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bstract

A novel affinity separation method in an aqueous two-phase system (ATPS) is suggested, using protein conjugated IgG as a ligand. For verification
f the proposed approach, horseradish peroxidase (HRP) and human IgG was used as a ligand carrier and affinity ligand, respectively. The partition
f the affinity ligand, human IgG, was controlled by the conjugation of HRP. Two ATPSs, one consisting of potassium phosphate (15%, w/w) and
olyethylene glycol (PEG, M.W. 1450, 10%, w/w) and the other of dextran T500 (5%, w/w) and PEG (M.W. 8000, 5%, w/w), were used. The
onjugated human IgG-HRP favored a PEG-rich top phase, whereas human IgG, rabbit anti-human IgG and goat anti-mouse IgG preferred a salt
r dextran-rich bottom phase. Using the conjugated human IgG-HRP, rabbit anti-human IgG was successfully separated into a PEG-rich top phase
rom the mixture with goat anti-mouse IgG. The appropriate molar ratio between human IgG-HRP and rabbit anti-human IgG was around 3:1 and

:1 for the salt and dextran-based ATPS, respectively. The dextran-based ATPS showed a better recovery yield and purity than the salt-based ATPS
or the range of test conditions employed in this experiment. The yield and purity of the recovered rabbit anti-human IgG were 90.8 and 87.7%,
espectively, in the dextran-based ATPS, while those in the salt-based ATPS were 78.2 and 73.2%.

2007 Elsevier B.V. All rights reserved.
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. Introduction

ATPS is a well-known and useful technology for the sep-
ration of biomolecules, offering biocompatibility, diversity,
ase of scale-up, etc. Various molecules have been used for
he construction of ATPSs, including salt, dextran, polyethylene
lycol (PEG), polysaccharide, and block copolymers. Electro-
tatic repulsion between the phase-forming molecules, which
re dissolved together above critical concentrations, constructs
wo immiscible phases. Since 65–90% of the ATPS is generally
ater, it provides favorable conditions regarding the stability

f biomolecules [1,2]. The partition coefficient (K) presents the
avored phase of a target molecule in ATPS [3]. It is affected
y the surface properties of the molecules [4], the molecular
eight and concentration of polymers [5–7], etc. In addition,
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Ligand carrier protein

he additional salt in the ATPS affects the hydrophobicity of the
TPS and the molecules, and thus the target molecules inside the
TPS can be separated more easily [8,9]. However, a high con-
entration of salt in the ATPS can damage the target molecule,
esulting in lowered activity of the recovered molecules. There-
ore, partitioning of impurities is also affected by the increment
f the additional salt concentration. Consequently, lower purity
f the recovered target molecule could be obtained [10,11].

Affinity partitioning (AP) based on the interaction between
molecule and its affinity ligand is a function of the number

f ligands per molecule, the concentration of ligands, and their
inding characteristics [12]. The affinity between the molecule
nd its ligand has been used for the improvement of selectivity in
TPSs. PEG and poly-N-isopropylacrylamide (poly(NIPAM))
ave been used as ligands for affinity separation in an ATPS

13–16]. Ling et al. [17] selectively recovered mono-methoxy-
oly(ethylene glycol) (MPEG) modified Streptococcus B1 in
n ATPS composed of PEG (M.W. 6000, 5%, w/w) and dex-
ran T250 (7.5%, w/w). This technique was also applied for the
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uantification of bacterial cells. Protein A was separated from
crude extract of E. coli DH1 suspension using a human IgG

nd Eudragit bound magnetic ferro-fluid [18]. The separation of
lcohol dehydrogenase was demonstrated using the dye Procion
ed from a bovine liver crude extract in ATPS-based counter-
urrent chromatography [19]. Soybean peroxidase was purified
y metal affinity partitioning in an ATPS [20]. The affinity ligand
as PEG-IDA-Cu2+ in salt (Na2SO4 or potassium phosphate)

nd a PEG (M.W. 4000)-based ATPS. The bioaffinity between
n enzyme and substrate was also used for the separation of
utinase with a fatty acid substrate in an ATPS [21].

Despite such extensive work in this area, to our knowledge
here has been no report on the use of large molecular weight
rotein as a carrier to change the partition of the affinity ligand.
rotein is a good candidate for controlling the partition, because

ts relatively high molecular weight enhances uneven distribu-
ion in an ATPS. Proteins typically have higher biocompatibility
han metals or dyes. Furthermore, an appropriate carrier enzyme
ould be directly used for the analysis of the concentration of
olecules, as performed in the experiment reported here. In this

tudy, horseradish peroxidase was selected as a model protein
o serve as a carrier for the control of partition of an affinity lig-
nd, human IgG. Human IgG was used as an affinity ligand for
elective binding with a target molecule, rabbit anti-human IgG.
oat anti-mouse IgG was used as a model impurity molecule

or the separation.

. Experimental

.1. Aqueous two-phase systems

Two ATPSs were tested in this study. One was composed of
0% (w/w) PEG (M.W. 1450) (Sigma–Aldrich Co., USA) and
5% (w/w) potassium phosphate (Samchun Co., Korea). The
ther consisted of 5% (w/w) PEG (M.W. 8000) (Sigma–Aldrich
o.) and 5% (w/w) dextran T500 (M.W. 500,000) (GE Health-
are Co., Sweden). These systems were constructed from
oncentrated stock solutions of 20% (w/w) PEG 1450, 10%
w/w) PEG 8000, and 10% (w/w) dextran T500 in 10 mM potas-
ium phosphate buffer (pH 7.0). The concentrated stock solution
f potassium phosphate (30%, w/w) for phase-separation was
issolved in distilled water. Each ATPS was constructed by mix-
ng of stock and buffer solutions at an appropriate ratio to make a
otal amount of 1 g, including IgG solutions. The total amount of
gGs added in each ATPS was fixed at 10 mg in all cases except
he experiment on the effect of molar ratio on partitioning. Total
0 mg of IgGs was added when the effect of molar ratio on par-
itioning was surveyed to assure the accuracy by using more
han 2.0 �l of solutions, especially for 1:10 and 10:1 ratio. The
olume of added IgG stock solutions in ATPS was decided con-
idering the concentration and molecular weight of IgGs in the
olutions. The averaged molecular weight of rabbit anti-human

gG and goat anti-mouse IgG is 140 kDa while that of human
gG-HRP is 180 kDa (supplied by manufacturer). The mixed
TPSs were centrifuged at 3000 rpm for 15 min and kept for 1 h

o complete phase-separation after adding antibody solutions.
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.2. Antibodies

The three commercially available antibodies were used with-
ut further purification treatment. HRP conjugated human IgG
Pierce Co., USA) were used as a ligand for affinity separation
f rabbit anti-human IgG (Pierce Co.). Goat anti-mouse IgG was
urchased from Pierce Co. The concentrations of IgGs in stock
olutions were 0.6, 0.6 and 1.0 g/l for rabbit anti-human IgG,
oat anti-mouse IgG and human IgG-HRP, respectively. The
oncentrations of antibodies were analyzed by enzyme-linked
mmunosorbent assay (ELISA). Using alkaline phosphatase
AP) conjugated goat anti-rabbit IgG and AP conjugated rab-
it anti-goat IgG, the concentration of rabbit anti-human IgG
nd goat anti-mouse IgG, respectively, was determined.

.3. Analysis

The concentrations of IgGs were determined using a 96-
ell plate and an ELISA reader (Biorad Co., USA). After the

gGs were coated on the well using a 50 mM sodium carbon-
te buffer solution (pH 9.6, Samchun Co.), the concentration of
uman IgG-HRP was directly measured using the ELISA reader
t 405 nm with 2,2′-azinobis [3-ethylbenzothiazoline-6-sulfonic
cid]-diammonium salt (ABTS, KPL Co., USA) as a substrate.
he concentration of rabbit anti-human IgG and goat anti-mouse

gG was determined by AP activity using p-nitrophenyl phos-
hate (PNPP, Pierce Co.) as a substrate. Since polymers and
alts affect the analysis of IgGs, the standard equations for the
alculation of each IgG were individually obtained using same
olymer and salt solutions in ATPSs (data not shown).

.4. Partition coefficient

Partition coefficient of the IgG was defined as the ratio of
he concentration of IgG in the top and bottom phases. After

easuring the antibody concentration in each phase, the logged
artition coefficient (log K) of the antibody was calculated. The
og K becomes 0 when IgG is equally distributed in both phases.

. Results and discussion

.1. Partition of IgGs

Partition of individual HRP conjugated human IgG, rabbit
nti-human IgG, and goat anti-mouse IgG was surveyed. As
n affinity ligand, the opposite partition of human IgG-HRP
rom rabbit anti-human IgG and goat anti-mouse IgG is essen-
ial for the separation. Potassium phosphate and dextran T500
ere selected as a salt and polymer, respectively, in a mixture
ith PEG, based on previous reports on the partition of IgGs

nd HRP [8,22–25]. The partition coefficients of human IgG-
RP, rabbit anti-human IgG, and goat anti-mouse IgG in salt or
extran-based ATPSs are shown in Fig. 1. All IgGs including

RP conjugated human IgG show the same trend in both the

alt and dextran-based ATPSs. The partition coefficient of HRP
onjugated human IgG was positive, whereas the coefficients of
he other two IgGs were negative. It is thought that the surface
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Fig. 2. Effect of molar ratio between human IgG-HRP and rabbit anti-human
IgG or goat anti-mouse IgG on partitioning of IgGs in salt or dextran-based
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ig. 1. Partition coefficient of IgGs in salt or dextran-based ATPS composed
ith PEG.

roperties of human IgG-HRP were changed by conjugation.
urther investigation on the effect of conjugation on the surface
roperties and partition of human IgG-HRP is required. The
extran-based ATPS has lower selectivity on human IgG-HRP
han the salt-based system, because the differences of the parti-
ion coefficients are smaller. The partition coefficient of human
gG-HRP in the dextran-based ATPS was around half that of the
alt-based ATPS, while the remaining two IgGs show similar
artition coefficients in both ATPSs.

.2. Effect of molar ratio of IgGs on partitioning

The partition coefficients of human IgG-HRP, rabbit anti-
uman IgG, and goat anti-mouse IgG in ATPSs with varying
olar ratio are shown in Fig. 2. The partition coefficient of

uman IgG-HRP was lower than the original values (in Fig. 1),
.6 and 0.3, for salt and dextran-based ATPSs, respectively, when
he ratio between human IgG-HRP and rabbit anti-human IgG
as 1:1, 1:5 or 1:10 (see lines with black circles in Fig. 2).
he increment of the fraction of human IgG-HRP induced an

ncreased partition of rabbit anti-human IgG in both the salt and
extran-based ATPSs (see lines with white circles in Fig. 2).
n the contrary, the partition coefficient of human IgG-HRP
as decreased as the fraction of rabbit anti-human IgG was

ncreased, because rabbit anti-human IgG preferred the salt or
extran-rich bottom phase, as described in section 3.1. Thus, rab-
it anti-human IgG can be partitioned more into the PEG-rich top
hase following the human IgG-HRP, and vice versa. As shown

n Fig. 2a, the partition of rabbit anti-human IgG is maximal in
he salt-based ATPS when the ratio of human IgG-HRP to rabbit
nti-human IgG is 10:1; however, it was drastically decreased
ith an decrease of the ratio of human IgG-HRP. The parti-

s
4
o
r

TPS. (a) From the mixture of human IgG-HRP (ligand) and rabbit anti-human
gG (target) and (b) from the mixture of human IgG-HRP (ligand) and goat
nti-mouse IgG (impurity).

ion coefficient of rabbit anti-human IgG was lower than human
gG-HRP in the salt-based ATPS when the ratio of rabbit anti-
uman IgG was larger than 1:1 (e.g. 1:1, 1:5 and 1:10). Since the
artition coefficient of rabbit anti-human IgG was higher than
uman IgG-HRP, at 10:1 and 5:1, theoretically more than one
abbit anti-human IgG should bind on a human IgG-HRP. Con-

idering that the molecular weight of HRP and IgG is roughly
0 and 150 kDa, respectively, it is thought that the active site
f rabbit anti-human IgG would mainly affect the partition of
abbit anti-human IgG, as suggested by Wingren et al. [25]. The
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ctive site of rabbit anti-human IgG would not be exposed to the
olution after binding with the human IgG-HRP.

The partition coefficient shows a different trend in the
extran-based ATPS. While the ratio of human IgG-HRP is
igher than rabbit anti-human IgG (e.g. 10:1 and 5:1), the coef-
cient of human IgG-HRP is higher than rabbit anti-human
gG. In addition, the complex of human IgG-HRP and rabbit
nti-human IgG would favor a PEG-rich top phase in the dextran-
ased ATPS more than in the salt-based ATPS, because the
artition coefficient of human IgG-HRP and rabbit anti-human
gG is larger than 0, even with a molar ratio of rabbit anti-human
gG that is higher than 1:1 (e.g. 1:1, 1:5 and 1:10). Human IgG-
RP and rabbit anti-human IgG were partitioned in the PEG-rich

op phase in all molar ratio ranges in the dextran–PEG ATPS,
ven at a 1:10 ratio. Again, it can be concluded that a multi-
le number of rabbit anti-human IgGs can bind on a human
gG-HRP and the complex prefers the PEG-rich top phase.

Goat anti-mouse IgG was used as a model impurity for
he affinity separation, and thus the mixture with human IgG-
RP showed similar trends with the rabbit anti-human IgG, as

hown in Fig. 2b. The amount of partitioned human IgG-HRP
as inversely proportional to the ratio of goat anti-mouse IgG.
owever, the difference in the partition coefficients by the incre-
ent of goat anti-mouse IgG was relatively smaller than that of

abbit anti-human IgG. The partition coefficient of human IgG-
RP with goat anti-mouse IgG was higher than 0, even when

he molar ratio of goat anti-mouse IgG was greater than 1:1.
onsidering the partition coefficient of human IgG-HRP (lower

han 0) with rabbit anti-human IgG in the dextran-based ATPS
Fig. 2a), these observations can be interpreted by the weaker
inding force of cross-reactivity between goat anti-mouse IgG
nd human IgG-HRP relative to the affinity of goat anti-mouse
gG with rabbit anti-human IgG. No inversion of the partition
oefficient of human IgG-HRP was found by the molar ratio of
oat anti-mouse IgG, in contrast with the case of rabbit anti-
uman IgG. Even if the partition coefficient of human IgG-HRP
nd goat anti-mouse IgG were affected by their cross-reactivity,
t would be smaller when a mixture of rabbit anti-human IgG
nd goat anti-mouse IgG were used, because human IgG-HRP
as a much stronger binding force with rabbit anti-human IgG
han with goat anti-mouse IgG.

.3. Affinity separation in ATPSs

The affinity separation of rabbit anti-human IgG from a
odel mixture that contained rabbit anti-human IgG and goat

nti-mouse IgG was conducted. The appropriate molar ratio of
uman IgG-HRP, rabbit anti-human IgG, and goat anti-mouse
gG for affinity separation was selected as 3:1:1 and 1:1:1 for salt
nd dextran-based ATPSs, respectively. The ATPS conditions
ere chosen under consideration of partition coefficients of the

igand, target and impurity IgGs (Fig. 3) for higher purity than
ecovery yield. Consequently, the partition coefficients were

lightly changed when a mixture of target (rabbit anti-human
gG) and impurity (goat anti-mouse IgG) molecules, instead
f a single molecule, was used. The competition between
ffinity binding and cross-reactivity is expected to affect the

4

t

ig. 3. Partition coefficient of IgGs after affinity separation by human IgG-HRP
rom a mixture of rabbit anti-human IgG and goat anti-mouse IgG in salt or
extran-based ATPS.

inding of molecules. Further experiment on this assumption
s needed. The partition coefficient of human IgG-HRP was
ncreased from 0.59 to 0.78 and from 0.29 to 0.52 in salt and
extran-based ATPSs, respectively, compared with the partition
oefficient when only human IgG-HRP was dissolved in the
TPS (Fig. 1). Rabbit anti-human IgG was moved to the salt
r dextran-rich bottom phase when it was added alone, but was
ifted to the PEG-rich top phase from the mixture with human
gG-HRP, even when goat anti-mouse IgG was mixed together.
he target IgG was successfully separated from the mixture by

he affinity separation method. The partition coefficient of rabbit
nti-human IgG was inverted by human IgG-HRP from −0.34
o 0.50 and from −0.30 to 0.75 in the salt and dextran-based
TPSs, respectively. The model impurity molecule, goat
nti-mouse IgG, still partitioned more in the salt or dextran-rich
ottom phase, but the partition coefficient was increased from
0.68 to −0.08 and from −0.7 to −0.17 in the salt and dextran-

ased ATPSs, respectively. The dextran-based ATPS showed
etter recovery yield and purity than the salt-based system. The
ecovery yield and purity of rabbit anti-human IgG from the
ixture were 78.2 and 73.2%, respectively, in the salt-based
TPS. In the case of the dextran-based ATPS, the yield and
urity of rabbit anti-human IgG were 90.8 and 87.7%, respec-
ively. These results demonstrate that the proposed method of
ffinity separation by protein conjugated IgG in an ATPS is a
romising technique for the separation of biomolecules.
. Conclusion

A novel affinity separation method in an ATPS using pro-
ein conjugated IgG is suggested. Rabbit anti-human IgG was
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uccessfully recovered from a mixture with goat anti-mouse
gG using human IgG-HRP conjugate as affinity ligand. The
eparation technique using protein as a carrier molecule of an
ffinity ligand described here is very promising for the separation
f biomolecules, since proteins have biocompatibility, diversity
nd uneven distribution in ATPS, etc. In addition, some of the
igand carrier proteins conjugated with IgG, such as HRP, alka-
ine phosphatase and �-galactosidase, can be directly used for
he quantitation of IgGs. Further investigations using various
roteins as carrier molecule for the control of the partition of the
ffinity ligand and application of developed techniques on real
amples are needed.
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