined by a Perkin Elmer AA100 (USA) atomic absorption spectrophotometer.

Results and Discussion
Chelating Ligand and Metal-lon Selection for IgG, Purification

In order to select the best adsorption center (chelating ligand and metal ion) for IgG,
purification, preliminary adsorption experiments were performed in gels since their
adsorption capacity is higher than that of membranes. The metal ions Ni(Il) and Zn(II)
were used and chelated to IDA, CM-Asp, TED, and NTA ligands immobilized on agarose
gel. The adsorption was performed in the presence of Tris buffer and the elution by addition
of Tris up to 700 mM (discontinuous step gradient). Tris buffer is considered a weak
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competitive agent in IMAC. Its presence in adsorption may favor a higher selectivity;
concentration can be increased in the elution step [18].

The total protein concentration in the feed solution ranged from 10.9 to 23.5 mg/mL, of
which approximately 7% corresponded to IgG, (obtained by ELISA). Different adsorption
centers affected the adsorption and elution of IgG, differently. The adsorbent selectivities
were determined using SDS-PAGE, as shown in Figs. 2a—d and 3a—d. The total protein
mass balances for all chromatographic experiments are shown in Table 2.

In the case of hexa-coordinated metal ions (such as Ni(Il) and Zn(II)), IDA has been the
chelating ligand most frequently used in IMAC due to its tridentade configuration which
chelates the metal ion occupying three coordination sites, leaving the other three sites free for
interaction with the protein [25, 26]. The results show adsorption capacities of 4.39 and
3.30 mg/g of dry gel for agarose-IDA-Ni(Il) and agarose-IDA-Zn(Il), respectively.
Nevertheless, the selectivity achieved was not satisfactory, according to SDS-PAGE shown
in Fig. 2a, b. Significant amounts of albumin remained adsorbed in both agarose-IDA-Ni(II)
and agarose-IDA-Zn(II), corroborating the results presented by Serpa and coworkers [18].

In order to increase selectivities, the tetradendate ligands CM-Asp and NTA and the
pentadentade TED were evaluated. The main characteristic of higher dentate ligands is that fewer
sites are available for interaction with the protein, and more stable chelates are obtained [25].

According to the results, higher selectivities but lower adsorption capacities were
achieved (than with agarose-IDA). When agarose-CM-Asp-Zn(II) was used, for instance, a
MADb purity of 77% and a purification factor of 15.5 (Tris-HCl 100 mM elution),
determined by ELISA (data not shown), were reached (0.78 mg of total protein/g dry gel).

When NTA was used as the chelating ligand, different selectivities were achieved. Both
chelating ligands CM-Asp and NTA chelate the metal ion using three oxygen atoms and
just one nitrogen atom. According to the SDS-PAGE in Figs. 2¢, d and 3c, d, the selectivity
of agarose-CM-Asp was better than that of agarose-NTA (for both Ni(Il) and Zn(II)),
probably due to the spatial arrangement of CM-Asp atoms [25].

When Ni(Il) and Zn(Il), chelated to the pentadentade TED, were used, completely
different results were achieved. Agarose-TED-Ni(Il), for instance, showed a good
selectivity (with small amounts of albumin adsorbed, as shown using SDS-PAGE in
Fig. 3a) and an adsorption capacity similar to that of CM-Asp-Zn(II) (0.70 mg/g of dry gel).
On the other hand, it was expected that zinc immobilized on TED would have a capacity
lower than the value observed in this work (3.15 mg/g of dry gel). Nevertheless, Chaga and
coworkers [37] discussed the possibility that one or more coordination bonds between the
chelating ligand TED and Zn(II) may not be used for the immobilization of this ion. Thus,
Zn(II) would make available other coordination sites for interaction with the protein,
increasing the capacity of the TED—-Zn(Il) complex to adsorb proteins, which was observed
in the experiments conducted in this work.

Haile and Beidler [38] described a histidine-rich region in the third constant domain of
heavy chain (CH3) of murine IgG; and humanized murine IgG, as a probably site of metal
interaction. The authors noted that this domain was conserved among several immuno-
globulin species and subclass of human, murine, guinea pig, and rabbit as the specific
binding site for metal chelate. Corroborating Hale and Beidler results, Todorova-Balvay and
coworkers [13] using computer calculations of accessible surface area of His residues of Fc
domain of human IgG; (performed using XPLOR) showed that the more probable His 433-
x-His 435 sequence presented in the CH3 domain of human IgG heavy chain.

Due to the high selectivity achieved by Ni(I) and Zn(II) chelated to CM-Asp (Fig. 2c, d),
PEVA membranes were used as support material, since higher productivities rather than poor
adsorption capacity could be achieved.
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Fig. 2 Effect of the chelating
ligand and metal ion on the
adsorption and elution by Tris
gradient of 1gG, precipitated
chromatography on a agarose-
IDA-Ni(II), b agarose-IDA-Zn
(II), ¢ agarose-CM-Asp-Ni(Il),
and d agarose-CM-Asp-Zn(Il).
Adsorption buffer: Tris—HCI

50 mM, pH?7.0. Dessorption: dis-
continuous step gradient of Tris—
HCI 100, 300, 500, 700 mM, pH
7.0. Column regeneration: EDTA
50 mM, pH6.5. Other conditions:
bed volume, 2.0 mL; flow rate,
0.5 mL/min; fraction volume=
3.0 mL; protein injected=2.0 mL
of 1gG; precipitate solution
(about 20-30 mg of protein).
Average standard deviation of
protein concentrations measure-
ment (Bradford method)=1.5%.
Insert: SDS-PAGE analysis of
fractions from the chromatogra-
phy: (M) Molecular mass marker
(GE Healthcare); (1) 1gG, precip-
itate solution; numbered lanes
represent aliquots of the
corresponding pooled fractions of
the protein peaks obtained; (R)
pool of regeneration fractions; (P)
human IgG (Aventis Behring)
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Fig. 3 Effect of the chelating
ligand and metal ion on the
adsorption and elution by Tris
gradient of IgG; precipitated
chromatography on a agarose-
TED-Ni(Il), b agarose-TED-Zn
(II), ¢ agarose-NTA-Ni(Il), and d
agarose-NTA-Zn(II). Adsorption
buffer: Tris—HC1 25 mM, pH7.0.
Dessorption: discontinuous step
gradient of Tris—HCI 50, 100,
300, 500, 700 mM, pH7.0. Col-
umn regeneration: EDTA 50 mM,
pH6.5. Other conditions: flow
rate, 0.5 mL/min; fraction vol-
ume=3.0 mL; protein injected=
2.0 mL of IgG, precipitate solu-
tion (about 18-25 mg of protein);
average standard deviation of
protein concentrations measure-
ment (Bradford method)=1.5%.
Insert: SDS-PAGE analysis of
fractions from the chromatogra-
phy: (M) Molecular mass marker
(GE Healthcare); (/) IgG, precip-
itate solution; numbered lanes
represent aliquots of the
corresponding pooled fractions of
the protein peaks obtained; (R)
pool of regeneration fractions; (P)
human IgG (Aventis Behring)
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Table 2 Mass balance of total protein for chromatographies of IgG; precipitate solution with elution by
Tris—HCI step concentration gradient.

Fractions Total protein (mg)*

IDA- IDA- CM-Asp- CM-Asp- NTA- NTA- TED- TED-
Ni(I) Zn(I) Ni(M)  Zn@)  Ni) Zn(T) Ni(l) Zn(I)

Injection 21.13 17.48 11.76 10.93 18.25 18.63 19.82 23.49
Unbound fraction 18.00 15.17 11.63 10.62 17.06 1823 22.27 21.63
Elution Tris 50 mM - - - - 0.07 0.09 0.19 0.30
Elution Tris 100 mM 0.79 0.61 0.24 0.18 027 0.09 0.08 0.34
Elution Tris 300 mM 0.74 0.09 0.37 0.24 082 039 0.06 0.14
Elution Tris 500 mM 0.69 035 0.19 0.09 0.14 041 0.03 0.01
Elution Tris 700 mM 032 045 0.13 0.00 0.04 023 0.02 0.01
Regeneration® 036 0.67 0.16 0.00 0.05 043 0.01 0.01
Bed volume (mL) 2.00 2.00 2.00 2.00 1.50 1.50 1.50 1.00
Adsorption capacity (mg/g of dry gel)° 4.39 330 1.65 0.78 2.82 333 0.70 3.15

#Mass calculated from protein concentration determined by Bradford [33]. Average standard deviation of
Bradford method: 1.5%

"EDTA concentration=50 mM
°1.0 mL of gel bed equals 0.33 g of dry gel

Evaluation of PEVA Membranes as Support and Comparison of PEVA-CM-Asp-Zn(II) and
Agarose-CM-Asp-Zn(Il)

In order to evaluate the difference in support material, chromatographic experiments were
carried out in PEVA hollow fiber finely cut membranes with Ni(I[) and Zn(II) chelated to
CM-Asp. Results are shown in Fig. 4, and Table 3 summarizes the mass balances of these
experiments.

Using atomic absorption spectrophotometry, metal-ion densities were determined, and
results show that larger amounts of Ni(IT) (110.6umol g ' dry gel and 70.8umol g ' dry
membrane) than of Zn(II) (107.1 umol g ' dry gel and 51.7pumol g ' dry membrane) were
chelated, independently of the support material used.

PEVA-CM-Asp-Zn(II) adsorbed about half of the amount of the total protein (0.86 mg/g
of dry membrane) that was adsorbed by PEVA-CM-Asp-Ni(II) (1.55 mg/g of dry membrane)
and showed a better selectivity, as is demonstrated in Fig. 4a, b. The higher capacity of
PEVA-CM-Asp-Ni(Il) is due to the nonspecific albumin adsorption. When these results were
compared to those performed with agarose-CM-Asp, the selectivities achieved were similar.

Purification results obtained with PEVA-CM-Asp-Zn(II) showed that this procedure was
efficient for obtaining MAbs enriched fractions. Elution fractions with 300 and 500 mM of
Tris reached purification factors of 71.3 and 85.9, respectively, corresponding to about half
of the antibodies fed into the column (according to ELISA results presented in Table 4).
Concerning the purity of MAb, the SDS-PAGE analysis of fractions eluted from the PEVA-
CM-Asp-Zn(Il) revealed that the majority of albumin was not adsorbed by the ligand,
remaining in the flowthrough.

The heavy band around 150 kDa and the bands around 100 kDa were found, by
immunoblotting, to be MAb IgG; whole molecules and fragments (lanes 4-6, Fig. 5a) that
were presented in cell culture supernatant fed solution (lane 2, Fig. 5a). IEF analysis
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Table 3 Mass balance of total protein for chromatographies of IgG1 precipitate solution with elution by
Tris—HCI step concentration gradient onto PEVA-CM-Asp membranes.

Fractions Total protein (mg)®
PEVA-CM-Asp-Ni(II) PEVA-CM-Asp-Zn(Il)

Injection 61.65 61.74
Unbound fraction 54.45 58.87
Elution Tris 100 mM 0.28 0.31
Elution Tris 300 mM 0.73 0.47
Elution Tris 500 mM 0.48 0.08
Elution Tris 700 mM 0.19 0.00
Regeneration EDTA 50 mM 0.26 0.22
Bed volume (mL) 5.00 5.00
Adsorption capacity (mg/g dry membrane)® 1.55 0.86

#Mass calculated from protein concentration determined by Bradford [33]. Average standard deviation of
Bradford method: 1.5%

1.0 mL of membrane bed equals 0.25 g of dry membrane. Metal-ion density: 70.8 umol Ni(Il) g~
membrane and 51.7umol Zn(I) g' dry membrane

' dry
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Table 4 Purification of mouse MAbs from IgG1 precipitate solution on PEVA-CM-Asp-Zn(1I).

Fraction number Total protein® MAb® (ug) MAD specific mass  Yield of  Purification
(mg) (g MAb/mg protein) Mab (%) factor
Injection 50.82+0.76 333.3+£23.33 6.6 100 1
Unbound 45.91+0.48 37.95+£1.97 0.8 114 0.1
Elution pool (Tris 100 mM)  0.12+0.002  17.80+1.38 148.3 5.34 22.6
Elution pool (Tris 300 mM)  0.26+0.005 121.65+8.57 467.9 36.50 71.3
Elution pool (Tris 500 mM)  0.11+0.002  61.95+4.52 563.2 18.59 85.9
Elution pool (Tris 700 mM)  0.10+0.001  11.35+0.76 113.5 3.41 17.3
Regeneration (EDTA 0.28+0.006 3.85+0.27 13.8 1.16 2.1
50 mM)

?Dosage of protein by Bradford method [33]
® The amount of MAb in each fraction was determined by ELISA

°The yield of the MAb was determined as the ratio of the mass of MAD in the eluate fractions to the total
mass of MAD present in the injected material

revealed that the eluted samples (lanes 4-6, Fig. 5b) presented a pl range from 5.85 to 7.35
similar to that of the MAb marker (obtained by the purification of the MAb using Protein-
G-Sepharose, lane 7, Fig. 5b). Native PAGE presented in Fig. Sc confirmed that the
procedure presented in this paper was able to purify MAbs. However, electrophoretic
migration showed that the eluted antibodies were not homogeneous. When it is desirable to
obtain a homogeneous preparation of MAb, an additional purification step will be required.

Pools of antibody samples from the washing, elution, and regeneration steps were
analyzed by ELISA titration, seeking to evaluate a possible loss of antibody activity due to
the purification process. The results showed that for all of the samples, the pools containing
the IgG; antibodies showed positive activity up to an approximate concentration of 0.02 ug
of antibody per milliliter of solution. With this result, it is possible to conclude that this
purification process does not affect MAD activity, as observed by Serpa and coworkers [18]
using PEVA-IDA-Zn(II).

Adsorption Isotherm Studies

In order to evaluate scale-up and thermodynamic parameters such as IgG; binding capacity
(¢m), dissociation constant (K4), and maximum binding energy (AG.x), adsorption
isotherms were determined from experimental data obtained in batch adsorption experi-
ments at 25°C using PEVA-CM-Asp-Zn(Il) in Tris—HCI buffer 50 mM at pH7.0. The
isotherm was analyzed using the Langmuir, Langmuir—Freundlich, and Temkin models
(Table 5). A comparison between experimental and theoretical profiles for IgG; adsorption
onto PEVA-CM-Asp-Zn(Il) is shown in Fig. 6.

Both the Langmuir and the Langmuir—Freundlich models described the adsorption data
satisfactorily (correlation coefficients of 0.998). The Ky values observed were of the order
of magnitude of 10 *M. These Ky values of the IgG,-Zn(II)-CM-Asp complex indicated
medium affinity, which is typical for a pseudobiospecific affinity ligand [11]. Serpa and
coworkers [18] achieved a similar result for K4, but a slightly lower ¢, value of
63.4 mg g ' dry membrane for the same MADb adsorption onto PEVA-IDA-Zn(Il).
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116 kDa
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Fig. 5 Purification analysis of MAbs in PEVA-CM-Asp-Zn(II). a Immunoblotting; lane 1: Molecular mass
marker of SDS-PAGE (GE Healthcare), lane 2: cell culture supernatant precipitated and dialyzed, lane 3:
flowthrough, lanes 4—6: elution fractions at 100, 300, and 500 mM of Tris, lane 7: MAb marker. b Isoelectric
focusing; lane I: pl 3-9 marker (GE Healthcare), lane 2: cell culture supernatant precipitated and dialyzed,
lane 3: flowthrough, lanes 4—6: elution fractions at 100, 300, and 500 mM of Tris, lane 7: MAb marker. ¢
Native PAGE: lane I: cell culture supernatant precipitated and dialyzed, lane 2 flowthrough, lanes 3-5:
elution fractions at 100, 300, and 500 mM of Tris, lane 6: MAb marker. The MAb marker used corresponds
to purified MAb by affinity purification of the cell culture supernatant using Protein-G-Sepharose

The Langmuir-Freundlich isotherm model gave n=1.0, showing the absence of
cooperative effects (such as attractive force due to lateral interactions), in disagreement
with the results presented by Serpa and coworkers for PEVA-IDA-Zn(Il) (n=1.66). In
PEVA-IDA-Zn(Il), IgG; molecules could bind to the matrix by multipoint interactions (IgG
strong retention) or by just one metal-ion (diminishing IgG; adsorption capacity) or protein-
protein interactions could take place [25, 39].
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Table 5 Parameters of isotherm models of Langmuir, Langmuir—Freundlich, and Temkin to experimental
adsorption data.

Isotherm models

Parameters Langmuir Langmuir-Freundlich Temkin

gm (mg g~' dry membrane) 77.7+1.9 77.4+3.7 -

Kq (mol L7 (2.6£0.3)x107° (2.5£0.6)x10°° -

N - 1.0+0.1 -

qr (mg g ' dry membrane) - - 16.9+1.7

K (L mol™) - - (3.4+1.2)x10°
AGmax (kJ mol™) - - -37.3
Correlation coefficient 0.998 0.998 0.993

The Temkin model, when fitted to the experimental data, also described satisfactorily the
phenomenon of MAb adsorption onto PEVA-CM-Asp-Zn(Il) (correlation coefficient of
0.993). The main advantage of the Temkin model is that AG,,,, is obtained using
experimental adsorption data at only one temperature. The Temkin model was used to fit
the experimental data on adsorption of human IgG onto then poly(2-hydroxyethyl
methacrylate-glycidyl methacrylate) membrane (poly(HEMA-GMA)) with Cu(Il) and Fe
(IIT) chelated to rL-histidine [40]. These authors achieved values of the same order of
magnitude for K ( 106M) and AG . (—37.6 kJ/mol). In this model, Kt is the equilibrium
binding constant corresponding to the maximum binding energy.

In IMAC, the interactions between the immobilized metal ions and proteins are
extremely complex in nature [26]. The interactions between IgG; and the immobilized
metal ions could be a combined effect of electrostatic interactions, hydrophobic interaction,
protein—protein, side chain, etc. and donor—acceptor (coordination) interactions of the
exposed amino acid residues (such as the imidazole groups of the histidine residues) on the
biomolecule surface. When a low ionic strength is used (as in this work, absence of NaCl in
the adsorption buffer), the electrostatic interactions are favored withal donor—acceptor
(coordination) interactions might also play a role. As indicated by the Temkin model, all
these interactions would distribute the binding energies uniformly up to some maximum
binding energy (AGnax). When amounts of protein adsorbed on the surface increased, the
binding energy decreased. An increase in only nonspecific interactions would have the
effect of decreasing gt [39].

Fig. 6 Experimental adsorption 80
isotherm (symbol) for anti-TNP i S
MAD IgG,; on PEVA-CM-Asp-Zn n =
(1) in 50 mM Tris-HCI, pH7.0at & 60 - F
25°C. The lines correspond to the E P
Langmuir model (solid line), the g /'/
Langmuir-Freundlich model 2409
(dotted line), and the Temkin o
model (solid—dotted line) =
E 201
o J
0 T T T T ]
0.0 1.0 2.0 3.0 4.0 5.0
c*(mg mL")
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Fig. 7 Breakthrough curves of IgG, precipitate solution for PEVA-CM-Asp-Zn(Il). SDS-PAGE analysis
under nonreducing conditions of fractions of breakthrough curves. Numbered lanes represent aliquots of the
corresponding fractions of the protein obtained at Or=0.5 mL/min. Lanes: (M) Molecular mass marker; (/—
15) breakthrough points. Average standard deviation of protein concentrations measurement (Bradford
method): 1.5%

Adsorption Breakthrough Curves Using the PEVA-CM-Asp-Zn(Il) Cartridge

Protein breakthrough experiments (up to ligand saturation) were carried out with the PEVA-
CM-Asp-Zn(Il) cartridge. Figure 7 depicts the total protein breakthrough curves at the
filtrate flow rate (Qr) of 0.5 mL/min for IgG; precipitate solution on the PEVA-CM-Asp-Zn
(IT) cartridge. Filtrate fractions (nonretained) were analyzed by SDS-PAGE (Fig. 7).

As can be seen in the SDS-PAGE presented in Fig. 7, IgG, was not detected in the initial
filtrate fractions (IgG; concentration in the filtrate was close to zero), reflecting complete
adsorption of the IgG; molecules. As the binding sites became saturated, the breakthrough
point was reached at fraction #3, corresponding to a 4.5 mL load volume. Following
breakthrough, filtrate IgG, concentration increased and the C/C, curve asymptotically
approached values around 0.65, at which steady state was achieved in the membrane and no
further protein adsorption occurred. When operating with the tangential mode of filtration, a
fraction of the protein mass fed into the system was contained in the retentate and did not
end up in the filtrate (C/C, lower than unity). After the washing steps, a Tris discontinuous
step gradient elution (100-700 mM at pH7.0) was performed, as can be seen in the elution
profile and SDS-PAGE shown in Fig. 8.
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Fig. 8 Chromatographic profile obtained for the elution steps in the filtration experiments with the PEVA-
CM-Asp-Zn(II) minicartridge. Adsorption and washing buffer: Tris—HCl 50 mM, pH?7.0; desorption:
discontinuous step gradient of Tris—HCI 100, 300, 500, 700 mM, pH7.0; regeneration: EDTA 50 mM, pH
6.5. Average standard deviation of protein concentrations measurement (Bradford method): 1.5%. Insert:
SDS-PAGE analysis of fractions from the experiment: (A/) Molecular mass marker; (/) IgG, precipitate
solution; numbered lanes represent aliquots of the corresponding pooled fractions of the protein peaks
obtained; (R) pool of regeneration fractions; (P) high purity IgG; (Aventis, Germany)

The selectivity was similar to that obtained with the PEVA-CM-Asp-Zn(Il) cut fibers.
The adsorption capacity of PEVA-CM-Asp-Zn(Il) was 9.14 and 1.92 mg/g for the cartridge
and cut fibers, respectively. This higher adsorption capacity may probably occur due to
more effective activation and immobilization procedures. When the mini-cartridge
derivatization was performed, the epichlorohydrin and aspartic acid solutions were forced
to pass through the fibers that provided a higher immobilization of the chelating ligand and,
consequently, a higher immobilization of zinc ions, making available more binding sites
(128.4umol Zn(Il) g ' dry membrane).

Conclusions

We have successfully demonstrated that the PEVA-CM-Asp-Zn(Il) hollow fiber membrane
system is a potential alternative for the purification of monoclonal IgG,, since the anti-TNP
IgG; monoclonal antibodies could be adsorbed under mild conditions, close to
physiological pH, and at room temperature. Different chelating ligands were tested, and
CM-Asp showed promising results. A comparison with the conventional agarose bead
system—agarose-CM-Asp-Zn(Il)—showed a similar selectivity and capacity for the
membrane configuration. A purification factor of 85.9 was achieved when the antibodies
were desorbed with Tris—HCl 500 mM, pH7.0. However, membrane systems have the
advantage of operating at high productivities. In contrast to the biospecific ligands
commonly applied for mouse IgG; purification, proteins A or G, the metal chelate ligand is
not at all or is to a much lesser extent subject to physical, chemical, or microbiological
degradation. This facilitates considerably the handling and storage of the cartridge.
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