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Abstract

The large scale production of monoclonal antibodies (McAbs) has gaining increased relevance with the development of the hybridoma
cell culture in bioreactors creating a need for specific efficient bioseparation techniques. Conventional fixed bead affinity adsorption com-
monly applied for McAbs purification has the drawback of low flow rates and colmatage. We developed and evaluated a immobilized metal
affinity chromatographies (IMAC) affinity membrane for the purification of anti-TNP;lg®use McAbs. We immobilized metal ions on a
poly(ethylene vinyl alcohol) hollow fiber membrane (MdDA-PEVA) and applied it for the purification of this McAbs from cell culture su-
pernatant after precipitation with 50% saturation of ammonium sulphate. The purity piflgji eluate fractions was high when eluted from
Zr?* complex. The anti-TNP antibody could be eluted under conditions causing no loss of antigen binding capacity. The purification procedure
can be considered as an alternative to the biospecific adsorbent commonly applied for mgumeifg@tion, the protein G-Sepharose.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Monoclonal antibody; 1g&; Purification; Affinity membrane; IMAC

1. Introduction produced in ascites fluids, but recent advances in hy-
bridoma technology have enabled the large scale produc-
Antibody-based technologies are recognized as key fac-tion of there antibodies in mammalian bioreactor systems
tors in recent advances made by biotechnology indus-[2].
tries. Application of monoclonal antibodies (McAbs) in A variety of approaches exists for purification of McAbs
immunodiagnostics, immunotherapy, immunoaffinity chro- from cell supernatant. Separation is usually initiated with am-
matography, immunoscintiligraphy, and controlled drug de- monium sulphate precipitation for concentration of the pro-
livery is based on their extremely high selectivity and tein material followed by a gel based chromatographic unit
sensitivity in the recognition of antigens against which operation designed to remove impuritigg. In particular,
they are directed[1]. Traditionally, McAbs have been due to their high affinity for Fc antibody domain, proteins
A and G are the most widely used antibody affinity ligands
allowing rapid and highly selective separation of antibodies
* Corresponding author. Tel.: +55 1937883919; fax: +55 1937883890. from different biological fluidg1]. However, these gels re-

E-mail addresseseaugusto@ipt.br (E.F.P. Augusto), quire harsh elution conditions and have the disadvantages
wirlatam@unicamp.br (W.M.S.C. Tamashiro), of low capacity[3], low chemical and proteolytic stability
S()ln?e?figg:'lcg%‘;fggM'A' Bueno). [4]. Thus, these resins cannot withstand cleaning procedures

2 Tel.: +55 1937886675; fax: +55 1937886276. in harsh conditions, and, after long time exposure to cell
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supernatant, eluted monoclonal antibodies could be heavilycussed. The effects of variables on ig@eakthrough curves,

contaminated by the whole ligand or ligand fragments leak- presence of contaminant proteins and filtrate flow rate were

ing due to column degradation. As consequence, additionalstudied.

purification steps could be requirgd]. As an alternative

for affinity chromatography using proteins A and G as lig-

and, a number of other chromatographic methods such as2. Experimental

ion exchange, dye ligand, synthetic peptide ligand, histidine

(His) ligand, thiophilic, hydrophobic, and immobilized metal 2.1. Material

affinity chromatographies (IMAC) are under development

[1,4-7] Althrough each one of these methods has some ad- The agarose gel (Sephar8séB), the agarose gel im-

vantages and disadvantages compared with other chromatomobilized protein G (protein G-Sepharose Fast Flow), and

graphic methods based on affinity interactions, IMAC is an electrophoresis calibration kit for molecular mass determi-

interesting alternative to biospecific high affinity ligands in nation were provided by Amersham Biosciences (Sweden).

terms of ligand stability, capacity, simplicity, recovery of ac- Epichlorohydrin and coomassie brilliant blue were purchased

tive protein and cog8,5,8,9] The purification of antibodies  from Merck (Germany). Tris(hydroxyethyl amino ethane),

and other proteins and enzymes by IMAC is based mainly copper sulphate, zinc sulphate, nickel sulphate, cobalt sul-

on the affinity of histidine residues for transition metal ions phate, disodium ethylenediamine tetra-acetate (EDTA), crys-

coordinated with chelating grou|ps0]. talline bovine serum albumin (BSA), iminodiacetic acid,
Adsorption of immunoglobulins from different sources imidazole, Dulbecco’s modified Eagle’s medium, rabbit

on IMAC matrices has been reported by many authors. Po-1gG-anti-mouse, polyclonal mouse IgG, peroxidase-labelled

rath and Olin[10] studied the adsorption of human IgG on sheep anti-mouse IgGH,0,, o-phenylenediamine (OPD),

agarose-IDA-N&*; Boden et al.[3] purified goat IgG on Tween 20, and human immunoglobulin G (prepared from

Novarose-TREN-Ct#; Hale and Beidlef11] studied the pu- ~ Cohn Fraction I, lIl, electrophoretic purity approximately

rification of humanized murine and murine Ig@n Tosoh- 99%, named in this work as “human IgG”) were purchased

Haas-TSK-IDA-NF*; Vangan et al[12] purified human IgG from Sigma (USA). Casein was provided by Calbiochem

on agarose-IDA-Cif, and MesArosowa et al.[13] studied (USA). The stirred ultrafiltration cell and YM10 membrane

the interactions of immunoglobulins with immobilized metal (nominal molecular mass cut-off of 10 kDa) were purchased

affinity sorbents based on hydrophilic methacrylate poly- from Amicon (USA). The water used in all experiments was

mers. However, there are some drawbacks for large scaleultrapure water obtained using a Milli-Q System (Millipore,

applications of the soft gels used by these authors. Flow rates USA). All other chemicals were of analytical reagent grade.

and thus performances, are limited by the compressibility of ~ The poly(ethylenevinyl alcohol)—PEVA—hollow fiber

the gels and pore diffusion. Recently, the idea of using micro- cartridges (Model Eval 4A, 1fsurface area) were pur-

porous membranes as support matrices for affinity separationchased from Kuraray (Osaka, Japan). The hollow fiber had

was introduced, since they provide higher flow rates, much an internal diameter of 200m, a wall thickness of 2m

lower pressure drops, easier scale-up, mechanical stabilityand a nominal molecular mass cut-off of 600 kDa.

and higher productivitie§l4]. As example, flat-sheet mi-

crofiltration membranes functionalized with IDA-€uand 2.2. Synthesis of the affinity gels

IDA-Zn?* showed high effectiveness forimmunoglobulin ad-

sorption[15,16]. Agarose (Sepharose-6B) activation with epichlorohydrin
The work reported here aimed to obtain fundamental dataand coupling to iminodiacetic acid were carried out as de-

to evaluate the potential use of immobilized metal ion affin- scribed by Porath and OIlif10]. The chelating capacity of

ity membrane chromatography for the development of large the gel for C4* ion was about 6Q.mol of CU?* per milliliter

scale purification processes for monoclonal antibody (an of the gel bed, determined according the method described

IgG; monoclonal antibody was used as model protein). We by Belew and Poratfi8].

prepared an affinity membrane from polyethylene vinyl al-

cohol (PEVA) hollow fibers by covalently linking iminodi-  2.3. Immobilization of IDA onto PEVA hollow fiber

acetic acid (IDA) to them. The adsorption of Ig@ono- membrane

clonal antibody anti-TNP (an irrelevant antibody used as a

negative control of the same isotype in ELISA tedts)] 2.3.1. Cut membrane derivatization

onto C#*, Ni%*, Zr?*, and C&* metal ions, immobilized by A commercially available PEVA hollow fiber cartridge

chelation onto the IDA-PEVA membrane, was then studied. was disassembled, the hollow fibers were removed and finely
Adsorption isotherm was determined at°Z5with a static cut in pieces of around 2 mm in length. The cut PEVA mem-
method and analyzed using two models, namely, the Lang-branes were activated with epichlorohydrin as described by
muir and Langmuir—Freundlich models. Parameters pertinentBueno et al[19] and IDA was coupled to them as described
to the adsorption processes such as the dissociation constanhy Porath and Oliffi10]. The C#* chelating capacity of the
maximum capacity, and cooperativity were analyzed and dis- membrane was about 38nol of C/?* per milliliter of the
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membrane bed, determined by atomic absorption spectromeing 0.05% of Tween 20 and blocked with 20 mM PBS buffer
try using EDTA solution as blank. The derivatized membrane pH 7.2 containing 2% casein and 1% bovine serum &ag37

are referred to as IDA-PEVA in this work.

2.3.2. Minicartridge derivatization
A small scale cartridge of PEVA hollow fibers was man-

for 1 h. After washing, a 5Q.L aliquot of samples or standard
diluted in 20 mM PBS buffer pH 7.2 containing 1% casein
was added to the wells and incubated atG7%or 1 h. Plates
were once more washed and |50 of peroxidase-labelled

ufactured using fibers from a commercially available car- Sheep anti-mouse Ig@liluted in 20 mM PBS buffer pH 7.2
tridge. The fibers were cut and assembled in a minicartridge containing 1% casein was added to the wells and the plates

of 4.5 cm effective length. The amount of fibers in this car-
tridge was 0.14 g dry mass, with 71.6€surface area and
0.16 cn fiber bed volume. The hollow fiber bed volumé)
was calculated as follows:

Vo = 7(rZ — r?)LeN 1)

whererg andr; are the outer and inner radius of the hollow
fibers, respectivelyl ¢ is the effective length antl is the
number of hollow fibers in the cartridge. The PEVA hollow
fiber cartridge was activated with epichlorohydrin and IDA
was coupled to it as described previously in this work.

2.4. Preparation of antibodies from cell culture
supernatant (Ig@ precipitate solution)

Anti-TNP IgG; mouse monoclonal antibody was pro-
duced by culturing the hybridoma cell lines 1B21B&] in
Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum in 500 mL spinner flasks, at°87 under 5%
CO, atmosphere for 48 h. In this hybridoma culture medium

were further incubated at 3T for 1 h. Plates were once more
washed with the same buffer describe aboveg,b®f reac-

tion substrate containing 0.03%8, and 0.4 mg/mL OPD

in 50 mM citrate-phosphate buffer pH 5.0 were added to the
reaction mixture. Plates were incubated at@5or 30 min

and the reaction was terminated with the addition ofuR5

of 4N sulphuric acid solution. The absorbance was measured
at 492 nm (Multiskan MS, Labsystems, Finland).

2.6. Protein determination

Protein concentration was determined by the method of
Bradford[20]. BSA was used as reference protein.

2.7. Sodium dodecyl sulfate—polyacrylamide gel
elecrophoresis (SDS—PAGE)

SDS-PAGE (10% or 12% acrylamide gels) under non-
reducing conditions using a Protean Il System (Bio-Rad,
USA) was carried out according to Laemrjlil]. The gels

there was not the presence of any other antibody or sub-ere stained with silver nitrate according to Morris§23].

class (there was only Ig([17]. A 200 mL aliquot of cul-
ture supernatant was centrifuged at 32@ for 10 min to re-
move cells, then filtered through a 0.2t filter (Millipore,

EUA). The protein content of supernatant was then precipi-

tated with 50% saturation of ammonium sulphate &€ 4or

2.8. Column preparation

The cut IDA-PEVA fibers (1.6 g dry mass) were suspended
in the equilibration buffer described ahead, degassed and

1h with gentle stirring. The resulting suspension was then Packed into a column (10cm1.0cmi.d.) to give a bed vol-

centrifuged at 10,00@ g for 15 min, and the Ig@ contain-

ume of approximately 5.0 mL. Copper, nickel, zinc or cobalt

ing precipitate was collected. This precipitate was dissolved ionwas loaded into the IDA-PEVA column by passing 50 mM

in 25 mM Tris—HCI buffer pH 7.0 and dialysed for 30 h at

sulphate solution of the specific metal ion in water through the

4°C against three 2-L changes of the equilibration buffer de- column until saturation. This matrix saturation was visually

scribed ahead. This anti-TNP lg@ontaining solution was
called “lgG; precipitate solution” in this work. It contained
196ug of IgGy per milliliter (5.5mg of total protein per
milliliter).

2.5. 1gG determination by ELISA

Determination of monoclonal antibody concentration was
performed by solid-phase enzyme-linked immunosorbent as-

say (ELISA) using microtitre plates coated with rabbit, anti-
mouse IgG as described by Leo et[&l7]. Polyclonal mouse
IgG was used as standard protein. A80(2 wg/mL) volume

of rabbit IgG-anti-mouse diluted in 50 mM bicarbonate buffer

detected for all ions except for the case of zinc whose excess
in the out-stream was detected by titration with 2 MbR&3
[23]. Non-specifically bound metal was removed by washing

the column with the adsorption and elution buffers used in

chromatographic experiments described ahead. When no fur-

ther metal was detected in the flow stream out of the column,
the cut fibers were equilibrated with adsorption buffer. The

derivatized membrane with immobilized metal ion is referred

to as M&*-IDA-PEVA in this work.

2.9. Chromatographic experiments

All chromatographic procedures were carried out with

pH 9.2 was added to the wells of a microtitre plate and incu- an automated chromatography system (Econo Liquid Chro-

bated at 37C for 1 h. The plates were incubated &atGlfor

18 hand then washed with 20 mM PBS buffer pH 7.2 contain-

matography System, Bio-Rad, USA) atZ5 at a linear ve-
locity of 38.2 cm/h (30.0 mL/h).
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2.9.1. Preliminary 1gG purification experiments in in which C is the protein liquid-phase equilibrium con-
Me?*-IDA-PEVA centration; Q, the protein surface concentratio@y,, the

A column packed with IDA-PEVA cut fibers and sat- maximum protein binding capacity an€y is the appar-
urated with metal ions as described previously here wasent dissociation constant. However, adsorbent surfaces are
washed with 200 mM Tris—HCI buffer pH 7.0 and then rarely homogeneous and there are a number of classical
equilibrated with 25 mM Tris—HCI buffer pH 7.0 (equili- isotherm models for heterogeneous surfaces with continu-
bration buffer). The column was loaded with 5.0mL of ous energy distribution such as Langmuir—Freundlich model
the IgG precipitate solution (about 50 mg of protein). Af- [26].
ter protein injection, the column was washed with equili- Langmuir—Freundlich model: the single component
bration buffer until no protein was detected in the column Langmuir—Freundlich model is:
out-stream (the protein absorbance of the eluate was mon- .
itored at 280 nm). Elution was carried out with a Tris dis- 0= M (3)
continuous step gradient (50—200 mM with 50 mM incre- K+ Cn

ments in the equilibration buffer at pH 7.034]. Regen- in which K3 is the apparent dissociation constant that

ration of th lumn w n washing with mM . N . -
eration of the colu as done by washing with 50 includes contributions from ligand binding to monomer,

EDTA solution at pH 6.5. Fractions of 5.0mL were col- monomer-dimer, and more highly associated forms of the
lected during the chromatographic experiments and their : ! . gnly & .
protein; QuLr, the maximum binding capacity; and

protein content was determined by the method of Bradford is the Lanamuir—Freundlich coefficient. By analo ith
[20]. The fractions were then pooled and concentrated us-' i gmuir=rreundi eticient. By gy wi
ing a stirred ultrafiltration cell and a YM10 membrane for protein-multiple ligand interactions it has been suggested

SDS-PAGE analysis and Ig&oncentration determination that Eq.(3) works v_veII to model ads_orptlon_ cooperatlwty
by ELISA. [27,28] For purely independent noninteracting sites, 1.

For positive cooperativity of the protein binding sites; 1,
while negative cooperativity in the binding process is in-
dicated when 0«<1. The value ofn can, thus, be em-
ployed as an empirical coefficient, representing the type and
fthe extent of cooperativity present in the binding interac-
tion.

The Langmuir—Freundlich reduces to the Freundlich
model Q=FC", in which F is the Freundlich constant) at
low concentrations, and for the case of a homogeneous sur-
face, it reduces to the Langmuir modeB]. In this work
the parameters of Eq&) and(3) were evaluated by fitting
the Langmuir and Langmuir—Freundlich models to the ex-
perimental data employing the interative fitting method of
Levenberg—Marquardt.

2.9.2. Protein G-agarose chromatography for the
production of purified Ig& preparation

A column (10cmx 1.0cm i.d.) packed with protein G-
agarose (protein G-Sepharose Fast Flow, bead volume o
5.0 mL) was equilibrated with 20 mM phosphate buffer pH
7.4. A volume of 50.0mL of the Ig& precipitate solu-
tion (about 500 mg of protein) was loaded into the col-
umn which was then washed with the 20 mM phosphate
buffer pH 7.4 until the absorbance of the effluent at 280 nm
reached zero. Elution was performed with 0.1 M citrate
buffer at pH 2.6 and the eluted fractions were immedi-
ately neutralized with 1 M Tris—HCI pH 8.0. The absorbance
of the eluate was monitored at 280 nm. The eluted frac-
tions of several chromatographics runs were pooled and o o .
the buffer was changed to 25 mM Tris—HCI buffer pH 7.0. 2-10.2. Equilibrium binding analysis
The eluted fractions pool was concentrated using a stired ~ Stirred tank batch adsorption experiments were used to
ultrafiliration cell and a YM10 membrane. This solution collect data for equilibrium binding analysis. Purified igG
(6.0mg/mL in terms of total protein) was called purified preparation was the anti-TNP McAbs feed material and finely

IgG1 preparation and it was used for protein adsorption stud- CUt IDA-PEVA fibers were the adsorbent. The C,“?Z*hDA'
ies. PEVA fibers (14.5 mg dry mass) were weighed in pQCEp-

pendorf tubes. The membranes were then equilibrated with
degassed 50 mM Tris—HCI buffer at pH 7.0. Then gQ0of
purified IgG preparation were added to the tubes (diluted
2.10.1. Analysis of equilibrium data with Tris—HCI to total protein concentrations from 0.5 to

Langmuir model: this model considers that the adsorption 5.0mg/mL). The tubes were rotated end-over-end at 6 rpm

process takes place on a surface composed of a fixed numbefP" 3 to allow equmbnurréto %e EStablk')Shedd Alter _th|s, the
of adsorption sites of equal energy, and that one molecule jgSupernatant was removed and the unbound protein concen-

. . : . tration in the liquid phase was determined by the method
adsorbed per adsorption site until a monolayer coverage is )
achieved25]. The Langmuir model can be described by the of.Bradford [20,]' The adsorbed protein masg, was deter- i
equation: mined by the difference between the concentration of protein

fed and that present in the supernat@rafter equilibrium,
0= OmC @ multiplied by the feed volume (3Q@L). Plotting Q against
- Kg+C C yielded the equilibrium isotherm.

2.10. Protein adsorption studies
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2.11. 1gG precipitate solution cross flow filtration in
Zré*-IDA-PEVA hollow fiber cartridge

These experiments were carried out at €5with an auto-

mated chromatography system. Prior to the experiments, the

equilibration buffer (50 mM Tris—HCI, pH 7.0) was pumped
through the ZA*-IDA-PEVA minicartridge for 10-15min in

dead-end mode at inlet flow rate equal 1.0 mL/min. Feed-

stream of IgG precipitate solution at 6.5mg/mL in terms
of total protein was pumped through the minicartridge in a
cross flow mode in open loop at inlet flow rates of 0.6, 1.4,
and 2.4 mL/min. The inlet flow rat&€X) and filtrate flow rate
(QF) were kept constant using two peristaltic pumps to fix
the ratioQr/Q; to 0.50. The corresponding residence times
(tr) of each filtrate flow rate were calculated by dividing the
membrane interstitial volume by the filtrate flow rdfet].
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proteins transferrin and albumin were the main protein im-
purities. Salt precipitation of the culture supernatant was per-
formed with 50% saturation ammonium sulphate. This tech-
nique led to an enrichment of the McAbs (data not shown).
In order to select the metal ion for IgQuirification, pre-
liminary adsorption experiments using IDA-PEVA cut fibers
were performed with McAbs from Igprecipitate solution
on different transition metals ions—€y Ni%*, Zré*, and
Co?*- using Tris—HCI buffer at pH 7.0. The different im-
mobilized metal ions affected differently the adsorption and
elution of IgG (Fig. 1andTable ).
The 1gG was almost completely adsorbed on all met-
als studied according to the SDS—PAGE as$ag.(1) since
the flowthrough and washing streams (peaks 1) did not con-
tain virtually any 1gG. A value of 55% of the loaded cul-
ture supernatant protein content was displaced frorfi Cu

The filtrate outlet passed through the UV detector to monitor IDA-PEVA with the loading buffer, while for others metal
the absorbance at 280 nm (protein breakthrough determina-ons studied, above 92% of proteins was displaced. This sug-

tion). After loading the 1gG precipitate solution, the unad-
sorbed protein was washed out with 50 mM Tris—HCI buffer
pH 7.0. Four washing steps at different modes were [i€¥d

a cross-flow filtration, lumen, shell, and backflushing wash.

gests a strong interaction between g@th these metal ions

in the presence of Tris buffer since only a weak interaction
would be avoided by a weak competitive agent such as the
Tris ion. When comparing the CtrIDA-PEVA, Co?*-IDA-

The lumen side of the fibers was washed by pumping buffer PEVA, Ni?*-IDA-PEVA, Zn?*-IDA-PEVA, the eluted IgG

into the lumen inlet, with the filtrate exit valves closed. For co-eluted with decreasing amounts of contaminating protein
washing the shell side of the fibers, buffer was pumped into and thus with increasing purity when changing the metal
the shell inlet and out of the shell outlet to the waste (reten- ion from Ci#* to Cc?*, Ni2* and to Zrf*. This corresponds
tate exit valve closed). The backflushing wash was carried to a weaker interaction between the proteins and the metal
out by closing the shell outlet and pumping buffer into the charged IDA-PEVA when changing the metal ion fron?Cu
shell inlet, through the membrane, and out of the lumen out- to C?*, Ni2* and to Zr#*. The purity of IgG in the eluated

let. For each one of these washing steps, the minicartridgefractions was high when eluted from Zncomplex. Analy-
was washed with the buffer until the absorbance of effluent sis of Fig. 1c revealed that the majority of albumin eluted in
at 280 nm reached the baseline. The adsorbed protein washe flowthrough. The fractions eluted with Tris were found
eluted in backflushing mode with a discontinuous step gra- to consist primarily of IgG with small amount of other pro-
dient of Tris (100-700 mM of Tris—HCI buffer pH 7.0). The teins. Although there is the presence of these proteins addi-
effluents were monitored as described previously (measure-tional purification is facilitated by the near complete removal
ment of absorbance at 280 nm). After elution was completed, of serum albumin. Thus, Zf was the most suited metal ion
the cartridge was sequentially washed at frontal mode with for IMAC purification of this monoclonal Ig&

50 mM EDTA pH 6.5 and with the loading buffer to restore it In order to maximize Ig@ elution and to facilitate sepa-

to its initial conditions for carrying out the next experiment. ration of the albumin from the IgGin the loading step, the

Protein concentrations in the non-retained and retained IgG; precipitate solution was loaded in ZnIDA-PEVA cut
fractions were determined by the Bradford metli2@] and fibers column with Tris—HCI buffer pH 7.0 at a higher con-
analyzed by SDS—PAGE under non reducing conditions. centration—50 mM instead of the 25 mM used before—and
Breakthrough curves were plotted as the ratio of the total elution was performed with discontinuous steps gradient of
protein concentration in the filtrat€) to that in the feed  Tris (100—700 mM in Tris—HCI buffer at pH 7.0). The re-
stream Cp) as a function of the volume of protein solution sults were compared with data obtained by performing sim-
throughput. ilar experiments onto 2 mL ZA-IDA-agarose (0.67 g of dry
weight) (Fig. 2andTable 2.

The 50 mM Tris—HCI buffer (pH 7.0) allowed the albu-
min to pass through the 2f+IDA-PEVA without adsorption
(peak 1, 94.9% of total protein). The difference in adsorption
capacity and selectivity of ZA-IDA-PEVA and Zrf*-IDA-
agarose was observed. The adsorption capacity of the Zn
IDA-PEVA for the total protein (1.53 mg of protein/g adsor-

The anti-TNP mouse IgGmonoclonal antibodies con-  bent) was about twice as low as that of thé ZiDA-agarose
taining culture supernatant contained also a number of pro-(3.24 mg of protein/g adsorbent). However, the considerably
teins of various molecular masses. The fetal bovine serumlower adsorption capacity of Zi-IDA-PEVA can be asso-

3. Results and discussion

3.1. Metal selection and comparison ofZADA-PEVA
and Zrf*-IDA-agarose for IgG purification
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Fig. 1. Effect of the different metal ions on the adsorption and elution by Tris gradient afpg&ipitated chromatography on (a) TtDA-PEVA, (b)
Ni2*-IDA-PEVA, (c) Zn?*-IDA-PEVA and (d) C3*-IDA-PEVA. Buffer composition: 25 and 50—200 mM with increments of 50 mM Tris at pH 7.0. Column
regeneration: 50 mM EDTA at pH 6.5. Other conditions: bed volume, 5.0 mL; linear velocity, 38.2 cm/h; fraction volume, 5.0 mL. Protein injectedf5.0 mL
IgG; precipitate solution (about 50 mg of protein). Insert: SDS—PAGE analysis of fractions from the chromatograpty-6BMBEVA: |, IgG; precipitate

solution; numbered lanes represent aliquots of the corresponding pooled fractions of the protein peaks obtained; R, pool of regeneratidt) fractaoms
1gG (Sigma).

ciated with its higher adsorption selectivity for Ig@an for Table 3summarizes the IgQyield in the eluted fractions
contaminants proteins: the fractions eluted frontZtDA- from the Zrf*-IDA-PEVA column. Little or no detectable
PEVA (Fig. 2b, lanes 3-5) contains less contaminants than the McAbs were observed in washing and eluted fractions with
fractions eluted from Z#'-IDA-agarose Fig. 2a, lanes 3-5). 100 mM Tris—HCI. The two highest IgGyield and purifica-

Table 1
Mass balance of total protein for chromatographies ofilg&cipitate solution with elution by Tris—HCI step concentration gradient

Protein recovery Metal

cw* Ni2* Zn?* Co?*
(mgy (%) (mgy! (%)° (mgy' (%)° (mgy* (%)°
Injection 25mM 4842 1000 8564 1000 4305 1000 3864 1000
Washing 25mM 2612 546 7876 920 4317 1003 3990 1033
Elution 50mM 046 10 0.28 03 0.29 07 0.35 09
100 mM 058 12 111 13 0.34 08 0.64 17
150 mM 180 37 113 10 0.25 01 0.30 01
200 mM 202 41 102 12 0.26 01 0.16 00
Regeneratioh 17.23 356 4.30 50 327 7.6 0.70 18
Total 4851 1001 86.60 1011 4758 1105 4205 1088

2 Mass calculated from protein concentration determined by Braditéid
b percentage relative to injected protein mass.
¢ EDTA concentration: 50 mM.
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Fig. 2. Adsorption and elution by Tris gradient of Ig@recipitate solution
chromatography on (a) ZfIDA-agarose and (b) Zi-IDA-PEVA. Insert:
SDS-PAGE analysis under non-reducing conditions of fractions from the
chromatography: M, molecular mass markers (Amersham Biosciences); |,
IgG; precipitate solution; numbered lanes represent aliquots of the corre-
sponding pooled fractions of the protein peaks obtained; R, pool of regen-
eration fractions; P, human IgG (Sigma).

tion factor were obtained in the fractions eluted with 500 mM
Tris (61.8% of total IgG eluted and purification factor of
18.7) and 700 mM Tris (28.5% of total Ig@luted and purifi-
cation factor of 15.0). Considering the combination of these

Table 2
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two fractions as a product the total yield and purification fac-
tor were 90.3% and 33.7%, respectively.

In order to evaluate the effect of experimental purification
conditions on the maintenance of the antibody-antigen recog-
nition, 5mL of IgG, precipitate solution (98(g of starting
anti-TNP IgG), were purified onto 5mL Z&-IDA-PEVA
cut fibers column equilibrated with 50 mM Tris—HCI, pH 7.0.
After the antibody elution and neutralization, unbound and
bound materials were analyzed for immunoreactivity content
by an antigen-specific ELISA. The results indicated that the
antibodies were eluted with their antigenic properties con-
served, considering that the most of the immunoreactivity
(>90%) was recovered in the bound fraction, and only traces
in the unbound and washing material (data not shown).

3.2. Thermodynamics of McAbs adsorption

In order to evaluate thermodynamic parameters such as
IgG1 binding capacity Q) and dissociation constark{),
adsorption isotherms were determined from the experimen-
tal data obtained from the batch adsorption experiments at
25°C using Zrit*-IDA-PEVA in Tris—HCI buffer 50 mM at
pH 7.0. The isotherm was analyzed using Langmuir and
Langmuir—Freundlich model3éble 4. The comparison be-
tween experimental and theoretical profiles for adsorption of
IgG1 on the Zr#*-IDA-PEVA can be made analysirfgg. 3

The Langmuir and Langmuir—Freundlich isotherm equa-
tions could describe the adsorption data satisfactorily (rel-
atively high coefficients of correlation equal to 0.98 and
0.99, respectively). Nevertheless, the Langmuir—Freundlich
isotherm model gave>1.0. Value oh=1.664 0.47 for this
system indicate positive cooperativity in binding (attractive
force due to lateral interactions) and the heterogeneous nature
of the adsorptiorj28]. Similar results 1> 1) were reported
by Sharma and Agarw§28] for adsorption of the lysozyme,
conalbumin, ovalbumin, wheat germ agglutinin, and bovine
serum albumin onto IDA-Cif and IDA-Ni?* agarose.

The Ky values measured here for the Langmuir and
Langmuir—Freundlich models were of the order of magnitude
of 10~® M. This Kq value of the complex Ig6Zn?*-IDA in-

Mass balance of total protein for chromatographies fromyIgcipitate solution with elution by Tris—HCI step concentration gradient Gi-FDA-PEVA

and Zr#*-IDA-agarose

Fractions ZR*-IDA-PEVA? Zn?*-IDA-agarosé
(mg) (%) (mg) (%)
IgG; precipitate solution 2B 100 175 100
Washing 50 mM Tris 248 949 152 8638
Elution 100 mM Tris 016 06 0.61 348
300 mM Tris 032 12 0.09 05
500 mM Tris 091 33 0.35 20
700 mM Tris 052 19 045 26
Regeneration EDTA B84 19 0.67 38
Total 285 1038 173 992

@ Column volume: 5.0 mL (1.6 g of dry mass).
b Column volume: 2.0 mL (0.67 g of dry mass).
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Table 3
Purification of mouse McAbs from Igrecipitate solution on Zi-IDA-PEVA

G. Serpa et al. / J. Chromatogr. B 816 (2005) 259—-268

Fractions Total Protefn(ug)  Antibody? (ug)  Antibody to Yield of McAb® (%)  Purification factor
protein mass ratio
(rgMcAb/mg)
1gG; precipitate solution 27500 980 3H 100 1
Washing 50 mM Tris 26100 26 .a 27 0.03
Elution 100 mM Tris 160 0 0 0 0
300 mM Tris 320 100 313 102 88
500 mM Tris 910 606 669 618 187
700 mM Tris 520 279 536 285 150
Regeneration EDTA 540 86 15 8.8 45

@ Dosage of protein by Bradford method.
b The amount of McAb in each step was determined by ELISA.

¢ The yield of the McAb was determined as a ratio of the McAb in the eluate fractions to the total McAb present in the feed.

Table 4
Adsorption parameters determined for lg@dsorption onto Z#'-IDA-
PEVA at 25°C

Isotherm models Langmuir Langmuir—Freundlich
Qm (mg/mL) 54.6+7.2 39.7+ 4.6

Kg (M) (8.1+£2.4)x 1078 (8.2£1.7)x 1076

n - 1.66+0.47

Correlation coefficient 0.98 0.99

dicated medium affinity, which is typical for a pseudobiospe-
cific affinity ligand[30].

3.3. Adsorption breakthrough curves using
Zr?*-IDA-PEVA cartridge

Breakthrough curves up to ligand saturation were deter-
mined to study the effects of filtrate flow rates on selec-
tivity and capacity of ZA*-IDA-PEVA cartridge. Fig. 4a
shows the total protein breakthrough curves at filtrate flow
rates Qr) of 0.3, 0.7, and 1.2mL/min for IgG precipi-
tate solution chromatography onZaIDA-PEVA cartridge.

All curves qualitatively shared the characteristic “S” shape.
The non-retained fractions (filtrate fractions) were analyzed

15 20 25 30

C (mg/mL)

1.0

0.5

Fig. 3. Experimental adsorption isotherm (symbol) for anti-TNP McAb
IgG; on Zr?*-IDA-PEVA in 50 mM Tris—HCI, pH 7.0 at 25C. The lines

correspond to fitting (nonlinear regression) of experimental values on the ba-

sis of Langmuir model (solid line), and Langmuir—Freundlich model (dotted
line).

by SDS-PAGE Fig. 4b—d). Initially, the protein band with
molecular mass of approximately 150 kDa (corresponding
of 19G1) was not detected in SDS—PAGE, concluding that
the 1gG concentration in the filtrate was zero, reflecting
complete adsorption of the IgGnolecules by the immobi-
lized Zr#*. As the loading step proceeded and binding sites
became occupied, Ig@wvas detected in the filtrate (break-
through point). Following breakthrough, filtrate Ig@on-
centration increased ant/Cy asymptotically approached
values from 0.5 to 0.65 (depending on te), at which
point steady state was achieved in the membrane and no fur-
ther adsorption of protein occurred. TBECy value is lower
than unity because when operating with the tangential mode
of filtration a fraction of the protein mass fed to the sys-
tem is contained in the retentate and does not end up in the
filtrate.

After washing steps, adsorbed proteins were eluted with
a Tris discontinuous step gradient (100—700 mM at pH 7.0)
and protein concentration in eluted fractions was determined
by Bradford method and analyzed by SDS—-PAGE. The re-
sults were similar to those obtained with théZ#HDA-PEVA
cut fibers (IgG adsorption capacity of Zi-IDA-PEVA of
3.20 mg/g and 2.75 mg/g for cartridge and cut fibers, respec-
tively).

The effect of varying filtrate flow rate on breakthrough
point and reduction of the transmembrane flow was illustrate
in Fig. 4a and e. Increasing the filtrate flow rate decreased the
residence timetg) in the membrane according to

OF

whereVy, is the membrane interstitial volum@g was varied
four-fold from 0.3 to 1.2 mL/min, corresponding tg equal
to 31.4-7.8s.

Increasing flow rate did not decrease the amount of total
protein bound to the membranes (the mass of total protein
eluted was similar for all flow rates studied, around 3.25 mg/g
of membrane). Nevertheless, the filtrate flow rate had an effect
on the position and shape of the breakthrough curve. With

(4)

R
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Fig. 4. Analysis of the breakthrough curves of ig@ecipitate solution for the ZA-IDA-PEVA cartridge. (a) Effect of filtrate flow rate on breakthrough curve.
SDS-PAGE analysis under non-reducing conditions of fractions of breakthrough curves. Numbered lanes represent aliquots of the corresjpmslofg frac
the protein obtained at (I§)- = 0.3 mL/min; (c)Qg = 0.7 mL/min; (d)Qr = 1.2 mL/min, (e) decline in filtrate flow rate during feed of lg@recipitate solution.

decreasingQr, the breakthrough point (effluent volume at Acknowledgment

which IgG; was first detected) shifted toward larger IgG
precipitate solution volumes and Ig@&ass correspondingly
throughput, ranging from 1.1 to 1.6 mg.

During feeding of the Ig& precipitate solution at fil-
trate flow rate of 1.2mL/min, a reduction of the trans-
membrane flow from 1.2 to 0.75 mL/min was experienced,
probably due to formation of polarization laydfig. 4e).
However, decreased initial filtrate flow rates (0.7 and
0.3 mL/min) were constant over the time of the experiment.
The most efficient breakthrough curve was attained at th

lowest flow rate corresponding to the longest residence time 2]

of 31.4s.

4. Conclusion

We have successfully demonstrated that thé*ABDA-
PEVA hollow fiber membrane system is a potential alterna-
tive for the purification of monoclonal IgGsince the anti-
TNP IgG, monoclonal antibodies could be adsorbed under
mild conditions, near to physiological pH, and at room tem-
perature. Also, this antibody could be eluted under condi-
tions not causing Ig&denaturation or loss of antigen bind-
ing capacity, as detected by ELISA. Performance compari-
son with the conventional agarose bead systemZ-7DA-
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