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Abstract Nowadays, there is an increasing demand to estab-
lish new feasible, efficient downstream processing (DSP)
techniques in biotechnology and related fields. Although sev-
eral conventional DSP technologies have been widely
employed, they are usually expensive and time-consuming
and often provide only low recovery yields. Hence, the DSP
is one major bottleneck for the commercialization of biologi-
cal products. In this context, polyethylene glycol (PEG)-salt
aqueous two-phase systems (ATPS) represent a promising,
efficient liquid-liquid extraction technology for the DSP of
various biomolecules, such as proteins and enzymes.
Furthermore, ATPS can overcome the limitations of tradition-
al DSP techniques and have gained importance for applica-
tions in several fields of biotechnology due to versatile advan-
tages over conventional DSP methods, such as biocompatibil-
ity, technical simplicity, and easy scale-up potential. In the
present review, various practical applications of PEG—salt
ATPS are presented to highlight their feasibility to operate as
an attractive and versatile liquid-liquid extraction technology
for the DSP of proteins and enzymes, thus facilitating the
approach of new researchers to this technique. Thereby,
single- and multi-stage extraction, several process integration
methods, as well as large-scale extraction and purification of
proteins regarding technical aspects, scale-up, recycling of
process chemicals, and economic aspects are discussed.
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Introduction

Nowadays, a wide variety of biomolecules and several spe-
cialized biotechnological products are required in different
biochemical and biotechnological industries, such as the cos-
metic, food, and pharmaceutical industry, and the demand for
these products is continuously increasing (Pavlou and
Reichert 2004; van Winssen et al. 2014a, b). Thereby, the
downstream processing (DSP) regarding recovery and purifi-
cation of biomolecules is often representing a major bottle-
neck of the whole production process in terms of complexity
and high cost, which can make up more than 70 % of the total
DSP product cost (Belter et al. 1988; Naganagouda and
Mulimani 2008; Raja et al. 2011). This process is complicated
due to product sensitivities toward organic solvents, pH
values, or high temperatures, severe regulatory laws for final
product quality, many unspecified impurities, and compara-
tively low product concentrations (Nfor et al. 2008; van
Winssen et al. 2014a, b). In order to develop an economically
feasible concentration and purification process, some factors
have to be considered, viz., recovery, compatibility, selectivi-
ty, and throughput (Naganagouda and Mulimani 2008). Since
current DSP strategies become often expensive owing to
drawbacks inherently related to these factors and are limited
by product loss or irreversible deactivation of target products,
there has been a growing interest in the development of feasi-
ble, efficient, stable, selective, and economical DSP unit op-
erations for the separation and purification of proteins and
enzymes (Naganagouda and Mulimani 2008; van Winssen
et al. 2014b). In this context, the application of aqueous two-
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phase systems (ATPS) or aqueous two-phase extraction
(ATPE) is representing a promising unit operation for the
DSP of sensitive biomolecules and biotechnological products
(Aguilar et al. 2006; van Winssen et al. 2014b).

In general, practical strategies are required for the develop-
ment and design of ATPE processes or their extraction stages
for primary recovery and purification of biological products
using ATPS in order to overcome the poor understanding of
the molecular mechanism governing the partitioning behavior
of solute in ATPS (Benavides and Rito-Palomares 2008; Rito-
Palomares 2004). Traditionally, ATPE processes are devel-
oped by empirically established operating conditions for each
extraction stage, at which the required time for the design of
these ATPE stages can be effectively reduced by practical
strategies (Rito-Palomares 2004). A practical approach
employed for predicting the development and design of
ATPE processes for the recovery of biomolecules using poly-
ethylene glycol (PEG)-salt ATPS is represented in Fig. 1, pro-
viding general rules for an initial establishing of the prelimi-
nary ATPE process conditions (Rito-Palomares 2004). This
proposed practical approach can be divided into four main
stages, viz., (1) initial physicochemical characterization of
the feedstock, (2) selection of the ATPS type, (3) selection
of system parameters, and (4) evaluation of the influence of
process parameters upon recovery/purity (Benavides and
Rito-Palomares 2008). For an initial characterization of phys-
icochemical product properties involved in the feedstock (i.e.,
product and major contaminants, molecular weight (MW),
isoelectric point (pl), hydrophobic character), it is recom-
mended to use experimental determinations and/or reported
information (Benavides and Rito-Palomares 2008). Once the
feedstock has been characterized, a suitable ATPS type (poly-
mer—salt, polymer—polymer, or ATPS formed with alternative
components) has to be selected to be used in the process con-
sidering the desired partitioning of target biomolecules
(Benavides and Rito-Palomares 2008). In this context, the
selection of polymer—salt ATPS has been preferred due to
low-cost of the phase-forming components, at which PEG—
phosphate ATPS are most widely exploited in this field (Rito-
Palomares 2004). Afterwards, the system parameters (PEG
MW, tie-line length (TLL), volume ratio (¥r), and pH) are
preselected and evaluated upon the recovery of target products
according to the essential corresponding phase diagram and
physicochemical properties of the product in order to define
the operating ATPE process conditions, finally achieving a
selective partitioning (Benavides and Rito-Palomares 2008).
If the recovery of the target product is not acceptable or low
after an evaluation of the system parameters, the ATPS type
has to be changed (Benavides and Rito-Palomares 2008). On
the other hand, if the recovery is acceptable or high enough,
the influence of process parameters (i.e., sample loading, ad-
dition of neutral salts or other chemicals, consecutive ATPE
stages, system geometry, recycling of chemicals, biomass
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concentration), upon product recovery/purity has to be evalu-
ated for further improving, thus optimizing the performance of
the recovery process by ATPE (Benavides and Rito-
Palomares 2008).

ATPE has been used since the mid-1950s as a mild
bioseparation technique covering a wide range of applications
in cell biology, biochemistry, and biotechnology (Albertsson
1986). In this context, ATPS have been efficiently used for
separating various proteins and enzymes and gained an in-
creasing interest of different industries for the recovery and
purification of high valuable products (Azevedo et al. 2009b;
Benavides and Rito-Palomares 2008; Rosa et al. 2011).
Furthermore, ATPS have been successfully used in various
other applications, such as the large-scale separation and pro-
duction of engineered proteins (Selber et al. 2004), multi-stage
ATPE of human antibodies (Rosa et al. 2009), or the initial
primary DSP for the partial purification of industrial enzymes
(Naganagouda and Mulimani 2008). In terms of process sim-
plicity and low-cost of the phase-forming components, the
large-scale extraction and purification of enzymes is feasible
by using appropriate scale-up techniques, which have been
used for some successful enzyme applications on a large-
scale ATPE (Hustedt et al. 1988; Kula et al. 1982;
Naganagouda and Mulimani 2008). Furthermore, ATPE has
been successfully utilized for the separation and purification
of biomolecule mixtures (Shahriari et al. 2010; Tanuja et al.
1997) and several biological active substances, such as human
antibodies (Azevedo et al. 2009a), whey proteins (Alcantara
et al. 2011), amylases (Kammoun et al. 2009), and lectins
(Nascimento et al. 2010). In particular, ATPS have been ex-
tensively used for the recovery and purification of valuable
biopharmaceuticals, like monoclonal antibodies, as an alter-
native to conventional chromatographic techniques (Azevedo
et al. 2009a, b, ¢; Mao et al. 2010; Muendges et al. 2015;
Oeclmeier et al. 2011; Platis and Labrou 2006; Rosa et al.
2009). Moreover, PEG—salt ATPS have been integrated in
different processes regarding bioconversion, fermentation,
cell disruption, and affinity partitioning, as discussed with
various other applications in the following chapters.
Furthermore, the mechanistic understanding and in silico
modeling of protein partitioning in ATPS are highly important
aspects and the main key for the broad applicability of ATPS
in the pharmaceutical industry and to meet regulatory de-
mands, but these aspects will be not within the scope of this
review and can be read elsewhere, such as in the publication
reported by Dismer et al. 2013.

Single- and multi-stage extraction
Partial or complete purification of proteins and enzymes is

obtained in the DSP by ATPS which can be used as a single-
or multi-stage extraction method depending on the specific



Appl Microbiol Biotechnol (2015) 99:6599-6616

6601

Fig. 1 Practical approach for the
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recovery and purification requirements (Albertsson et al.
1990; Benavides and Rito-Palomares 2008; Benavides et al.
2011; Raghavarao et al. 1995). In general, single-stage extrac-
tion is more suitable for the primary purification, i.e., removal
of cell debris and other contaminants, whereas multi-stage
extraction is used when the product recovery yield and/or
purity requirements cannot be obtained in one single separa-
tion stage (Benavides et al. 2011; Raghavarao et al. 1995). As
an alternative, the process conditions and system parameters
can be changed in consecutive extraction stages for further
increasing the process performance, which is recommended
for the recovery of high valuable products, when the target
product cost can compensate the cost related to the consump-
tion of phase-forming components and process operation
(Benavides and Rito-Palomares 2008; Benavides et al.
2011). A common process is consisting of two consecutive
separation stages, at which the first stage is used as a selective
extraction step, whereas the second is a back extraction
(Benavides et al. 2011). Simplified single- and multi- or
two-stage extraction processes based on PEG—salt ATPS
(Fig. 2) can be performed in batch or continuous mode. In this

using ATPS

context, a single-stage extraction process can be exemplarily
characterized by a selective extraction stage, resulting in a
PEG-rich top phase containing the target product and a salt-
rich bottom phase with the contaminants (Fig. 2a). On the
other hand, a multi- or two-stage extraction process (Fig. 2b)
can be described by a first selective extraction stage excluding
the contaminants of the salt-rich bottom phase from the feed-
stock and creating a PEG-rich top phase enriched in the target
product (Fig. 2a). Afterwards, the target product is partitioned
in the second extraction stage (back extraction) into the bot-
tom phase by using a fresh salt-rich back extraction solvent
facilitating a recycling of the top phase (Fig. 2b).

Moreover, multi-stage ATPE processes have been explored
using several additional techniques, such as the countercurrent
distribution (CCD) and countercurrent chromatography
(CCC) for the separation, recovery, and purification of biolog-
ical products (Albertsson 1986, 1990; Benavides et al. 2011;
Diamond and Hsu 1992; Raghavarao et al. 1995; Shibusawa
et al. 1998; Walter et al. 1985). In the CCD, biomolecules are
separated according to their affinity for both immiscible aque-
ous phases which are moving in opposite or countercurrent
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Fig.2 Single- (a) and multi-stage (b) extraction processes based on PEG—salt ATPS for the separation, recovery, and purification of biological products,

adapted from Benavides et al. (2011)

directions, mixed in a chamber and then settled down by grav-
ity or centrifugation to facilitate aqueous two-phase separation
(Akerlund 1984; Albertsson 1965; Benavides et al. 2011;
Diamond and Hsu 1992). In this context, the PEG-rich top
phase is transferred off in one and the salt-rich bottom phase
in the opposite direction in order to generate a new thermody-
namic equilibrium (Benavides et al. 2011). Hence, the contact
of both phases is resulting in a large number of transfer steps
(60 to 120) used for the separation of biomolecules with dif-
ferent partition coefficients (Albertsson 1986; Diamond and
Hsu 1992; Kula et al. 1982). On the other hand, the CCC is a
high-resolution chromatography technique based on the prin-
ciple of the CCD, in which the stationary phase is retained in a
column by gravity or centrifugation (Ito and Bowman 1971;
Shibusawa et al. 1998), providing several advantages over
high-performance liquid chromatography (HPLC), such as
higher processing capability, low pressure drops, and lower
maintenance cost (Benavides et al. 2011; Shibusawa et al.
1998). Thereby, phase-forming system components of low-
MW and low-viscosity are preferentially used due to a reduced
component deposition on the inner walls of the CCC equip-
ment, an increased mass transfer between the phases and low-
er pressure drops (Benavides et al. 2011). The CCC does not
have discrete transfer stages (like CCD) and is a continuous
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extraction operation resulting in a large number of transfer
units as exhibited in HPLC (Diamond and Hsu 1992;
Raghavarao et al. 1995). Furthermore, as the CCC does not
have any solid support beads (like chromatography), all dis-
advantages arising from them, like biomolecule denaturation,
sample contamination, and adsorption loss, are reduced
(Diamond and Hsu 1992; Raghavarao et al. 1995). Several
examples of single- und multi-stage extractions using PEG—
salt ATPS are summarized in Table 1.

Process integration

Since too many unit operations in the DSP of biological prod-
ucts are usually resulting in lower product recovery yields,
there is an increasing demand in the biotechnological industry
to establish new scalable and efficient product recovery pro-
cesses for the development of new biological products
(Benavides et al. 2008, 2011). In this context, process integra-
tion of unit operations is a common approach for DSP opti-
mization by combining two or more discrete unit operations
into one single unit operation, thus reducing the total number
of unit operations, while the product recovery yield is in-
creased without compromising its purity (Benavides et al.



Appl Microbiol Biotechnol (2015) 99:6599-6616

6603

Table 1  Several examples of single- and multi-stage extractions in PEG—salt ATPS

ATPS Biological source Target product Steps Reference

PEG 1000—phosphate F solani pisi Cutinase 1 Sebastido et al. (1996)

PEG 1000/3350—citrate E. coli Penicillin acylase 1 Marcos et al. (1998)

PEG 1000—phosphate E. coli L1 protein 1 Rito-Palomares and Middelberg (2002)
PEG 4000—citrate/(NH4),SO4 S. marcescens Keratinase 1 Bach et al. (2012)

PEG 6000/8000—citrate A. niger Phytase 1 Bhavsar et al. (2012)

PEG 2000—phosphate CHO cells 1gG1 1 Muendges et al. (2015)

PEG 6000—phosphate E. coli Human rhIFN-o 2 Guan et al. (1996)

PEG 1500/4000—phosphate A. awamori Glucoamylase 2 Minami and Kilikian (1998)

PEG 1000—phosphate Cheese whey «-La/p-Lg 2 Rito-Palomares and Hernandez (1998)
PEG 1000-phosphate Bovine blood BSA/IgG/Hb 2 Rito-Palomares et al. (2000)

PEG 1000-Na,SO, R. glutinis PAL 2 Yue et al. (2007)

PEG 1000-NaH,PO4 Wheat flour Esterase 2 Yang et al. (2010)

PEG 6000—phosphate B. stearothermophilus Lipases 3 Bradoo et al. (1999)

PEG 3000—phosphate P. sapidus/T.versicolor Laccases 3 Prinz et al. (2014)

PEG 3350-phosphate K. marxianus SOD 3 Simental-Martinez et al. (2014)

PEG 1000—phosphate S. cerevisiae Invertase 3 Vazquez-Villegas et al. (2015)

PEG 3350-phosphate CHO cells 1gG 4 Rosa et al. (2009)

2008, 2011; Rito-Palomares 2004). In this context, four major
process integration techniques using PEG—salt ATPS are
available, viz., (1) extractive bioconversion, (2) extractive fer-
mentation, (3) extractive disruption, and (4) extractive purifi-
cation (Benavides et al. 2008, 2011), as depicted in Fig. 3 and
outlined separately ahead.

Extractive bioconversion

Extractive bioconversions are consisting of the synthesis of a
biological product in one phase (e.g., PEG-rich top phase)
using a biocatalyst (e.g., enzyme) and a continuous separation
as well as in situ recovery of the synthesized target product
toward the opposite biocatalyst-free phase (e.g., salt-rich bot-
tom phase) (Fig. 3a) (Andersson and Hahn-Héagerdal 1990;
Benavides et al. 2011; Zijlstra et al. 1998). Hence, a biochem-
ical reaction is taking place in the aqueous phase containing
the biocatalyst (enzyme or microorganism), while the target
product is partitioned and recovered in the opposite
biocatalyst-free phase (Andersson and Hahn-Hégerdal 1990;
Benavides et al. 2008). That means, ATPS provide an inter-
esting technique for a simultaneous synthesis, recovery, and
purification of a biological product by using biocatalysts, at
which the substrate or biocatalyst (e.g., enzyme, microorgan-
ism) is partitioned into one phase, while the target product
(e.g., protein) is partitioned into the opposite phase
(Albertsson et al. 1990; Diamond and Hsu 1992). This
extraction/separation can be only facilitated when enzymes
and target products are completely partitioned into opposite

phases, at which this complete partitioning is the main diffi-
culty in extractive bioconversion (Andersson and Hahn-
Hagerdal 1990; Cabral 2007; Kondo et al. 1994). However,
this difficulty has been overcome by using enzymes as whole
cell preparations (Tomaska et al. 1995), an immobilization of
enzymes on ultrafine silica particles (Kondo et al. 1994), and a
chemical coupling of enzymes to PEG (Mukataka et al. 1992).
Furthermore, it is necessary for an efficient extraction/
separation that enzymes maintain their stability under the op-
erational conditions containing pH changes and the use of
high reactant concentrations (Andersson et al. 1984). Since
the target product is continuously removed without losing
the biocatalyst and not enriched in the reactive biocatalyst-
containing phase, the target product is preferentially synthe-
sized owing to the thermodynamic equilibrium (Benavides
et al. 2008, 2011; Ratanapongleka 2010). Furthermore, the
biocatalyst can be retained and reused by recycling of the
biocatalyst-containing phase and a biocatalyst-free target
product phase is available for a further DSP (Cabral 2007;
Zijlstra et al. 1998). ATPS are especially beneficial for in situ
product recovery in extractive bioconversions due to a rela-
tively mild environment for biocatalysts providing biocompat-
ibility and the suitability for the extraction of hydrophilic
products like proteins (Albertsson 1986; Andersson and
Hahn-Héagerdal 1990; Cabral 2007; Hustedt et al. 1988;
Kulaetal. 1982; Zijlstra et al. 1998). Furthermore, ATPS have
shown potential for increasing product yield and overall pro-
ductivity of extractive bioconversions which have a scale-up
potential (Andersson and Hahn-Hégerdal 1990;
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Ratanapongleka 2010; Zijlstra et al. 1998). An increasing
product yield may be obtained by decreasing product inhibi-
tion through immediately removing target product or by
preventing product degradation through diminishing product
residence time in the biocatalyst vicinity (Zijlstra et al. 1998).
Moreover, this in situ product recovery technique is providing
a continuous processing with biocatalyst retention, resulting in
a high improved overall volumetric productivity (Zijlstra et al.
1998). Several examples of extractive bioconversions in
PEG-salt ATPS are shown in Table 2.

Extractive fermentation

Extractive fermentations are further extraction strategies con-
taining in situ product recovery and simultaneously performed
fermentation and product separation processes (Banik et al.
2003). Furthermore, these techniques are involving the growth
of an expression system synthesizing an extracellular target
product in one of the aqueous phases (e.g., PEG-rich top
phase), while the expressed target product is partitioned to-
ward the opposite phase to be recovered (e.g., salt-rich bottom
phase) (Fig. 3b) (Benavides et al. 2011). Thereby, aqueous
biphasic systems are inoculated with the expression system

@ Springer

extraction; d extractive purification=affinity+extraction, adapted from
Benavides et al. (2011)

growing selectively in a particular phase, while the continu-
ously secreted target product is partitioned toward the oppo-
site phase (Benavides et al. 2011). This approach is
representing an attractive technology for the continuous re-
moval of the target product from fermentation broth as it is
produced by the expression system, thus overcoming low
product yields in conventional fermentation processes due to
product inhibition and recovering the target product in one
cell-free phase, while the expression system is continuing its
production in the opposite phase (Benavides et al. 2008, 2011;
Rito-Palomares 2004; Sinha et al. 2000). That means, extrac-
tive fermentation or in situ product recovery is involving the
integration of an extractive step as the first DSP step for the
removal of the target product simultaneous to its synthesis and
it is providing a technological solution to overcome limita-
tions of product inhibition and low-volumetric productivity
properties of biotechnological processes (Banik et al. 2003).
Overall, extractive fermentations can only be used when the
target product is secreted by the expression system, i.e., when
it is extracellular; thus, they are limited to the recovery of
extracellular target products (Benavides et al. 2008; Rito-
Palomares 2004). Various examples of extractive fermenta-
tions in PEG—salt ATPS are represented in Table 3.
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Table 2 Several examples of extractive bioconversions in PEG—salt ATPS

ATPS Biocatalyst Target product Reference

PEG 300—phosphate Acylase L-Methionine Kuhlmann et al. (1980)
PEG 20000—phosphate Penicillin acylase 6-Aminopenicillanic acid Andersson et al. (1984)
PEG 4000—phosphate [3-Galactosidase Glucose Chen and Wang (1991)
PEG 4000—phosphate Penicillin acylase 6-Aminopenicillanic acid Chang et al. (1992)

PEG 1550-phosphate
PEG 6000—phosphate
PEG 400-MgSO4

PEG 4000-saline medium
PEG 400—(NH,),SO4
PEG 600—phosphate

Fumarase

Penicillin acylase
Penicillin G acylase
P, pastoris
Penicillin acylase

Protease

L-Malate
6-Aminopenicillanic acid
Cephalexin

A. albopictus akirin
Cephalexin

Collagen

Papamichael et al. (1992)
Liao et al. (1999)

Wei et al. (2002)

Canales et al. (2009)
Aguirre et al. (2010)
Selvakumar et al. (2012)

Extractive disruption

In contrast to extractive fermentations, when the target
product is not secreted into the culture media and is
therefore intracellular, cell disruption is necessary in or-
der to release the target product or for the recovery of
intracellular target products (Benavides et al. 2008,
2011; Rito-Palomares 2004). In this context, extractive
disruption, i.e., the application of ATPS for the integra-
tion of cell disruption and the primary recovery of in-
tracellular target products is representing an attractive
approach (Benavides et al. 2008, 2011; Rito-Palomares
2004). Thereby, cell disruption or permeation can be
performed chemically or mechanically within the ATPS
leading to a homogenous solution which is afterwards
allowed to settle down in order to promote aqueous
two-phase separation (Benavides et al. 2011). Hence,
cell disruption of the expression system and a selective
separation of the released target product in a particular
aqueous phase (e.g., PEG-rich top phase) as well as

partition of cell debris in the opposite phase (e.g., salt-
rich bottom phase) or a probable formation of an inter-
phase between the top and bottom phase by the cell
debris are simultaneously achieved in a single unit op-
eration (Fig. 3c) (Benavides et al. 2008, 2011; Rito-
Palomares and Lyddiatt 2002; Rito-Palomares 2004).
Generally, the process conditions for the extractive dis-
ruption of a biomolecule (e.g., protein) from
disintegrated cells should be chosen in such a way that
the protein is preferentially partitioned into the top
phase, while the solid cell material/cell debris is normal-
ly partitioned into the bottom phase (Hustedt et al.
1985b; Kula et al. 1982). On the other hand, the reverse
case is rather disadvantageous regarding phase separa-
tion on a technical scale since the performance of a
centrifugal separator is highly decreased by a high solid
concentration in the top phase (Hustedt et al. 1985b).
Finally, the target product yield and quality can be in-
creased by extractive disruption due to economic pro-
cess benefits related to the reduction of unit operations

Table 3  Several examples of extractive fermentations in PEG—salt ATPS

ATPS

Microorganism

Target product

Reference

PEG 4000—phosphate
PEG 6000-K,HPO,
PEG 3350-K,HPO,
PEG 1000—phosphate
PEG 1000—phosphate
PEG 4000—phosphate
PEG 10000—citrate
PEG 8000—phosphate
PEG 4000—citrate
PEG 8000—citrate

B. thuringiensis

B. pumilus

S. cerevisiae

B. subtilis

B. subtilis

A. oryzae

C. perfiingens
B.sporothermodurans
A. niger

B. cereus

Alkaline protease

Xylanase

F. solani pisi Cutinase fusion proteins
Alkaline protease

«-Amylase

«-Galactosidase

Protease

Lipase

Lipase

Cyclodextrin glycosyltransferase

Hotha and Banik (1997)

Bim and Franco (2000)

Cunbha et al. (2003)

Chouyyok et al. (2005)

Bezerra et al. (2006)

Naganagouda and Mulimani (2008)
Porto et al. (2008)

Barbosa et al. (2011)

Marini et al. 2011

Ngetal 2011
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(Rito-Palomares 2004). Different examples of extractive
disruptions in PEG—salt ATPS are shown in Table 4.

Extractive purification

In addition to the application of ATPS as a primary recovery
technique, these systems are also suitable for partial purifica-
tions of a target product (Benavides et al. 2008). In this con-
text, ATPS are containing chemically modified phase-forming
polymers (e.g., PEG) and the addition of affinity ligands (bi-
ological or chemical molecules) is usually leading to a signif-
icant enhancement of the selectivity and purification factor of
the target product in aqueous two-phase affinity partitioning
(ATPAP) or extractive purification by using bioaffinity-
enhanced ATPS, at which a product-ligand complex may be
built and partitioned in one of the phases (e.g., PEG-rich top
phase), while the contaminants are partitioned into the oppo-
site phase (e.g., salt-rich bottom phase) (Fig. 3d) (Benavides
et al. 2008, 2011; Liu et al. 2011; Park et al. 2007). Hence,
bioaffinity-enhanced ATPS enable the integration of primary
recovery and purification of target products in one single
stage, thus considerably increasing the potential of ATPS for
purifying a target product (Benavides et al. 2008, 2011). In
general, ATPAP or affinity partitioning and separation in
ATPS may be achieved by two different techniques, viz., (1)
free ligand addition and (2) ligand-coupled components
(Benavides et al. 2011), as illustrated in Fig. 4.

The first technique is consisting of the addition of affinity
ligands (molecules with a specific affinity for a particular tar-
get product) to ATPS which can be free in solution (Liu et al.
2011; Park et al. 2007), resulting in an uneven partition of the
ligands between the phases (Benavides et al. 2011). These free
ligands are inducing a partition shift of the target biomolecule
without any chemical modification of the phase-forming com-
ponents (Azevedo et al. 2009a; Ruiz-Ruiz et al. 2012). Finally,
when the target product is added to ATPS, it is partitioned

selectively into the free ligand-rich phase (Fig. 4a)
(Benavides et al. 2011). In the second technique, ATPS are
totally or partially formed by using derivate phase-forming
components containing covalently attached affinity ligands
specific for a particular target product (Benavides et al.
2011; Liu et al. 2011; Park et al. 2007). In other words, a
chemical modification of the phase-forming components is
taking place by attaching affinity ligands with specificity for
the target biomolecule (Cordes et al. 1987; Ruiz-Ruiz et al.
2012). Consequently, when the target product is added to
ATPS, it is partitioned preferentially toward the ligand-
coupled-rich phase (Fig. 4b) (Benavides et al. 2011). Hence,
ligands covalently bound to one of the phase-forming compo-
nents are useful in order to direct protein extractions according
to the ligand which is predominantly partitioned with the poly-
mer in one phase (Kula and Selber 2002). In this context, there
is an equilibrium of partition and protein-ligand complex for-
mation in affinity extraction processes according to Fig. S1 in
the Supplementary Material (Kula and Selber 2002). This af-
finity extraction technique is a reactive process, whose extrac-
tion efficiency is depending on the number of binding protein
sites and the dissociation constant of the complex, at which the
latter may be differing in both phases (Cordes et al. 1987; Kula
and Selber 2002). In this technique, a covalent coupling of
ligands to one of the phase-forming components is usually
requiring complex chemical procedures involving activation
and a grafting stage (Benavides et al. 2011). In case of PEG—
salt ATPS, PEG has to be chemically active and is easily
amenable to derivatization due to its terminal hydroxyl
groups, thus strategies focus on active hydroxyl groups pres-
ent in polymers (Azevedo et al. 2009¢; Liu et al. 2011; Ruiz-
Ruiz et al. 2012). These active hydroxyl groups provide a
chemical nature allowing a further covalent coupling of affin-
ity ligands or addition of nucleophilic groups present in amino
acids, peptides, and proteins; hence, nucleophilic substitutions
and additions are resulting in protein coupling (Andrews et al.

Table 4  Several examples of extractive disruptions in PEG—salt ATPS
ATPS Microorganism Target product Reference
PEG 1540/10000—phosphate L. casei D-HicDH Hummel et al. (1985)

PEG 1000—phosphate S. cerevisiae

PEG 1000/3350—citrate E. coli
PEG 300/8000—phosphate E. coli
PEG 1450-phosphate S. maxima

Fumarase/Pyruvate kinase (PK)
Penicillin acylase
«-Glucosidase inclusion body
C-Phycocyanin

Rito-Palomares and Lyddiatt (1996)
Marcos et al. (1998)

Walker and Lyddiatt (1998)
Rito-Palomares et al. (2001)

PEG 1000/1450—phosphate S. cerevisiae G3PDH Rito-Palomares and Lyddiatt (2002)
PEG 20000—phosphate S. cerevisiae Alcohol dehydrogenase Madhusudhan et al. (2008)
PEG 3350-MgSOy4 S. cerevisiae Invertase Madhusudhan and Raghavarao (2011)

PEG 1000/1550—phosphate
PEG 1000*N3.2CO3

R. nu larvae

E. coli

Horseradish peroxidase isozyme C

Proline dehydrogenase

Targovnik et al. (2012)
Mohammadi and Omidinia (2013)
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Fig. 4 Bioaffinity-enhanced partitioning in PEG—salt ATPS containing a free ligand addition and b ligand-coupled components, adapted from Benavides et al.

(2011) and Ruiz-Ruiz et al. (2012)

1990; de Gouveia and Kilikian 2000; Head et al. 1989; Ruiz-
Ruiz et al. 2012). Several examples of traditional procedures
for activation of PEG molecules for ATPAP have been reported
by Harris et al. (1984) and Ruiz-Ruiz et al. (2012). In this
context, ATPAP strategies could be developed by using PEG
derivatives as affinity ligands, such as PEG—trimethylamine,
PEG-palmitate, PEG-benzoate, and/or PEG—phenylacetamide
(Ruiz-Ruiz et al. 2012). Generally, cofactors or inhibitors of the
target protein can be used as affinity ligands, at which ligands
based on textile dyes are more often used than natural ligands
(Kula and Selber 2002). Besides textile dyes, metal chelators
are also used as attractive ligands, as they are robust and cheap
chemicals applicable in PEG—salt ATPS offering a useful selec-
tivity (Kula and Selber 2002). Furthermore, various syntheses
of PEG derivatives have been reported by Harris (1985).
Overall, ligand-coupled components are used preferentially
since there is no previous characterization of the partitioning
behavior of free ligands necessary (Benavides et al. 2011).
Nevertheless, the application of free ligands is emphasized by
recent researchers in order to avoid chemical activations of

polymers (Ruiz-Ruiz et al. 2012). Several examples of extrac-
tive purifications in PEG—salt ATPS are highlighted in Table 5.

Large-scale extraction and purification

Extractions and purifications of proteins, such as enzymes,
using ATPS have been successfully performed on a large scale
for more than a decade (Cunha and Aires-Barros 2002).
Thereby, the partitioning of proteins in ATPS is a promising
large-scale extraction and purification technique containing an
increasing application for large-scale processes in industry
and providing a technically and economically attractive alter-
native to traditional bioseparation processes (Albertsson 1986;
Diamond and Hsu 1992; Hustedt et al. 1985a, b; Kroner et al.
1984; Kula and Selber 2002). PEG—salt ATPS are most com-
monly used in large-scale applications because they have a
general applicability, a relatively suitable viscosity and density
difference, as well as biodegradability and non-toxicity
(Diamond and Hsu 1992; Gu 2000). Moreover, the intensive

Table 5  Several examples of extractive purifications in PEG-salt ATPS
ATPS Ligand Target product Reference
PEG 8000—phosphate Gluthatione Thaumatin Andrews et al. (1990)

PEG 1540/6000—phosphate (IDA)-Cu**/Zn* /N> /Fe*

PEG 4000-phosphate Trimethylamine

PEG 4000—phosphate Thresyl chloride/ APGP
PEG 300-phosphate Starch

PEG 1500—phosphate Butyrate

PEG 6000-K,HPO, Alginate

PEG 4000-Na,SO, Bz/PAL/TMA/PAA
PEG 6000—phosphate Chitosan

PEG 6000+NH4),SO4 Triazine dye: Red 120

o-M/t-PA/SOD/IgG, k

Penicillin acylase

Birkenmeier et al. (1991)

Guan et al. (1992)

Silva and Franco (1999)

de Gouveia and Kilikian (2000)
Fernandes et al. (2001)

Teotia and Gupta (2001)
Gavasane and Gaikar (2003)
Teotia et al. (2006)

Ling et al. (2010)

[3-Galactosidase
Glucoamylase
Cutinase

- and 3-Amylases
Penicillin acylase
Lectin

Papain
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large-scale application of PEG—salt ATPS is mainly attributed
to economic considerations (Albertsson et al. 1990). Several
examples of large-scale applications and patents are summa-
rized in Table 6 and Table S1 in the Supplementary Material,
respectively, addressing large-scale extractions and purifica-
tions of various proteins in PEG—salt ATPS. Since these mac-
romolecules are used in all biotechnology-related applica-
tions, as they are the most versatile biomolecules in terms of
functionality and structure, PEG—salt ATPS are primarily used
for the large-scale extraction and purification of proteins, such
as enzymes, therapeutic proteins, and functional proteins as
additives (Benavides et al. 2011). Different investigations
have been carried out concerning enzyme recoveries with ap-
plications in food, paper, and detergent industry, as well as in
medical treatments and bioremediation (Benavides et al.
2011). Moreover, an extensive research has been conducted
regarding applications for the primary recovery and partial
purification, as well as for understanding the separation be-
havior of therapeutic proteins, such as monoclonal and poly-
clonal antibodies, «-interferon, and blood/serum-related pro-
teins in ATPS due to an ever-increasing interest in using ther-
apeutic proteins for the treatment and prevention of a wide
range of diseases (Andrews and Asenjo 2010; Benavides
et al. 2011). Furthermore, the recovery and purification of
functional proteins used in the cosmetic and food industry,
as well as in molecular biology have been reported
(Benavides et al. 2011). For instance, phycobiliproteins, i.e.,
colored proteins forming a part of the photosynthetic appara-
tus of cyanobacteria and reel algae, like B-phycoerythrin and
C-phycocyanin, have been partitioned and partially purified in
ATPS (Benavides et al. 2011). These proteins are used as color
agents for cosmetic and food products, as well as applied in
microscopy and molecular biology as fluorescent colorant for
labeling and immunodetection (Benavides and Rito-
Palomares 2006; Benavides et al. 2011; Rito-Palomares
et al. 2001; Ruiz-Ruiz et al. 2013).

Technical aspects

Large-scale protein recovery using ATPS is requiring two
technical operations, viz., (1) mixing of the phase components
followed by phase dispersal and (2) phase separation (Cunha
and Aires-Barros 2002; Hustedt et al. 1985b). In batch pro-
cesses, equilibration is usually obtained by using stirred ves-
sels or mixer-settler devices (Cunha and Aires-Barros 2002;
Hustedt et al. 1985b; Kula and Selber 2002; Papamichael and
Hustedt 1994). A few minutes (e.g., 10 min) of gentle stirring
are normally enough in order to obtain phase and partition
equilibrium (Cunha and Aires-Barros 2002; Fauquex et al.
1985; Hustedt et al. 1985a, b). The fast (<30 s) approach to
equilibrium (Fauquex et al. 1985) due to low interfacial ten-
sion between both phases is facilitating a very small droplet
formation, and hence a large interface for mass transfer with
low energy input (Cunha and Aires-Barros 2002; Hustedt
et al. 1985a, b; Kula and Selber 2002). After phase equilibra-
tion is achieved, the phases have to be separated into a top and
bottom phase which is carried out either by settling under
gravitational force for fast-settling PEG—salt systems or by
continuously operating common centrifugal separators
(Cunha and Aires-Barros 2002; Hustedt et al. 1985a; Kula
and Selber 2002). The latter is recommended at a high viscos-
ity or low density difference between the phases (Hustedt et al.
1985a; Kula and Selber 2002). Furthermore, centrifugation is
resulting in higher yields as entrainment is avoided at higher g
forces, at which optimal feed rates of the suspension up to 3 L/
min corresponding to a residence time of about 16 s have been
reported using small disk stack separators (Hustedt et al.
1985a; Kula and Selber 2002). After the initial separation step,
the PEG-rich top phase is often mixed with salts to form a
secondary phase, at which experimental conditions are select-
ed according to a partitioning of the target protein into the salt-
rich bottom phase and a further processing after phase sepa-
ration (Kula and Selber 2002). Furthermore, ultrafiltration,

Table 6  Several large-scale applications of proteins/enzymes in PEG—salt ATPS

ATPS Biological source Target product Reference

PEG 400/1550—phosphate C. boidinii Formate dehydrogenase Kroner et al. (1982)

PEG 1540/10000—phosphate L. confusus D-Lactate dehydrogenase Hummel et al. (1983)

PEG 6000—phosphate E. coli [3-Galactosidase Veide et al. (1983)

PEG 1540—phosphate B. cereus L-Leucine dehydrogenase Schiitte et al. (1985)

PEG 6000—phosphate C. boidinii Formate dehydrogenase Cordes and Kula (1986)

PEG 4000—phosphate E. coli AGfgal Strandberg et al. (1991)

PEG 1550—phosphate Cheese whey «-La/B-Lg Dos Reis Coimbra et al. (1994)
PEG 8000—Na,SO4 E. coli Insulin-like growth factor I Hart et al. (1994)

PEG 3350-K,HPO,
PEG 1000—phosphate

S. cerevisiae

P. cruentum

Cutinase Costa et al. (2000)

B-Phycoerythrin Ruiz-Ruiz et al. (2013)

@ Springer



Appl Microbiol Biotechnol (2015) 99:6599-6616

6609

centrifugation, adsorption, or electrophoreses can be used for
protein isolation from PEG-rich top phases, at which ultrafil-
tration or diafiltration is preferably used in large-scale process-
es in order to concentrate and condition the target product
from the secondary salt-rich bottom phase, while the PEG-
rich top phase may be recycled (Hustedt et al. 1985b;
Johansson 1994; Kula and Selber 2002). Besides this, a sec-
ondary salt-rich bottom phase may be applied under certain
conditions to a chromatographic support, like hydrophobic
interaction matrices (Kula and Selber 2002).

Although most of the ATPE processes are usually carried
out in the batch mode operation, they are also suitable for
continuous processing, which is often more cost-effective
due to an efficient use of time and space with consequently
low labor cost (Espitia-Saloma et al. 2014; Hustedt et al.
1985a, b; Kula and Selber 2002). Hence, ATPE processes
performed in a continuous or semi-continuous operation mode
in the biotechnological industry are resulting in reduced pro-
cess time and cost, as well as increased process yields (Espitia-
Saloma et al. 2014; Igarashi et al. 2004; Vazquez-Villegas
et al. 2011). Owing to these advantages, many promising re-
search areas within continuous ATPS operation mode are now
available, such as the bioaffinity partitioning (Ruiz-Ruiz et al.
2012) and separation of PEGylated proteins (Mayolo-Deloisa
et al. 2011), in order to recover different biomolecules, oper-
ational models for process optimization, large-scale operation,
phase recirculation, etc. (Espitia-Saloma et al. 2014). In gen-
eral, continuous processing in production lines can be divided
into the co-, cross-, and countercurrent flow, at which the last
is the most efficient production line in large-scale processes
due to higher yields and lower chemical consumptions (Kula
and Selber 2002; Papamichael and Hustedt 1994).
Countercurrent extraction has been studied for various multi-
stage extraction processes, while the continuous cross-current
extraction has been investigated experimentally in pilot scale
(Kula and Selber 2002; Vazquez-Villegas et al. 2015).
Enzyme extraction has been successfully carried out using
more than 500 kg yeast per day in a computer-controlled pro-
cess (Hustedt et al. 1987; Kula and Selber 2002). The proce-
dure could also be applied for continuous enzyme extraction
from bacterial cell homogenates (Hustedt and Papamichael
1988; Kula and Selber 2002). Furthermore, several other
cross-current extraction processes have been developed so
far (Hustedt et al. 1985b, 1988; Papamichael and Hustedt
1994; Veide et al. 1984). For instance, fumarase has been
recovered from Brevibacterium ammoniagenes by a two-
stage extraction process (Hustedt et al. 1985a, b; Kroner
et al. 1984). Since multiple partition stages are required in
order to improve the extraction efficiency or achieve a higher
purification by using ATPS, several multi-stage devices used
in the chemical industry for liquid-liquid ATPE processes
have been studied (Kula and Selber 2002). Thereby, the per-
formance of the raining bucket or Graesser contactor has been

best investigated for the separation of «-lactalbumin from
cheese whey, resulting in a space time yield of 29 g/L per
reactor volume and day, as well as a reduced rotation speed
from 20 to 2-5 rpm when working with PEG—salt ATPS,
while the rotational direction has been additionally reversed
in order to reduce the mixing intensity and avoid flooding
(Dos Reis Coimbra et al. 1994, 1995; Kula and Selber
2002). Other devices studied for multi-stage extractions are,
e.g., the mixer-settler (Veide et al. 1984), Kiihni columns
(Hustedt et al. 1980), spray columns (Jafarabad et al. 1992),
and the Podbielniak extractor (Kula et al. 1982), which can be
operated successfully with particular precautions against
flooding (Kula and Selber 2002). Furthermore, liquid-liquid
extraction equipment and methodology for ATPE of proteins
on a large scale using different multi-stage devices employed
for continuous ATPE processes, such as novel designed
mixer-settler units, conventional column contactors (e.g., plate
column, packed column, York-Sheibel column), and various
other contactors and devices for enhancing mass transfer and
improving protein recoveries have been reported in literature
(Cunha and Aires-Barros 2002; Espitia-Saloma et al. 2014;
Kula et al. 1982; Raghavarao et al. 1995).

Scale-up

One of the major advantages of ATPS is the easy scale-up
potential through the use of commercially available extraction
equipment and machinery commonly used for organic aque-
ous extractions in the chemical industry (Cunha and Aires-
Barros 2002; Kula et al. 1982; Kula and Selber 2002;
Raghavarao et al. 1995). The ease of scaling up combined
with high obtained partition coefficients is providing potential
applications in the large-scale DSP of proteins (Cunha and
Aires-Barros 2002). In this context, several authors (Hart
et al. 1994; Kroner et al. 1982; Schiitte et al. 1983) have
demonstrated the feasibility of the scale-up potential by a pro-
portional linear increase of the amount of process chemicals
requiring centrifugation equipment which is commercially
available and can be selected according to the Sigma concept
(Kula and Selber 2002). This concept, introduced by Ambler
1959, is a common method for comparing the settling area of a
centrifuge with the one of a gravity settling tank capable of the
same separation performance as the centrifuge resulting in a
centrifugal settling area or an equivalent separation area which
is commonly used to describe the clarification process in a
centrifuge and is an index of its size (Ambler 1959;
Boychyn et al. 2000; Mannweiler 1989). Thereby, extractive
enzyme recovery has been performed on scales varying from
10 mL to more than 1 m® of the phase system, at which a
scaling up from 10 mL containing a proportional increase of
the amount of all process chemicals yielded to similar results,
within experimental error, for the extraction process of various
biomolecules, like enzymes (Hustedt et al. 1985a), as reported
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exemplarily for the purification of leucine dehydrogenase
from Bacillus sphaericus (Schiitte et al. 1983), as well as
presented in an extensive study on the purification of formate
dehydrogenase (FDH) from Candida boidinii (Kroner et al.
1982). In Table S2 in the Supplementary Material, the scale-
up data of Kroner et al. (1982) are represented for the purifi-
cation of FDH from C. boidinii in a PEG—potassium phos-
phate system, in which the yield of FDH obtained in 10 mL
scale partition steps is compared with the yield observed in
process scale during the purification of FDH, resulting in sim-
ilar data, even at the highest scale-up factor close to 40,000
(Kula et al. 1982). In other words, a scale-up of nearly 40,000
was carried out for several separation steps without any sig-
nificant changes in yield (Kula and Selber 2002). Thereby, the
fast approach to phase equilibrium with gentle stirring and
mixing, the fact that the partitioning of target products is in-
dependent of process scale and product concentration (in the
range of practical interest), as well as an efficient and reliable
phase separation are contributing to advantageous circum-
stances for scale-up (Hustedt et al. 1985a). On the other hand,
scale-up is further facilitated by the abovementioned commer-
cial availability of the required equipment and machinery ow-
ing to the high standard of extraction technologies in the
chemical industry, e.g., separators covering a wide variety of
sizes (Hustedt et al. 1985a; Kula et al. 1982).

Recycling of process chemicals

The application of ATPS in large-scale processes is not only
depending on technical potential and feasibility but is also
strongly depending on the overall process economics, at
which the high chemical and waste disposal cost regarding
the consumption of chemicals and corresponding wastewater
treatment can be strongly reduced by recycling of the process
chemicals or phase-forming components (Datar 1986; Greve
and Kula 1991; Hustedt et al. 1985a, b; Kula and Selber 2002;
Rito-Palomares and Lyddiatt 2000). As the potential commer-
cial value of products, such as proteins, is easily compromised
by a relative high PEG concentration in the top phase of PEG—
salt ATPS, the residual amount of PEG has to be removed
along with salt by ultrafiltration or diafiltration for large-
scale extractions and purifications of proteins (Gu 2000;
Hummel et al. 1985; Hustedt et al. 1985a; Raghavarao et al.
1995; Rito-Palomares and Lyddiatt 2000; Rito-Palomares
2004). In this context, the influence of PEG recycling upon
target product partitioning has been evaluated in a two-stage
PEG-salt ATPE process containing a first and back extraction
stage with integrated phase recycling and an ultrafiltration
unit, as illustrated in Fig. S2 in the Supplementary Material
(Gu 2000; Hustedt et al. 1985a; Raghavarao et al. 1995; Rito-
Palomares et al. 1994; Rito-Palomares 2004; Rito-Palomares
and Lyddiatt 2000). Thereby, solid-PEG and salt are dissolved
in a biological suspension resulting in the formation of a first
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PEG-salt system representing the first extraction stage, in
which contaminants are removed from the biological source
and partitioned into the salt-rich bottom phase, while the sol-
uble target product is enriched in the generated PEG-rich top
phase (Rito-Palomares and Lyddiatt 2000; Rito-Palomares
2004). Afterwards, the bottom phase containing the contami-
nants is discarded, while the top phase is mixed with a fresh
salt solution leading to the formation of a second PEG—salt
system representing the second extraction stage (back extrac-
tion), in which the target product is partitioned into the new
formed salt-rich bottom phase facilitating the removal and
recycling of PEG or the second top phase which can be reused
in a new first extraction stage, while the final bottom phase
containing the target product is further processed by passing
through an ultrafiltration unit yielding to the recovery of a
concentrated target product and a salt solution (Hustedt et al.
1985a; Raghavarao et al. 1995; Gu 2000; Rito-Palomares and
Lyddiatt 2000; Rito-Palomares 2004). Finally, the salt solution
generated by ultrafiltration can be concentrated and directly
recycled and reused in the back extraction stage, thus reducing
the consumption of fresh salt involved in this process stage
(Rito-Palomares and Lyddiatt 2000). According to Hustedt
(1986), recycling of phosphate-rich bottom phase can be car-
ried out for up to four cycles without any significant influence
upon process performance by saving of 45 wt% of the re-
quired fresh phosphate solution (Rito-Palomares and
Lyddiatt 2000). Furthermore, phosphate could be recycled
from solid-free process streams by crystallization at 6 °C
(Hustedt et al. 1985a; Kula and Selber 2002). Moreover, a
few examples of PEG-salt ATPE processes with integrated
phase recycling and ultrafiltration are shown in Table S3 in
the Supplementary Material. For instance, a successful
recycling of most of PEG from secondary extraction has
been performed by Papamichael et al. (1992) in a two-stage
ATPE process of fumarase from baker’s yeast, in which the
consumption of PEG and potassium phosphate could be re-
duced by 50 and 12 %, respectively (Kula and Selber 2002;
Raghavarao et al. 1995). Furthermore, fumarase from
B. ammoniagenes could be successfully purified according
to the above described ATPE process, allowing a reduced
chemical consumption of up to 40 % (Hustedt et al. 1985a,
b; Kroner et al. 1984).

Economic aspects

The cost of the recovery and purification of proteins using
ATPE processes are depending on various factors, such as
actual system and scale (Kula and Selber 2002). For instance,
a comparison between a downstream process of Bacillus o-
amylase using a conventional method and ATPS was exem-
plarily carried out at Miles Inc., at which the latter was per-
formed in a 50,000-L large-scale process requiring fewer
stages, thus resulting in higher yields (80 to 95 vs. 70 %)
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and reduced cost of 35 to 50 % (Kim et al. 1988; Kula and
Selber 2002). Moreover, ATPS have several advantages over
traditional techniques for protein purifications and a few
comparative investigations are reported in literature. In this
context, Nitsawang et al. (20006) studied the purification of
papain from wet Carica papaya latex by extraction in a
PEG 6000—ammonium sulfate system and compared this
ATPE process with a conventional technique based on a
two-step salt precipitation. This comparison revealed that
ATPS are providing a significantly higher papain recovery
(~88 vs. 49 %) and purity (100 vs. ~89 %) in a much shorter
processing time. Furthermore, Aguilar et al. (2006) investigat-
ed the purification of penicillin acylase from a recombinant
strain of Escherichia coli using a PEG 1450—phosphate sys-
tem and performed a direct comparison of this ATPE process
with an ion-exchange chromatography (IEC) process, at
which the proposed ATPE process proved to be favored and
more cost-effective due to a reduced number of unit opera-
tions (from 7 to 4), higher enzyme recovery (97 vs. 48 %), as
well as an economic analysis based upon significantly reduced
cost of each unit operation and separating agents.
Additionally, in a study by Naganagouda and Mulimani
(2008) referring to the purification of o-galactosidase from
Aspergillus oryzae using a PEG 4000—phosphate system a
comparison between an ATPE and IEC process was carried
out, resulting in a preferred ATPE process with a reduced
number of unit operations (from 5 to 3) and a higher enzyme
recovery (87.6 vs. 11.5 %).

Furthermore, Omidinia et al. (2010) investigated the puri-
fication of phenylalanine dehydrogenase from recombinant
Bacillus badius using a PEG 6000-K,HPO, system and per-
formed a direct comparison of this ATPE process with a con-
ventional chromatography process consisting of an ammoni-
um sulfate precipitation and two anion-exchange chromatog-
raphy steps after cell disruption, resulting in a favored ATPE
process containing a reduced number of unit operations (from
10 to 5), higher enzyme recovery (96.7 vs. 25 %) and specific
activity (4213.4 vs. 553.6 U/mg), shorter process time (4 vs.
48 h), lower process costs (4 vs. 20€), and an improved en-
zyme thermostability (9 vs. 3 months). In addition, the appli-
cation of ATPE for the purification of phytase from
Aspergillus niger has been studied by Bhavsar et al. (2012)
and compared with a traditional multi-step chromatography
process composed of salt precipitation and column chroma-
tography, at which a reduction in the number of unit opera-
tions (from 7 to 1), higher phytase recovery (98.5 vs. 20 %)
within a shorter process time (3 vs. 96 h), and an improved
thermostability were obtained by using a PEG 6000/8000—
sodium citrate system. Moreover, Mohammadi and
Omidinia (2013) studied the recovery and purification of re-
combinant Pseudomonas fluorescens proline dehydrogenase
from inclusion bodies by using an integrated process which
combined the partitioning in a PEG 1000—sodium carbonate

system with a simultaneous refolding and reconstitution pro-
cess and performed a comparison of the integrated process
with a multi-step affinity chromatography process, resulting
in a favored integrated process covering a reduced number of
unit operations (from 9 to 6), a higher enzyme purification
factor (27 vs. 11), reduced process time (from 36 to 1.45 h),
and a higher enzyme stability time (6 vs. 2 months).
Furthermore, in a study by Nascimento et al. (2013) a PEG
8000—sodium citrate system was used for the recovery and
purification of the lectin Cramoll 1,4 from Cratylia mollis
and a comparison between the ATPE and a multi-step affinity
chromatography process was performed, which revealed a
reduced number of unit operations (from 10 to 4) with a higher
Cramoll 1,4 recovery (125 vs. 69 %) and purification factor
(13.25 vs. 11) in the ATPE process. Overall, the results of the
comparative studies are demonstrating that ATPS can be pref-
erably used as alternative methods over conventional DSP
techniques for the large-scale extraction and purification of
proteins, making the whole ATPE processes more cost-
effective than traditional methods.

Conclusions

As evident from this review, PEG-salt ATPS have the feasi-
bility to operate as a promising and efficient liquid-liquid
extraction technology for the DSP of various proteins and
enzymes. Furthermore, ATPS provide several advantages over
conventional DSP methods, such as biocompatibility, techni-
cal simplicity, process integration, continuous operation capa-
bility, and an easy scale-up potential. Therefore, these systems
have gained importance for a wide range of applications in
several biotechnological fields. For instance, ATPS have dem-
onstrated to be highly suitable for different integrated down-
stream processes, resulting in a significant reduction of the
total number of unit operations, and consequently reduced
overall cost. Moreover, ATPS can be carried out in a continu-
ous operation mode, which is representing a technically and
economically attractive alternative over traditional DSP tech-
nologies for the extraction, recovery, and purification of pro-
teins and other biomolecules on a large scale. Thereby, ATPS
are providing the ability to recover proteins in a reduced num-
ber of unit operations with a higher recovery and purity within
a shorter process time, thus making the whole ATPE process
often more cost-effective than traditional techniques. In gen-
eral, ATPS can overcome some of the limitations currently
faced with conventional DSP methods in terms of their versa-
tile advantages. Therefore, continuously processed ATPS
have been used on a large scale as a promising technology
for the DSP of proteins, such as enzymes, functional proteins,
and high-valuable biopharmaceuticals (e.g., monoclonal anti-
bodies) covering various applications in the pharmaceutical,
food, and chemical industry. However, since PEG—salt ATPS
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may cause environmental problems due to a large amount of
phase-forming components, high chemical consumption and
corresponding wastewater treatment are major concerns in
industry for large-scale applications of these systems. In this
context, high chemical and waste disposal cost can be strongly
reduced by recycling of process chemicals using an ultrafiltra-
tion unit. Since only a few reports of PEG—salt ATPE process-
es with integrated phase recycling and ultrafiltration are avail-
able, allowing a reduced chemical consumption, further stud-
ies have to focus on phase recycling approaches for addressing
these issues. Additionally, a high salt (e.g., phosphate, sulfate)
concentration used in ATPS is causing further waste disposal
and consequently environmental problems. Hence, nowadays,
benign phase-forming salts, such as biodegradable citrate and
volatile ammonium carbonate, are preferentially utilized, pro-
viding environmentally suitable ATPS. Overall, further inves-
tigations have to be considered regarding the development of
new strategies for an efficient recycling and disposition of
phase-forming components in order to solve the occurred en-
vironmental problems. Finally, addressing these optimization
strategies may further promote PEG—salt ATPS as an attrac-
tive and versatile liquid-liquid extraction technology for the
DSP of proteins and enzymes, as well as alternative analytical
applications.
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