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bstract

The purification of IgG from human plasma was studied by comparing two affinity membranes complexed with Ni(II), prepared by coupling
minodiacetic acid (IDA) and Tris(2-aminoethyl)amine (TREN) to poly(ethylenevinyl alcohol), PEVA, hollow fiber membranes. The Ni(II)-TREN-
EVA hollow fiber membrane had lower capacity for human IgG than the complex Ni(II)-IDA-PEVA, but with similar selectivity. The IgG in
eak fractions eluted from the Ni(II)-IDA-PEVA with a stepwise concentration gradient of Tris–HCl pH 7.0 (100–700 mM) reached a purity of
8% (based on IgG, IgM, IgA, albumin, and transferrin nephelometric analysis). Adsorption IgG data at different temperatures (4–37 ◦C) were
nalyzed using Langmuir model resulting in a calculated maximum capacity at 25 ◦C of 204.6 mg of IgG/g of dry membrane. Decrease in Kd with

ncreasing temperature (1.7 × 10−5 to 5.3 × 10−6 M) indicated an increase in affinity with increased temperature. The positive value of enthalpy
hange (26.2 kJ/mol) indicated that the adsorption of IgG in affinity membrane is endothermic. Therefore, lower temperature induces adsorption
s verified experimentally.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Human immunoglobulin G (IgG) is an important plasma
rotein with many applications in therapeutics, immunodiagno-
is and immunochromatography. These applications generally
equire highly pure IgG [1]. Among different purification meth-
ds, the membrane affinity chromatography has gained special
ttention because of its lower mass-transfer limitations than
he traditional column techniques, since solutes are transported
o binding sites primarily by convection. Affinity membranes
lso provide high flow rate, low pressure drop, easy scale-up,

echanical stability and high productivity [2–4]. However, if

iological compounds like immunoglobulins are purified from
omplex solutions such as blood plasma or supernatant of

∗ Corresponding author. Tel.: +55 19 3521 3919; fax: +55 19 3521 3890.
E-mail address: sonia@feq.unicamp.br (S.M.A. Bueno).
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ybridoma cell culture, the use of membranes in dead-end filtra-
ion mode has the drawback of membrane fouling. To solve this
roblem, cross-flow filtration operation mode has been used to
reat such feeds [5].

Affinity ligands such as protein A and G are the most
idely adsorption systems for IgG purification for analytical-

cale (diagnostics) applications. Despite their high selectivity
owards IgG, these systems are not present in therapeutic IgG
urification schemes from human plasma due to high cost of the
dsorbents and the possibility of leakage of ligands [6]. In order
o overcome these problems pseudobioaffinity chromatography
sing affinity ligands such as immobilized metal ion, thiophilic,
ydrophobic, dye and histidine have been studied [7]. Among
hese ligands, immobilized metal ion is an interesting alternative

8–11]. The Immobilized Metal Ion Affinity Chromatography
IMAC) method exploits the chemical affinity of a target pro-
ein towards the metal ions immobilized onto stationary phase
12–15]. These interactions derive mainly from the coordina-

mailto:sonia@feq.unicamp.br
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ion bonds formed between certain sites side-chain groups on
he protein surface, mainly the imidazole group of histidine, and

etal ions [13–15].
The ligands (metal chelates) in IMAC are low cost and have

igh stability, capacity, simplicity, and selectivity. It is a versatile
echnique since the same ligand can be used for the purification
f different proteins and the same chelating resin can be used
o chelate different metal ions [13–15]. An important aspect in
MAC method is the occasional leakage of metal ion from the
esin, leading to metal ion contamination of the final product. In
his case, a column packed with metal-free matrix derivatized
ith a strong chelating ligand such as TED (Tris(carboxymethyl)

thylenediamine) downstream the IMAC column could be used
o trap any metal ions present in the eluate without altering the
hromatographic time or the purification effectiveness [14].

Adsorption of immunoglobulins from different sources
n IMAC matrices has been reported by many authors
8–11,16–19]. With regard to human IgG purification and
nteractions studies, the common chelating groups used are
mminodiacetic acid (IDA) [8,9,11] and imidazole [10,19].

Proteins retention on IMAC supports is affected by a wide
ange of variables, such as surrounding chemical environment
depending on salt concentration and pH hydrophobic and elec-
rostatic interactions can take place), nature of chelating groups
nd the metal ion specific [13–15]. The choice of the chelat-
ng group is of paramount relevance. Each chelating ligand
as its own selectivity and capacity adsorption towards a spe-
ific protein. Normally, the more polydentate is the chelating
igand, the lower is the capacity for protein adsorption but
igher is the selectivity [14,20,21]. The empirical order for
he adsorption capacity of proteins with accessible histidines
nd chelating ligands is IDA (tridentate) > NTA (nitrilotriacetic
cid, tetradentate) ≥ CM-Asp (carboxymethylated aspartic acid,
etradentate) > TED (pentadentate) [20].

The purpose of this study is to evaluate influence of IDA and
REN (Tris(2-aminoethyl)amine) chelating agents and Mops-
cetate (25 mM pH 7.0 with 1.0 M NaCl) and Tris–HCl (25 mM
H 7.0 with or without 1.0 M NaCl) buffer systems on the
urification of human IgG with immobilized nickel affinity
EVA (polyethylene vinyl alcohol) hollow fibers membranes
hromatography. The IDA (tridentate chelator) was chosen
ue to reported successful applications for IgG purifications
8,9,11,18]. The TREN agent (quadridentate chelator) was cho-
en due to its high selectivity towards goat IgG [17]. A binding
tudy was performed at different temperatures and the adsorption
sotherm data were analyzed using Langmuir model. The ther-

odynamic parameters (�G◦, �H◦, �S◦) and the breakthrough
urves were estimated since they are the basis for process design,
cale-up, and optimization of large-scale IMAC IgG separation
rocess.

. Experimental
.1. Materials

The agarose gel (Sepharose® 6B, wet bead diameter of
5–165 �m, specific surface area of 75 m2/g) and electro-

J
o
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horesis calibration kit for molecular mass determination (myo-
ine, 212 kDa; �2-macroglobulin, 170 kDa; �-galactosidase,
13 kDa; transferrin, 76 kDa; glutamic dehydrogenase, 53 kDa)
ere provided by Amersham Biosciences (Sweden). Epichloro-
ydrin, Coomassie brilliant blue and Tris(hydroxymethyl amino
ethane) were purchased from Merck (Germany). Nickel

ulphate, disodium ethylenediamine tetra-acetate (EDTA), crys-
alline bovine serum albumin (BSA), iminodiacetic acid (IDA),
nd Tris(2-aminoethyl)amine (TREN) were obtained from
igma (USA). Prepurified human immunoglobulin G (contain-

ng 98.3% of IgG according nephelometric analysis of IgG, IgM,
gA, albumin (HSA) and transferrin done in our laboratory)
as provided by Aventis Behring (Germany). The nephelo-
etric reagents were purchased from Beckman Coulter (USA).
he stirred ultrafiltration cell and YM10 membrane (nominal
olecular mass cut-off of 10 kDa) were purchased from Ami-

on (USA). The water used in all experiments was ultrapure
ater obtained using a Milli-Q System (Millipore, USA). All
ther chemicals were of analytical reagent grade.

The poly(ethylene vinyl alcohol) (PEVA) hollow fiber car-
ridges (2 m2 surface area) were obtained from Kuraray (Japan).
he hollow fiber had an internal diameter of 200 �m, a wall

hickness of 20 �m, a molecular mass cut-off of 600 kDa and
pecific surface area of 49.5 m2/g [22].

.2. Immobilization of IDA and TREN chelating ligands
nto PEVA hollow fiber membranes and agarose gel beads

Hollow fibers from a commercially available PEVA hollow
ber cartridge were removed and finely cut in pieces of around
mm in length. The cut PEVA membranes and agarose gel
eads (Sepharose-6B) were activated with epichlorohydrin as
escribed by Porath and Olin [8]. Briefly, the matrices were
ixed in a reaction flask with 50.0 mL of 2 M NaOH, 5.0 mL of

pichlorohydrin, and 0.27 g of NaBH4 for 15 min at room tem-
erature. Then, an additional 50.0 mL of NaOH and 25.0 mL of
pichlorohydrin were added in portions, and the suspension was
llowed to react overnight. The activated matrices were washed
ith water on a Büchner funnel, sucked dry, and returned to

he reaction flask. A 130.0 mL of 2 M Na2CO3, 26.0 g of dis-
dium iminodiacetate (IDA) were added to the adsorbents. The
uspension was kept at 60 ◦C overnight with slow stirring. The
dsorbents were washed with water until the washings were neu-
ral [8]. The TREN was coupled to the activated matrices as
escribed by Boden et al. [17]. Briefly, the activated matrices
ere mixed in a reaction flask with 25.0 mL water and 5.0 mL
f TREN. The reaction was allowed proceed for 48 h, at room
emperature. The excess of TREN was removed by washing the
dsorbents with water until the washings were neutral [17]. In
his work, the derivatized membranes and gels are referred to as
DA-PEVA, IDA-agarose, TREN-PEVA and TREN-agarose.

A small-scale PEVA hollow fiber cartridge was manufactured
sing fibers from a commercially available cartridge (Kuraray,

apan). The fibers were cut and assembled in a minicartridge
f 12 cm effective length as described by Serpa et al. [18]. The
mount of fibers in this cartridge was 0.21 g dry mass, with
13 cm2 surface area, Ap, (Ap = 2πroLeNf, where ro and ri are



6 roma

t
i
t
(
w
c

d
P
l
b
5
d
s

2

B
p
c
2
a
e
P
v

2

e
c
a
n

2

a
r
0
o
b
b
C
r
w

a
i
i
S
i
n
u
b
p

S
r
b
T
f

p
e
c
v
w
N
N
b
(
o
(
i
o
m
B
a
t

2
s

t
t
a
w
a
c
T
p
I
f
w
r
p
c
s
d
a
t
e
m
L

Q

i

6 M.B. Ribeiro et al. / J. Ch

he outer and inner radius of the hollow fibers, respectively, Le
s the effective length and Nf is the number of hollow fibers in
he minicartridge (150)) and 0.248 cm3 fiber bed volume, Vb,
Vb = π(ro

2 − ri
2)LeNf). The PEVA hollow fiber minicartridge

as activated with epichlorohydrin and IDA and TREN were
oupled to it as above-mentioned.

The chelating capacity of the adsorbents for Ni(II) ion was
etermined according the method described by Belew and
orath [23]. Briefly, the Ni(II)-charged adsorbents were equi-

ibrated with 5–6 column volumes of 25 mM sodium phosphate
uffer pH 7.0 in 1.0 M NaCl followed by elution with EDTA
0 mM pH 7.0. The total amount of Ni(II) ions in the eluate was
etermined by spectrophotometrically at 384 nm using EDTA
olution as blank.

.3. Analysis of plasma proteins and immunoglobulins

Protein concentration was determined by the method of
radford [24] using bovine serum albumin (BSA) as reference
rotein. In experiments containing prepurified IgG, the protein
oncentration was determined by measuring the absorbance at
80 nm. The concentrations of IgG, IgA, IgM, albumin (HSA),
nd transferrin in the fractions collected at the chromatographic
xperiments were determined nephelometrically using an Array
rotein System (Beckman, USA), according to the method pro-
ided by the manufacturer.

.4. SDS-PAGE electrophoresis

The chromatographic fractions were analyzed by SDS-PAGE
lectrophoresis (7.5% acrylamide gels) under non-reducing
onditions using a Mini-Protean III System (Bio-Rad, USA)
ccording to Laemmli [25]. The gels were stained with silver
itrate according to Morrissey [26].

.5. Chromatographic experiments

All chromatographic procedures were carried out with an
utomated chromatography system (Econo Liquid Chromatog-
aphy System, Bio-Rad, USA) at 25 ◦C at flow rate equal
.5 mL/min. For studies concerning the influence of the buffer
n IgG adsorption, the following loading buffers were used:
uffer A—25 mM Mops-acetate (MA) in 1.0 M NaCl pH 7.0;
uffer B—25 mM Tris–HCl in 1.0 M NaCl pH 7.0 and buffer

– 25 mM Tris–HCl pH 7.0. In elution, pH of buffer A was
anged from 7.0 to 4.0, concentration of Tris in buffers B and C
as ranged from 100 to 700 mM.
The IDA- and TREN-PEVA cut fibers (1.25 g dry mass)

nd IDA- and TREN-agarose gels were separately suspended
n the loading buffer described above, degassed and packed
nto columns (20.0 cm × 1.0 cm I.D., Amersham Biosciences,
weden) to give bed volumes of approximately 5.0 mL. Nickel

on was loaded into the IDA-PEVA columns by passing 50 mM

ickel sulphate solution in water through the column until sat-
ration. The TREN-PEVA adsorbers were charged with nickel
y passing 50 mM nickel sulphate in 10 mM acetate solution at
H 7.0 through the columns until saturation, as described by

Q
b

�

togr. B  861 (2008) 64–73

harma and Agarwal [21]. Non-specifically bound metal was
emoved by washing the columns with the loading and elution
uffers used in chromatographic experiments described ahead.
he columns were equilibrated with loading buffer when no

urther metal was detected in the out-stream.
Human plasma (1.7 mL) five-times diluted with an appro-

riate loading buffer was injected into the column previously
quilibrated with loading buffer. After protein injection, the
olumn was washed with loading buffer until the absorbance
alues of eluate became close to zero. Elution was carried out
ith a stepwise pH gradient (pH 6.0, 5.0, 4.0 for the case of
i(II)-IDA-PEVA columns and pH 6.0 and 5.0 for the case of
i(II)-TREN-PEVA columns) for MA solution as the loading
uffer or with a stepwise gradient of 100–700 mM for Tris–HCl
with or without salt) as the loading buffer [27]. The absorbance
f the eluate was monitored at 280 nm. Column regeneration
removal of remaining adsorbed proteins) was achieved by wash-
ng the column with 100 mM EDTA solution at pH 7.0. Fractions
f 4.0 mL were collected during the chromatographic experi-
ents and protein content was determined using the method of
radford [24]. The fractions were then pooled for SDS-PAGE
nd nephelometric analysis of IgA, IgG, IgM, albumin, and
ransferrin.

.6. Batch IgG adsorption on Ni(II)-(IDA/TREN)-PEVA
upports

The IgG adsorption experiments (stirred tank batch adsorp-
ion) for isotherm determination were carried out in Eppendorfs
ubes using human IgG (Aventis Behring) at 25 ◦C for all
dsorbers except for Ni(II)-IDA-PEVA, for which experiments
ere performed at four different temperatures (5, 14, 25

nd 37 ◦C). The Ni(II)-IDA-PEVA and Ni(II)-TREN-PEVA
ut fibers (12.5 mg dry mass) were equilibrated with 25 mM
ris–HCl pH 7.0 buffer and 25 mM MA 1.0 M NaCl buffer at
H 7.0 (loading buffers), respectively. Then, 1.0 mL of human
gG preparation was added to the tubes (diluted in loading buffer
or total protein concentration from 1.0 to 30 mg/mL). The tubes
ere rotated end-over-end at 6 rpm for 16 h to allow equilib-

ium to be established. After 16 h, the cut fibers and the liquid
hase were separated by centrifugation and the unbound IgG
oncentration in this liquid phase (C) was measured by UV
pectrophotometry at 280 nm. The adsorbed IgG mass, Q, was
etermined as the difference between the amount of IgG added
nd that present in the liquid phase after equilibrium divided by
he dry mass of the adsorbent. Plotting Q* against C* yielded the
quilibrium isotherm. Data were fitted to the Langmuir isotherm
odel [28] (Eq. (1)) using non-linear least squares and the
evenberg–Marquardt method:

∗ = QmC∗

Kd + C∗ (1)

n which C* is the IgG liquid-phase equilibrium concentration,

* is the IgG surface concentration, Qm is the maximum IgG
inding capacity and Kd is the apparent dissociation constant.

The thermodynamic adsorption parameters (�G◦, �H◦,
S◦) for different temperature were determined as described
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Fig. 1. Effect of the chelating ligand type in column chromatography of human
plasma on affinity supports under the stepwise pH gradient. (a) Ni(II)-IDA-
PEVA; (b) Ni(II)-TREN-PEVA and (c) Ni(II)-TREN-agarose. Loading buffer:
25 mM MA in 1.0 M NaCl, pH 7.0; elution with 25 mM MA in 1.0 M NaCl
under the stepwise pH gradient 7.0–4.0 (a and b) and 7.0–5.0 (c). Bed column
5.0 mL; flow rate 0.5 mL/min; fraction volume 4.0 mL. Plasma solution injected:
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y Haupt et al. [29]. From the van’t Hoff reaction isotherm:

G = �G◦ − RT ln Kd (2)

n which �G is the change in apparent free Gibbs energy, R is
he ideal gas constant, T is the temperature and �G◦ is standard
ibbs energy change. At equilibrium, �G = 0 and the Eq. (2)

educes to:

G◦ = RT ln Kd (3)

This Eq. (3) allows �G◦ to be calculated at a given tempera-
ure from the dissociation constant. The temperature dependence
f Kd is given by van’t Hoff reaction isobar. In its integrated form:

n Kd = �H◦

RT
+ J (4)

here J is an integration constant and �H◦ is a standard enthalpy
hange. When plotting Kd as a function of 1/T, �H◦ is given
y the slope if a straight line is obtained (in that case, �H◦ is
emperature-independent in this temperature range). From the
ibbs–Helmholtz relationship:

G◦ = �H◦ − T�S◦ (5)

he standard entropy change �S◦ can be obtained.

.7. Cross-flow filtration of human plasma through
i(II)-IDA-PEVA hollow fiber minicartridge

These experiments in minicartridge were carried out at 25 ◦C
ith an automated chromatography system (Econo Liquid Chro-
atography System, Bio-Rad, USA). After coordination of

ickel ions with IDA-PEVA hollow fiber, the adsorbent was equi-
ibrated with the loading buffer (25 mM Tris–HCl pH 7.0 without
aCl) at inlet flow rate equal 1.0 mL/min. Human plasma solu-

ion diluted 1:5 in loading buffer was pumped through the
inicartridge in a cross-flow mode at inlet flow rates of 1.0

nd 1.4 mL/min. The inlet flow rate (Qi) and filtrate flow rate
QF) were kept constant using two peristaltic pumps to fix the
atio QF/Qi to 0.50, with residence time, tR, of 24 and 17 s,
espectively (tR was calculated by dividing the membrane inter-
titial volume by the filtrate flow rate [3,30]). The filtrate outlet
bsorbance at 280 nm was monitored with UV detector. The
oading of the protein solution was stopped when the absorbance
t 280 nm at filtrate outlet got constant after an initial decay.
he unabsorbed protein was washed out of the cartridge with

oading buffer. Four washing steps were performed until the
bsorbance of effluent at 280 nm reached the baseline [18]:

ross-flow filtration, lumen, shell, and backflushing wash. The
umen side of the fibers was washed by pumping buffer into
he lumen inlet with the filtrate exit valves closed. For wash-
ng the shell side of the fibers, buffer was pumped into the

.5 mL. Regeneration with 100 mM EDTA, pH 7.0. Inset: SDS-PAGE under non-
educing conditions. Numbers in chromatograms and SDS-PAGE correspond to
he combined peak fractions. M, molecular weight protein marker; I human
lasma solution; R combined fractions of the peak eluted at regeneration; P
uman IgG standard (Aventis, Behring).
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hell inlet and out of the shell outlet to the waste (retentate
xit valve was kept closed). The backflushing wash was car-
ied out by closing the shell outlet and pumping buffer into
he shell inlet, through the membrane, and out of the lumen
utlet. For each of these steps, washing was stopped when
he absorbance of effluent at 280 nm reached the baseline. The
dsorbed protein was eluted in backflushing mode with a discon-
inuous step gradient of Tris–HCl buffer pH 7.0 without NaCl
100–700 mM). The effluents were monitored as described pre-

iously (measurement of absorbance at 280 nm). After elution
as completed, the cartridge was sequentially washed at frontal
ode with 100 mM EDTA pH 7.0 and with the loading buffer

ig. 2. Effect of the chelating ligand type in column chromatography of human
lasma on affinity supports under the stepwise concentration Tris gradient.
a) Ni(II)-IDA-PEVA and (b) Ni(II)-TREN-PEVA. Loading buffer: 25 mM
ris–HCl in 1.0 M NaCl, pH 7.0. Elution under the stepwise concentration gra-
ient of Tris 100–700 mM in the loading buffer. Bed column 5.0 mL; flow rate
.5 mL/min; fraction volume 4.0 mL. Plasma solution injected: 8.5 mL. Regen-
ration with 100 mM EDTA, pH 7.0. Inset: SDS-PAGE under non-reducing
onditions. Numbers in chromatograms and SDS-PAGE correspond to the com-
ined peak fractions. M, molecular weight protein marker; I human plasma
olution; R combined fractions of the peak eluted at regeneration; P human IgG
tandard (Aventis, Behring).

Fig. 3. Effect of the chelating ligand type in column chromatography of human
plasma on affinity supports. (a) Ni(II)-IDA-PEVA; (b) Ni(II)-TREN-PEVA and
(c) Ni(II)-IDA-agarose. Loading buffer: 25 mM Tris–HCl, pH 7.0; elution under
the stepwise concentration gradient of Tris 100–700 mM in Tris–HCl buffer, pH
7.0. Bed column 5.0 mL; flow rate 0.5 mL/min; fraction volume 4.0 mL. Plasma
solution injected: 8.5 mL. Regeneration with 100 mM EDTA, pH 7.0. Inset:
SDS-PAGE under non-reducing conditions. Numbers in chromatograms and
SDS-PAGE correspond to the combined peak fractions. M, molecular weight
protein marker; I human plasma solution; R combined fractions of the peak
eluted at regeneration; P human IgG standard (Aventis, Behring).
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Table 1
Effect of loading and elution buffers in column chromatography of human plasma on Ni(II)-IDA-PEVA and Ni(II)-TREN-PEVA adsorbents

Ligand Buffer system Washing (%)a Elution (%)a Regeneration (%)a Total recovery (%)a

IgG HSA Protein IgG HSA Protein IgG HSA Protein IgG HSA Protein

IDA
A 53.4 94.6 80.4 34.2 0.0 7.8 2.6 0.0 0.9 90.2 94.5 89.1
B 54.6 93.9 85.1 31.4 0.0 6.9 0.0 0.0 0.9 86.1 93.9 92.9
C 60.4 111.6 100.1 48.9 0.0 9.4 0.5 0.0 0.4 109.9 111.6 110.0

TREN
A 97.2 106.2 111.1 1.7 0.0 0.8 0.6 0.0 0.5 99.4 106.2 112.4
B 93.9 97.1 92.4 0.0 0.0 0.8 1.1 0.0 0.7 94.9 97.1 93.8
C 84.6 88.2 83.5 14.6 37.7 26.4 0.0 0.0 0.6 98.7 103.8 110.5

A: 25 mM MA in 1.0 M NaCl, pH 7.0 (stepwise pH gradient); protein mass loaded: 112.5 and 105.4 mg for IDA and TREN, respectively.
B s); pro
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: 25 mM Tris–HCl in 1.0 M NaCl, pH 7.0 (discontinuous steps gradient of Tri
: 25 mM Tris–HCl, pH 7.0 (discontinuous steps gradient of Tris); protein mas
a Percentage relative to injected protein mass.

o restore it to its initial conditions for carrying out the next
xperiment.

Protein concentrations in the retained and non-retained
ractions were determined by the Bradford [24] method and
ephelometric analysis and analyzed by SDS-PAGE under non-
educing conditions. Breakthrough curves were plotted as the
atio of the total protein concentration in the filtrate (Cf) to that
n the feed stream (Ci) as a function of the volume of protein
olution throughput.

. Results and discussion

.1. Effect of chelating ligand type and buffer nature on IgG
eparation from human plasma by column chromatography

Untreated human plasma solution was loaded onto
i(II)-IDA-PEVA or Ni(II)-TREN-PEVA cut fibers columns.
dsorption of human IgG on both affinity membranes was stud-

ed using two different buffers systems containing 1.0 M NaCl
ccording to two desorption strategies: lowering the pH (using
A buffer) and increasing the competitive agent (Tris–HCl)

oncentration. In order to increase the selectivity for IgG NaCl
as removed from the loading buffer for the plasma solution
hromatography on Ni(II)-IDA-PEVA and Ni(II)-TREN-PEVA.
his procedure represents a departure from traditional IMAC by
xploiting electrostatic interaction and it has been shown to be
ffective in the purification of monoclonal antibodies purifica-

T

m
c

able 2
eparation of human plasma proteins by column chromatography on Ni(II)-IDA-PEV

tep Tris (mM) IgG (mg) IgA (mg) IgM (mg) H

oaded 25 18.2 4.7 1.7 53

ashing 25 11.0 5.6 1.5 59

lution

100 1.9 0.0 0.0 0
300 5.7 0.0 0.0 0
500 1.1 0.0 0.0 0
700 0.2 0.0 0.0 0

egeneration EDTA 0.1 0.0 0.0 0

otal 20.1 5.6 1.5 59

a TP: total protein.
tein mass loaded: 119.7 and 105.1 mg for IDA and TREN, respectively.
ed: 110.2 and 107.9 mg for IDA and TREN, respectively.

ion on Zn(II)-IDA-PEVA [18]. The elution was performed with
iscontinuous steps gradient of Tris (100–700 mM in Tris–HCl
uffer at pH 7.0) as before. The results were compared with
ata obtained by performing similar experiments onto Ni(II)-
REN-agarose and Ni(II)-IDA-agarose. The buffer systems and
helating ligands affected differently the adsorption and elution
f IgG (Figs. 1–3 and Table 1).

According to the SDS-PAGE and nephelometric analysis, the
gG was not completely adsorbed onto adsorbents studied for
ll experiments done, since the saturation amount of IgG was
njected into the column. For the two buffer systems containing
aCl tested (Figs. 1 and 2), the total amounts of adsorbed pro-

ein (eluted and regeneration fractions) were similar (9.8 and
.4 mg for Ni(II)-IDA-PEVA and 1.4 and 1.5 mg for Ni(II)-
REN-PEVA, for MA and Tris–HCl buffers, respectively). The
i(II)-TREN adsorber had lower capacity for IgG than the com-
lex Ni(II)-IDA. This was expected since IDA is a tridentate
helator, disposing three sites for coordination with the protein
hile TREN, theoretically a quadridentate chelating ligand, dis-
oses only two sites to interact with the protein (whether it is
tri- or tetradentate is still an open question in the literature)

13,31]. Furthermore, for IDA-PEVA, the nickel binding capac-
ty (1.57 �mol of Ni(II)/m2 of membrane) is higher than that of

REN-PEVA (0.51 �mol of Ni(II)/m2 of membrane).

According to the SDS-PAGE (Figs. 1 and 2) and nephelo-
etric analysis, the best results of IgG purification in buffer

ontaining NaCl were obtained with Ni(II)-TREN-PEVA using

A adsorbent

SA (mg) TRF (mg) TPa (mg) Purity % Purification factor

.6 3.8 110.2 16.5

.8 3.2 110.3 10.0 0.60

.0 0.3 2.2 86.4 5.24

.0 0.6 6.3 90.5 5.48

.0 0.0 1.4 78.6 4.76

.0 0.0 0.5 40.0 2.42

.0 0.0 0.5 20.0 1.21

.8 4.1 121.3 – –



7 roma

M
c
6
o
c
A
a
o
f
p
t
a
a
t
i
a
f
l
a

N
m
w
b
i
p
W
a
M
i
o
r

c
v
m
(
e
l
7
t
p
b
4

s
o
p

a
c
w
c
t
(
b
(
P

o
t
T
t
i
u
N
e
t
s
a
e
o
t

3
N

b
1
7
i
a
T
v

T
L

A

N

N

0 M.B. Ribeiro et al. / J. Ch

A buffer, although with low capacities (Table 1). The IgG
ould be eluted at mild condition with few impurities at pH
.0 (0.3 mg of IgG recovered) and with EDTA 100 mM (0.1 mg
f IgG recovered). Albumin, transferrin, IgA and IgM con-
entrations were below detection limit in all eluted fraction.
t elution fraction at pH 6.0, IgG purification factor was 2.5

nd IgG purity was 43%. This result was compared with data
btained with Ni(II)-TREN-agarose gel in the adsorption of IgG
rom human plasma solution (Fig. 1c). The nickel binding and
rotein adsorption capacities of TREN-agarose gel were higher
han those for TREN-PEVA membrane (0.95 �mol of Ni(II)/m2

nd 2.04 mg of protein/g adsorbent, and 0.51 �mol of Ni(II)/m2

nd 1.12 mg of protein/g adsorbent, respectively, for the gel and
he membrane). However, the lower protein adsorption capac-
ty of Ni(II)-TREN-PEVA could be associated with the higher
dsorption selectivity for IgG than for contaminants proteins: the
ractions eluted from Ni(II)-TREN-PEVA (Fig. 1b) contained
ess contaminants than the fractions eluted from Ni(II)-TREN-
garose (Fig. 1c).

For Ni(II)-IDA-PEVA, the use of Tris–HCl pH 7.0 without
aCl (Fig. 3a) seemed to decrease the contamination for albu-
in compared to the experiment done with Tris–HCl pH 7.0
ith 1.0 M of NaCl (Fig. 2a). An explanation for that fact could
e that albumin (charged negatively at pH 7.0) might be interact-
ng electrostatically with Tris (a positively charged molecule at
H 7.0) rather than forming coordination with the metal nickel.
hen salt is added, electrostatic interactions are reduced and

s a result the coordination bond with the metal is facilitated.
oreover, the capacity for IgG on Ni(II)-IDA-PEVA increased

n the absence of NaCl in the Tris–HCl buffer (6.1 and 9.0 mg
f total IgG eluted in Tris–HCl buffers with and without salt,
espectively).

For Ni(II)-IDA-PEVA, the elution by increasing Tris con-
entration (without NaCl) provided the purification of IgG with
ery few impurities. Only transferrin was detected by nephelo-
etric analysis at the elution fractions using 100 and 300 mM

Table 2). Albumin, IgA, and IgM were not detected by neph-
lometric analysis, although electrophoresis analysis showed
ittle contamination by albumin at the elution using Tris–HCl
00 mM and in regeneration fractions. The combination of these

hree fractions eluted with 100, 300, and 500 mM of Tris–HCl
rovided the purification of 8.70 mg of IgG (6.96 mg/g dry mem-
rane) with very few contaminants, corresponding to a yield of
3.3%, a purity of 88%, and a purification factor of 5.3. This

b
T

d

able 3
angmuir constants and thermodynamic parameters in adsorption of human IgG on N

ffinity ligand Ta (◦C) Qm (mg/g) Kd (mol/L) Rb Varian

i(II)-IDAc

4 262.7 ± 8.6 (1.7 ± 0.2) × 10−5 0.98 206.30
15 228.0 ± 7.2 (9.9 ± 1.3) × 10−6 0.98 153.71
25 204.6 ± 4.6 (6.1 ± 0.7) × 10−6 0.98 95.85
37 159.4 ± 4.6 (5.3 ± 0.8) × 10−6 0.95 121.67

i(II)-TRENd 25 93.9 ± 2.9 (2.8 ± 0.3) × 10−5 0.99 3.62

a T: temperature.
b R: correlation coefficient.
c Tris–HCl buffer pH 7.0 without NaCl.
d MA buffer pH 7.0 containing 1.0 M NaCl.
togr. B  861 (2008) 64–73

ystem also showed better results in terms of capacity than that
f Ni(II)-TREN-PEVA in presence of MA 25 mM, 1.0 M NaCl
H 7.0.

In order to compare the performance of Ni(II)-IDA-PEVA
nd Ni(II)-IDA-agarose for IgG adsorption, experiments were
arried out with human plasma diluted in Tris–HCl buffer
ithout salt. The Ni(II)-IDA-agarose showed higher adsorption

apacity (8.72 and 19.2 mg of protein/g adsorbent, respec-
ively, for the membrane and the gel), but lower selectivity
Fig. 3c). The higher capacity observed for IDA-agarose proba-
ly is not due to the nickel binding capacity of the IDA-agarose
1.52 �mol of Ni(II)/m2) which is similar to that of the IDA-
EVA (1.58 �mol of Ni(II)/m2).

For Ni(II)-TREN-PEVA, the use of Tris–HCl buffer with-
ut NaCl as loading buffer (Fig. 3b) increased the amount of
otal protein adsorbed, mostly albumin, compared to MA and
ris–HCl buffer containing NaCl, probably due to the nature of

he ligand. This suggests the possibility of strong electrostatics
nteraction between proteins and the ligand Ni(II)-TREN when
sing the buffer Tris–HCl pH 7.0 without salt. The complex
i(II)-TREN has a positive net charge, while the albumin (pI

qual to 4.9) has a negative net charge at pH 7.0. As a result,
he use of a buffer with low ionic strength, favors the electro-
tatic interaction between proteins and ligand thus favoring the
dsorption of albumin. The ligand could be working as an ion-
xchanger in the presence of low ionic strength. The presence
f 1.0 M of NaCl on the buffer Tris–HCl drastically decreased
he adsorption of proteins.

.2. Thermodynamic parameters of IgG adsorption onto
i(II)-IDA-PEVA

The adsorption isotherms for the binding of IgG onto immo-
ilized Ni(II)-TREN-PEVA (25 mM MA buffer pH 7.0 with
.0 M NaCl) and Ni(II)-IDA-PEVA (25 mM Tris–HCl buffer pH
.0) at 25 ◦C and different temperatures, respectively, are shown
n Fig. 4a. The Langmuir model satisfactorily described the
dsorption data (correlation coefficient of 0.95–0.99) (Table 3).
he dependency of the equilibrium dissociation constant (Kd)
ersus 1/T for the binding of IgG on the Ni(II)-IDA-PEVA mem-

rane was analyzed in terms of van’t Hoff plots (Fig. 4b and
able 3).

The results obtained by fitting the data at 25 ◦C showed that,
epending on the chelating ligand used (IDA or TREN), the

i(II)-IDA-PEVA and Ni(II)-TREN-PEVA supports

ce Standard deviation �G◦ (kJ/mol) �H◦ (kJ/mol) �S◦ (kJ/mol)

14.36 −24.7 183.8
12.40 −27.0 184.6

9.79 −29.1 +26.2 185.6
11.03 −30.6 183.2

1.90 – – –
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Fig. 4. (a) Isotherm of human IgG adsorption on Ni(II)-IDA-PEVA in 25 mM
Tris–HCl pH 7.0 at (©) 4 ◦C, (�) 15 ◦C (�) 25 ◦C and (�) 37 ◦C; and Ni(II)-
TREN-PEVA in 25 mM MA containing 1.0 M NaCl, pH 7.0 at (�) 25 ◦C. The
solid lines correspond to fitting (non-linear regression) the experimental data
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with molecular mass of approximately 150 kDa (corresponding
n accordance with Langmuir model. (b) van’t Hoff plots (ln Kd vs. 1/T) for
i(II)-IDA-PEVA.

issociation constant Kd can differ by one order of magnitude
6.1 × 10−6 and 2.8 × 10−5 mol/L for IDA and TREN, respec-
ively) and the maximum IgG binding capacity (Qm) can double
204.6 and 93.9 mg/g for IDA and TREN, respectively).

Chelating affinity matrices should have Ka values above
05 (Kd smaller than 10−5 M) to assure efficient adsorption,
ithout risking ligate elution during washing [32]. The dissoci-

tion constants (Kd) measured (10−6 M for Ni(II)-IDA-PEVA
nd 10−5 M for Ni(II)-TREN-PEVA) were typical for pseu-
obiospecific affinity ligands. The IDA which is weakly acid
orms a double five-membered ring chelate with tetra- and hexa-
oordinate metal ions. Theoretically, TREN is a tetradentate
helator with four nitrogens atoms, three of which are primary
n nature and the fourth is ternary. Thus, TREN can occupy
our of the six coordination sites of the Ni(II) ion [33]. Conse-

uently, Ni(II)-TREN-PEVA has a higher dissociation constant
Kd) and a lower maximum IgG binding capacity (Qm) than the
orresponding IDA-membrane.

t
s
c

ogr. B  861 (2008) 64–73 71

An increase in temperature from 4 to 37 ◦C caused a
ecrease in equilibrium dissociation constant from 1.7 × 10−5

o 5.3 × 10−6 M for Ni(II)-IDA-PEVA, indicating an increase in
ffinity with increased temperature. If the interaction between
he protein and the immobilized ligand involved a significant
ydrophobic contribution, the contact surface between the pro-
ein and the immobilized ligand should increase the affinity of
rotein for the adsorbent at higher temperature [34]. Although,
xperimentally, affinity increases at higher temperature, the
pposite is observed for the binding capacity. The higher IgG
inding capacity onto immobilized Ni(II)-IDA-PEVA at lower
emperature indicates that coulombic forces are the main forces
revailing during the adsorption process [34].

The �G◦ values for IgG adsorption onto Ni(II)-IDA-PEVA
ere calculated for each temperature. In accordance with

dsorption being a favorable process, the �G◦ values were
ll negative, ranging from −24.7 to −30.6 kJ/mol (Table 3).
hese values are of similar magnitude to those reported by
utchens and Yip [35] in their study of the binding of sev-

ral proteins onto immobilized IDA-Cu(II)-agarose and also
imilar to the results of Finette et al. [34] in their study of bind-
ng of hen egg white lysozyme (�G◦ ranging from −23.2 to

24.3 kJ/mol) and human serum albumin (�G◦ ranging from
28.3 to −29.4 kJ/mol) onto immobilized IDA-Cu(II)-Fractosil

000.
The values of �G◦ decrease with increased temperature,

ndicating that the adsorption reaction is spontaneous and more
avorable at higher temperature. The positive value of enthalpy
hange (�H◦), indicates that the adsorption of IgG onto Ni(II)-
DA-PEVA is endothermic. Positive values for the �S◦ were
btained, and according to Ross and Subramanian [36], from the
oint of view of water structure, positive values for �S◦ and �H◦
re frequently taken as typical evidence for hydrophobic inter-
ction. Furthermore, specific electrostatic interactions between
onic species in aqueous solution are characterized by posi-
ive value of �S◦ and a negative value of �H◦, while negative
ntropy and enthalpy changes arise from van der Waals forces
nd hydrogen bonds. Even though, the binding of IgG to Ni(II)-
DA might involve hydrophobic interaction, strongly supported
y positive values of �S◦ and �H◦, electrostatic interaction and
oordination bonds should not be excluded. Accordingly, it is not
ossible to account for the thermodynamic parameters of human
gG-Ni(II)-IDA-PEVA on the basis of a single intermolecular
orce model.

.3. Chromatography of human plasma on
i(II)-IDA-PEVA hollow fiber membrane minicartridge

Fig. 5a displays the human plasma solution breakthrough
urves for a Ni(II)-IDA-PEVA minicartridge at filtrate flow rate
f 0.5 and 0.7 mL/min, corresponding to tR of 24 and 17 s,
espectively. The non-retained fractions (filtrate fractions) were
nalyzed with SDS-PAGE (Fig. 5b). Initially, the protein band
o IgG) was not detected in SDS-PAGE, leading to the conclu-
ion that the IgG concentration in the filtrate was zero, reflecting
omplete adsorption of the IgG molecules onto the immobilized
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Fig. 5. (a) Separation of IgG from human plasma by cross-flow filtration through Ni(II)-IDA-PEVA hollow fiber membrane minicartridge. Buffer composition:
25 mM Tris–HCl pH 7.0. Flow rate, mL/min: (�) 0.5 and (©) 0.7. (b) SDS-PAGE under non-reducing conditions. Numbers 1–19 in SDS-PAGE correspond to
the outlet column fractions; (c) typical elution pattern under the stepwise Tris gradient of the human plasma solution in backflushing mode on the Ni(II)-IDA-
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EVA minicartridge. Buffer composition: 100–700 mM with increments of 20
hromatograms correspond to the combined peak fractions.

i(II). As the loading step proceeded and binding sites became
ccupied, IgG was detected in the filtrate (breakthrough point).
he breakthrough point (in the range of 6.0–7.0 mL) was the
ame for both flow rates.

Following breakthrough, filtrate total protein concentration
ncreased and Cf/C0 asymptotically approached 0.6, at which
oint steady-state was achieved (no further adsorption of pro-
ein occurred). The Cf/C0 value is lower than unity because a
raction of the protein mass fed to the system is contained in the
etentate and does not end up in the filtrate when operating with
he tangential mode of filtration.

After washing of the cartridge, elution was performed with
iscontinuous steps gradient of Tris–HCl buffer at pH 7.0
100–700 mM) (Fig. 5 c and d). Similar results were obtained
or the experiments at filtrate flow rate of 0.5 and 0.7 mL/min
Table 4). High IgG yields were obtained in the fractions eluted
ith 100 mM (6.6 and 7.2 mg of IgG for filtrate flow rate of
.5 and 0.7 mL/min, respectively, representing 78% of total IgG
luted). Albumin could be detected with SDS-PAGE at the elu-

ion fraction using 500 mM Tris–HCl, but could not be detected
ith nephelometric essays. Transferrin, IgA, and IgM could not
e detected neither with nephelometric assays nor with SDS-
AGE on all eluted fraction. The IgG adsorption capacity on

I
i
p
m

Tris at pH 7.0. (d) SDS-PAGE under non-reducing conditions. Numbers in

i(II)-IDA-PEVA were in the range of 40.5–43.8 mg/g of dry
embrane or 76.9 and 83.2 �g/cm2 of membrane in the mini-

artridge. The combined peak fractions eluted with 100 and
00 mM of Tris gave an IgG purity of 98 and 99% for filtrate
ow rates of 0.5 and 0.7 mL/min, respectively.

In the chromatographic experiments with cut fibers, the
mount of IgG eluted (7.2 mg of IgG/g adsorbent) was from
2 to 84% lower than the value obtained in the minicartridge
xperiments (40.5–43.8 mg of IgG/g adsorbent) (Table 4). More-
ver, the selectivity of Ni(II)-IDA-PEVA minicartridge for IgG
Fig. 5d) was different of that on Ni(II)-IDA-PEVA cut fiber col-
mn (Fig. 3a). The minicartridge seemed to show better results of
gG selectivity, since with Ni(II)-IDA-PEVA cut fibers column,
ransferrin was the major impurity. This phenomenon could
e due to differences in adsorption affinities for IgG and for
ransferrin at Ni(II)-IDA-PEVA (transferrin could be adsorbed
t Ni(II)-IDA-PEVA with a weaker affinity than IgG) and to
ifferences in operational mode. At cut fiber chromatographic
xperiments, transferrin, which has a smaller size (76 kDa) than

gG (150 kDa), has its adsorption favored by diffusion into the
nterior of the pores, forming a protein deposit which might
revent the IgG from entering there. In presence of cross-flow
embrane process, the plasma solution is forced from the sur-
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Table 4
Effect of flow rate on the separation of IgG and proteins from human plasma on Ni(II)-IDA-PEVA hollow fibers in minicartridge and in column

Step Tris-HCl mM QF

0.5 (mL/min) 0.7 (mL/min) 0.5 (mL/min) 0.7 (mL/min)

IgG (mg) TPa (mg) IgG (mg) TPa (mg) Purity (%) Purity (%)

Elution

100 6.6 6.7 7.2 7.2 98.5 100.0
300 1.9 2.0 2.0 2.1 95.0 95.2
500 0.0 0.3 0.1 0.3 0.0 33.3
700 0.0 0.2 0.0 0.1 0.0 0.0

Regeneration EDTA 0.0 0.3 0.0 0.3 0.0 0.0

Total protein eluted (mg) 8.5 8.7 9.2 9.3 97.7 98.9
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a TP: total protein.

ace into the pores, displacing the transferrin molecules thus
liminating this effect. Convective transport of protein into the
ores may favor IgG adsorption.

. Conclusion

We have demonstrated that the Ni(II)-IDA-PEVA hollow
ber membrane system is a potential alternative for the purifi-
ation of human IgG. The IgG adsorption was influenced
y the buffer nature. The performance of the Ni(II)-IDA-
EVA minicartridge membrane compared to the conventional
i(II)-IDA-agarose beads showed a higher capacity and higher

electivity for the membrane configuration. The equilibrium
dsorption data was analyzed using Langmuir model. At dif-
erent temperatures, Kd values were in the range of 10−5 to
0−6 M for Ni(II)-(IDA/TREN)-PEVA hollow fiber membrane.
he negative values of �G◦ confirm a favorable adsorption of
uman IgG onto Ni(II)-IDA-PEVA and the positive value of
H◦ (26.2 kJ/mol) suggests an endothermic nature of adsorp-

ion. IgG adsorption could be achieved under mild conditions,
ear to physiological pH, low ionic strength, and at room temper-
ture. The adsorbed IgG could be eluted under non-denaturing
onditions.
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[9] S. Vançan, E.A. Miranda, S.M.A. Bueno, Process Biochem. 37 (2002) 573.
10] A. Denizli, M. Alkan, B. Garipcan, S. Özkara, E. Piskin, J. Chromatogr. B
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19] G. Bayramoğlu, G. Celik, M.Y. Arica, Colloids Surf. A 287 (2006) 75.
20] G.S. Chaga, J. Biochem. Biophys. Methods 49 (2001) 313.
21] S. Sharma, G.P. Agarwal, Anal. Biochem. 288 (2001) 126.
22] D. Petsch, W.-D. Deckwer, F.B. Anspach, C. Legallais, M. Vijayalakshmi,

J. Chromatogr. B 707 (1998) 121.
23] M. Belew, J. Porath, J. Chromatogr. 516 (1990) 333.
24] M.M. Bradford, Anal. Biochem. 72 (1976) 248.
25] U.K. Laemmli, Nature 227 (1970) 680.
26] J.H. Morrissey, Anal. Biochem. 117 (1981) 307.
27] P.P. Berna, N.T. Mrabet, J. VanBeeumen, B. Devreese, J. Porath, M.A.

Vijayalakshmi, Biochemistry 36 (1997) 6896.
28] A.W. Adamson, Physical Chemistry of Surfaces, fifth ed., John Wiley and

Sons, Inc., New York, 1990.
29] K. Haupt, S.M.A. Bueno, M.A. Vijayalakshmi, J. Chromatogr. B 674 (1995)

13.
30] L.C.L. Aquino, H.R.T. Sousa, E.A. Miranda, L. Vilela, S.M.A. Bueno, J.

Chromatogr. B 834 (2006) 68.
31] S. Sharma, G.P. Agarwal, Separ. Sci. Technol. 37 (2002) 3491.
32] T.C. Beeskow, W. Kusharyoto, F.B. Anspach, K.H. Kroner, W.D. Deckwer,

J. Chromatogr. A 715 (1995) 49.
34] G.M.S. Finette, Q.M. Mao, M.T.W. Hearn, J. Chromatogr. A 763 (1997)
71.

35] T.W. Hutchens, T.T. Yip, J. Inorg. Biochem. 42 (1991) 105.
36] P.D. Ross, S. Subramanian, Biochemistry 20 (1981) 3096.


	Effect of IDA and TREN chelating agents and buffer systems on the purification of human IgG with immobilized nickel affinity membranes
	Introduction
	Experimental
	Materials
	Immobilization of IDA and TREN chelating ligands onto PEVA hollow fiber membranes and agarose gel beads
	Analysis of plasma proteins and immunoglobulins
	SDS-PAGE electrophoresis
	Chromatographic experiments
	Batch IgG adsorption on Ni(II)-(IDA/TREN)-PEVA supports
	Cross-flow filtration of human plasma through Ni(II)-IDA-PEVA hollow fiber minicartridge

	Results and discussion
	Effect of chelating ligand type and buffer nature on IgG separation from human plasma by column chromatography
	Thermodynamic parameters of IgG adsorption onto Ni(II)-IDA-PEVA
	Chromatography of human plasma on Ni(II)-IDA-PEVA hollow fiber membrane minicartridge

	Conclusion
	Acknowledgments
	References


