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Abstract

The practical application of aqueous two-phase systems (ATPS) to process development has been exploited for several years for the recovery
of biological products. Unfortunately, this has not resulted in an extensive presence of the technique in commercial processes. Some of the
main identified reasons for such situation involve the full understanding of the mechanism governing phase formation and the behaviour of
solute partitioning in ATPS processes, the cost of phase forming polymers and the necessary extended time to understand the technique for
process development. In this review paper, some of the practical disadvantages attributed to ATPS are addressed. The practical approach
exploited to design ATPS processes, the application to achieve process integration, the increasing use for the recovery of high-value products
and the recent development of alternative low cost ATPS, are discussed. It is proposed that the potential trend in the application of ATPS
processes for the recovery of biological products will involve the recovery of high-value bio-particulate products with medical applications.
This proposed trend in the application of ATPS will address the urgent need to rapidly and economically bring new biopharmaceutical products
to market using scaleable and efficient bioprocess technology.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Aqueous two-phase systems (ATPS) have been exten-
sively exploited to process different biological sources for

∗ Tel.: +52-81-8328-4132; fax:+52-81-8328-4136.
E-mail address:mrito@itesm.mx (M. Rito-Palomares).

the recovery of biological products. It has been established
that ATPS form when combinations of hydrophilic solutes
(polymers or polymer and certain salts) display incompati-
bility in aqueous solution above critical concentrations. In
general, the research in ATPS can be divided into two major
areas. The elucidation of the mechanistic molecular under-
standing of solute partitioning in ATPS is the main focus of
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doi:10.1016/j.jchromb.2004.01.008



4 M. Rito-Palomares / J. Chromatogr. B 807 (2004) 3–11

Polymer 

Biological 
source

ATPS extraction
Separation of 
contaminants

First ATPS 
extraction 

Separation of
contaminants

Back ATPS 
extraction 
Polymer 
removal

Ultra-
filtration 
Phase 

separation

Salt 

Product

Fig. 1. Simplified representation of one- and two-stage ATPS process
with ultra-filtration. Chemical forming phases are mixed with the bio-
logical suspension to form the first two-phase system. The bottom phase
containing the major contaminants is discarded and the top phase further
processed by ultra-filtration. The polymer-rich permeate can be recycled.
In the two-stage ATPS process the top phase from the first extraction is
mixed with fresh salt to form the second two-phase system. The second
PEG-rich phase is recycled, whilst the bottom phase containing the prod-
uct of interest is passed through an ultra-filtration unit. The phosphate
rich permeate generated can be concentrated and recycled.

one of the major areas of research, whilst the other is con-
cerned with the practical implementation of the technique to
process development. The area that addresses the molecular
understanding of partitioning, generally involve the use of
model systems (characterised with the purified target prod-
uct in an aqueous environment) to establish the rules that
can predict the behaviour of solutes in ATPS. Although, ad-
vances have been achieved with respect to solute partition in
ATPS, additional knowledge is needed to fully understand
the phenomena. On the other hand, it has been proved that
the practical application of ATPS for the recovery of biolog-
ical products from different sources, generates robust, easy
to scale and bio-compatible extraction processes. Such pro-
cesses produce fractions from a variety of biological suspen-
sions in a state suited for further purification and extraction
of selected products (e.g. target enzymes).

ATPS process development for the recovery of biologi-
cal products most simply involve the design of extraction
stages. A one-stage ATPS process (Fig. 1) is characterised
by an extraction stage that yields a bottom phase containing
particles (cells or cell debris) and contaminants (e.g. RNA,
carbohydrates, lipids) and a top polymer-rich phase contain-
ing the target product. The potential commercial value of
the product is easily compromised by the relative high con-
centration of polymer in the top phase. Therefore, further
processing of the top phase by, for example ultra-filtration
is required to remove the polymer from this stage. In the
case of a two-stage ATPS process, the first extraction elim-
inates the bottom phase particles and contaminants from
the feedstock and generates a top phase enriched in the
target soluble product (Fig. 1). In the second extraction
stage (back extraction), the product of interest is partitioned
to a bottom salt-rich phase which enables re-use of the
polymer-rich top phase. Further processing of the bottom
phase by ultra-filtration yields a product concentrate.

The practical application of aqueous two-phase partition
to process development has been exploited for the recovery
of biological products for more than 30 years. Unfortunately,
this has not resulted in an extensive use of the technique
in commercial processes (but see[1]). Such situation may
be attributed to several factors including the cost of phase
forming polymers, a lack of knowledge of the technique, and
poor understanding of the mechanism governing phase for-
mation and solute partition. Although, successful exploita-
tion of ATPS for the recovery of desired products have been
proved, the factors that disadvantage the technique for com-
mercial adoption, need to be addressed.

This paper focuses on presenting a practical overview to
highlight the importance of ATPS processes for the recovery
of biological products. A critical analysis of selected ATPS
processes reported during previous years is summarised here
to establish the benefits of the technique at bench scale. The
attractive role of ATPS in process integration, and a general
examination of the recent alternative ATPS developed, are
presented. General rules defining a practical strategy for the
development of extraction ATPS processes are given in this
review. Furthermore, the additional ATPS applications and
the expected potential trend of the practical application of
ATPS for the recovery of biological products are discussed.

2. ATPS processes for the recovery of proteins

A critical analysis of reports[2–15]dealing with the use of
ATPS in bioproducts recovery exhibited that the application
of ATPS for the recovery of proteins has resulted in processes
designed as primary purification operations. Such processes
have been characterised by single or multi-staged operations.
From the total product recovery and economic view point,
it is clear that the definition of one-stage ATPS primary re-
covery processes are preferred. Furthermore, the majority of
multi-staged operations processes developed have exploited
two-stage systems. In this context, three types of ATPS (i.e.
polymer–salt, polymer–polymer and others) have been tra-
ditionally used (see the selection of the processes described
in Table 1). In the polymer–salt systems, polyethylen-glycol
(PEG)–phosphate ATPS are commonly used, due to several
process advantages, including: low cost, wide past and cur-
rent application and the range of system pH (from 6 to 9)
under which the ATPS are stable. In these extraction sys-
tems, the product of interest is concentrated in a phase that
contains predominantly water and increased concentration
of one of the phase forming components, which in the ma-
jority of the cases is PEG. As a representative example of
the successful development of an extraction process that ex-
ploit ATPS is the processing of anAspergillus nigercul-
ture filtrate for the recovery of the extra-cellular enzyme
�-glucosidase that resulted in a top phase with the protein
concentrated up to 700 times[6]. The total product recov-
ery for �-glucosidase was in the range of 85–95% with a
concentration factor of 60–720 times. An additional case of



M. Rito-Palomares / J. Chromatogr. B 807 (2004) 3–11 5

Table 1
General characteristics of selected ATPS processes to protein recovery

Type of ATPS Biological origin Target product Extraction steps Product recovery (%) Reference

Polymer–polymer
PEG–dextran Aspergillus niger �-Glucosidase 1 95 [6]
PEG–starch Wheat �-Amylase 1 75 [10]
PEG–HPS Sccharomyces cerevisiae Alcohol dehydrogenase 1 77–100 [14]
(EO–PO)–Reppal RecombinantE. coli Apolipo-protein 1 85–90 [9]

Polymer–salt
PEG–phosphate Bovine blood BSA 2 85 [13]

Brewers’ yeast Piruvate kinase 2 75 [12]
Cheese whey �-Lactoalbumin 2 65 [11]
Aspergillus awamori Glucoamylase 2 96 [8]
Bovine brain Prion proteins 2 N.r. [15]
Serum free IgG 2 100 [3]
Spirulina maxima c-Phycocyanin 2 87 [54]
Bakers’ yeast G3PDH 1 73 [44]
E. coli L1 1 65 [16]
Bacillus pumilus Alkaline xylanase 1 98 [4]
Transgenic milk Human al-antitrypsin 1 91 [5]

PEG–citrate E. coli Penicillin acylase 1 92 [7]
Commercial source Porcine insulin 1 N.r. [2]

PEG–sulphate Trangenic milk Human al-antitrypsin 1 91 [5]

HPS, hydroxylpropyl starch; EO, ethylene oxide; PO, propylene oxide; N.r., not reported.

the application of ATPS is the recovery of the recombinant
apolipoprotein A1 expressed inEscherichia coli[9]. To pro-
cess the filtrate fromE. coli fermentation, thermoseparating
polymers (ethylene oxide (EO) and propylene oxide (PO))
and starch were used. Apolipoprotein A1 was partitioned to
the top EO–PO rich phase and the contaminant proteins to
the bottom starch phase. The recoveries of the recombinant
apolipoprotein were in the range of 85–90% with a purifica-
tion factor of 2.5–2.7. Recently, the non-optimised recovery
of viral coat L1 protein (e.g. 65%) produced by recombi-
nantE. coli was reported using an one-stage ATPS process
[16]. These reports and others[2–15] clearly demonstrated
the benefits of ATPS processes at bench scale for the re-
covery of products. Furthermore, the type of proteins prod-
ucts that have been recovered with acceptable process yield
(i.e. 65–100%; seeTable 1) using ATPS varies from low
to high-value products (e.g. BSA, piruvate kinase, porcine
insuline, apolipoprotein;Table 1), which demonstrates the
flexibility and potential generic application of this technique
at bench scale. In this context, one of the major advantages
of ATPS is their suitability to process suspensions with high
concentration of biomass (up to 50% (wet w/v)) without
compromising capacity or resolution. Furthermore, the com-
plex nature of the biological sources (biological suspensions,
fermentation broths, commercial sources, etc.) processed ex-
ploiting ATPS demonstrated the robustness and generic ap-
plication of the technique.

Clearly, the success of ATPS in the efficient generation of
bench-scale prototype processes with potential commercial
application has been proved by the existence of numerous
reports dealing with the recovery of a large number of bio-
logical products. However, a very well known characteristic

of this novel technique is the lack of large-scale ATPS as a
part of downstream commercial processes. This may be at-
tributed to the fact that the knowledge of the mechanism of
solute partitioning in ATPS is limited. Consequently, indus-
tries exhibit a reluctance to embrace this technique as a part
of their own processes. As a result reports dealing with the
commercial adoption of ATPS are not common. However,
it is well known the classical report proving the success of
the application of ATPS at large-scale (10,000 l fermenta-
tion) for the recovery of periplasmic IGF-I[1]. Such suc-
cess, resulted in one of the few industrial cases known, in
which the commercial adoption of ATPS for the recovery of
a biological product has been achieved.

The disadvantages of batch operations (and the compli-
cations associated to the implementation of ATPS processes
in a continuous mode of operation) and the lack of equip-
ment needed for some processes, may also explain the ab-
sence of ATPS at commercial scale. Furthermore, an im-
portant limitation of this technique, that enhance the exist-
ing reluctance to adopt it for commercial purposes, is the
absence of “commercial kits” (as in the case of conven-
tional technologies), that facilitate the evaluation of ATPS
processes at bench-scale. Consequently, the process devel-
opments mostly rely on “in house” designs, which may
raise issues of process reproducibility and robustness. This
is an important aspect of the technique that needs to be ad-
dressed. Additionally, the relative high need for chemicals
to form working ATPS has saddled this technique with an
unfavourable economic image[12,13]. This is relevant since
the implementation of ATPS processes not only depends on
technical potential and feasibility, but also depends strongly
on process economics.
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3. Practical strategies to ATPS process development for
the recovery of biological products

Practical strategies to design ATPS extraction processes
are needed to overcome the poor understanding of the molec-
ular mechanism governing the behaviour of solute in ATPS.
A practical approach favours the predictive design of ex-
traction stages using this technique. Traditionally in ATPS
process development, for each extraction process, operating
conditions need to be empirically established. The applica-
tion of practical strategies minimises the necessary time for
the design of ATPS extraction stages. As initial step, gen-
eral process conditions can be selected base upon experience
in the partitioning of solute in ATPS. However, the accu-
mulation of certain experience in ATPS represents a major
disadvantage for the generic and wide application of this
technique. It is clear that researchers interested in the use of
ATPS need to become experts in the area before starting the
design of defined experiments. Such situation is explained
due to the lack of reports detailing the necessary steps for
the application of ATPS.

In this review, as a relevant contribution to the field, prac-
tical strategies (as applied to techniques of precipitation and
ion exchange) involving a basic knowledge of the technique,
are presented (seeFig. 2) to facilitate the development of
extraction ATPS processes. It is anticipated that the pro-
posed practical approach to process development will give
basic rules for the initial establishment of preliminary ATPS
process conditions. The general selection of the type of
ATPS considers one of the different systems: (i) polymer–
polymer, (ii) polymer–salt, and (iii) other ATPS. Selection
of polymer–polymer (e.g. polyethylen-glycol–dextran) sys-
tems are defined by process economic considerations. In
this case, the high cost of one of the polymers (i.e. dextran)

Selection of ATPS 
(i.e. Polymer-polymer, polymer-salt, others) 

Identification of type of salt forming phase 
(phosphate, sulphate, citrate, etc)) 

Identification of type of alternative polymer 
forming phase (dextran, starch, others) 
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(1000, 1450, 3350, 8000Da, etc) 

Evaluation of the influence of system 
parameters (i.e. TLL, Vr, pH) upon product 

Definition of the operating 
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Evaluation of the influence of 
process parameters (i.e. Recycling of
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Fig. 2. Practical strategies to ATPS process development for the recovery
of biological products. Strategies for the use of ATPS for the development
of extraction processes presented here required knowledge of the basic
concepts of the technique.

conditioned the application of these types of systems to
process in which the cost of the product of interest is con-
siderable and compensate that from the chemical forming
phase. The use of others type of ATPS is discussed in this
review. Due to the low cost of the chemicals forming phases,
the initial selection of a polymer–salt ATPS has been pre-
ferred. Consequently, it is suggested as a first step of the
practical strategies to process development. PEG–phosphate
ATPS represents the type of systems most widely exploited
in the area. Such situation is associated to the knowledge
accumulate with these systems and to their stability on the
basis of phase formation[13,17]. Low molecular weight of
PEG (e.g. 1000 or 1450 Da) is initially preferred to con-
centrate the majority of cells, debris and contaminants in
the lower phase. Once the general selection of the ATPS
has been achieved, a phase diagram is needed. This can
be constructed using the cloud point method[18] or it can
be obtained from previous reports ([19] for example). The
phase diagram is essential for the evaluation of the influence
of the system parameters (i.e. tie line length (TLL), phase
volume ratio (Vr) and pH) upon the recovery of the target
product to define the operating conditions of the ATPS
process.

3.1. Influence of system parameters upon the product
partition behaviour in ATPS

To evaluate the influence of system parameters upon par-
tition behaviour, it is suggested to examine the behaviour
of product recovery from the top phase when TLL is in-
creased and Vr equals to 1 and pH equals to neutrality (or to
the value that gives more stability to the target product) are
kept constant. The TLL that results in the highest product
recovery must be selected. Once the system TLL has been
selected, the effect of changing Vr (the use of Vr values less
and greater than one are suggested) upon product recovery
should be evaluated. In this case, both TLL (at the selected
value) and pH are kept constant. If improvement in prod-
uct recovery is obtained, then the new Vr value should be
adopted. Finally, the impact of changing system pH upon
product recovery is evaluated. In this latest case, TLL and Vr
should be kept constant at the selected values. Here again,
the system pH that results in an increase in product recovery
must be considered. The general practical strategies outline
here has been exploited for the development of recent ATPS
processes (as examples see references[7,11,16,20]). It is
important to consider that, if after the manipulation of the
different system parameters the product recovery achieved
is not acceptable, then a change of the conditions of the se-
lected ATPS (e.g. selection of polymer–polymer system or
a modified ATPS) as it is illustrated inFig. 3 needs to be
examined. In contrast, once the conditions for an accept-
able product recovery are obtained, it can be anticipated that
a prototype ATPS process is preliminary defined. To fur-
ther characterise the established ATPS process, the influence
of process parameters (e.g. recycling of chemical forming
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Fig. 3. Simplified representation of process integration of ATPS and fer-
mentation for intra- and extra-cellular products. The flow diagram repre-
sents the extractive fermentation ATPS process in which, the production
and the recovery of the target product can be integrated in one single
unit operation. Alternative to it is represented in the integrated process
of cell disruption and ATPS for the recovery of intracellular products.

phases, biomass concentration, stability of the phase forma-
tion, etc.) upon process performance needs to be addressed.

3.2. Influence of process parameters upon the product
partition behaviour in ATPS

The specific characteristic of each extraction process
strongly define the selection of the process parameters to
be evaluated. Phase formation in polymer–polymer ATPS,
has been attributed to the hydrated surfaces of each species,
which are sufficiently incompatible to generate phase sepa-
ration[21,22]. In contrast, phase separation in polymer–salt
systems was initially associated with differing interactions
with the ether dipoles of the polymer chain[23]. However,
such explanation has not been widely adopted. Thus, the
descriptive mechanisms in systems composed of polymer
and salt remain unclear. In an attempt to generate practical
knowledge regarding polymer–salt phase separation, inter-
esting work of phase separation in these ATPS using model
experimental systems, characterised by the sole presence
of the target product, has been performed (for details see
previous reviews[24,25]). The phenomena of polymer–salt
phase separation in ATPS loaded with biological suspen-
sions, has been addressed from a practical view point in
recent publications[26–28]. These reports concluded that,
certain process parameters such as the type of biological
suspension, the definition of the continuous phase in the

Table 2
Selection of alternative ATPS exploited for the recovery of proteins

Type of ATPS Practical application Reference

PEG (or other polymer) and an alternative compound
PEG–cashew nut tree gum Characterisation of the system using purified BSA [33]
PEG–dye ligand and dextran Recovery of IgG and hybridoma in an extractive fermentation system [35]
PEG–HPS Processing of recombinantE. coli homogenate for the recovery of cutinase [20]
PEG (or dextran)–IAA–Cu(II) Recovery of membrane (cytochrome b03, ubiquinol oxidase) proteins fromE. coli [34]

Alternative ATPS
Poly-VI/VCL-modified starch Processing of wheat meal for the recovery of�-amylase [10]
EOPO and Reppal Recovery of recombinant apolipoprotein A1 fromE. coli [9]
Benzoyl dextran–ucon Purification of 3-phosphate glycerate kinase from Bakers’ yeast [24,31,32]

HPS, hydroxylpropyl starch; VI/VCL, vinylcaprolactam; PEI, polyethylenimine; EOPO, ethylene oxide propylene oxide; IAA, iminoadiacetic acid.

ATPS[26,27]and the geometry of the equipment influenced
the rate of phase separation[28]. Processing of complex
biological suspension demands the evaluation of the influ-
ence of such factors or parameters on the ATPS process
performance to further facilitate the predictive design of
extraction systems[29]. A relevant aspect of the recov-
ery of recombinant proteins that exploit the use of urea to
process the product, is the evaluation of the influence of
such denaturant on the ATPS. In this latest respect, Ramsch
et al. [30] have critically addressed the behaviour of the
modified ATPS that involved the presence of up to 30%
(w/w) concentration of urea in the systems. The potential
of such systems for the recovery of recombinant proteins is
evident. In the context of the consumption of chemicals, the
corresponding problems of costs and waste water treatment
may be reduced by recycling the phase components[12,18].
In this context, the author has demonstrated the feasibility
of phase recycling for different ATPS processes[12,13]. It
is evident that the development of robust ATPS extraction
stages with potential implementation at commercial scale
will require the evaluation of the effect of process parame-
ters upon the performance of the designed ATPS processes.

4. Alternative ATPS for the development of processes
to protein recovery

Alternative ATPS have been recently developed to im-
prove some of the advantages of ATPS. A selection of some
of the new types of ATPS reported and their applications is
illustrated inTable 2. In an attempt to reduce the cost of cer-
tain polymers such as dextran, the use of crude starch mod-
ified as a substitute for the bottom phase of a defined ATPS
has been suggested[10,14,20]. However, poor purification
of the target product has been the result in some cases of
the use of these modified systems[20]. In contrast, ATPS
that exploited the use of a copolymer of ethylene oxide and
propylene oxide (ucon) proved to be efficient for the de-
velopment of recovery process[24,31,32]. Furthermore, the
use of ucon favours the potential recycling of the chemicals
forming phases by altering the process temperature. In the
search for alternative low cost chemical forming phases for
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ATPS, the use of novel or exotic compounds such as cashew
nut tree gum has been reported[33]. The great disadvan-
tage of this latest type of ATPS is associated with the need
of a formal and complete characterisation of the ATPS (i.e.
construction of the phase diagram, partition behaviour of
commercial proteins in the systems, etc.). In addition, low
process efficiency is a common characteristic of these ATPS
as compared with that from commercial or traditional ATPS
[33]. Such a situation can be explained by the low purifi-
cation of the compounds used to form the phases and the
resulting effect on the product partition behaviour.

Modification of the PEG rich phase to enhance selectivity
of the ATPS towards the product of interest, has been made
(seeTable 2). These modifications include, among others,
the use of metal ions (such as Cu(II);[10,34]) and the use
of dye ligands[35]. In particular, the use of Cu(II) resulted
in an alternative ATPS for the development of a process in
which the protein (cytochrome b03) of interest was affinity
partitioned into the modified PEG-rich phase. In the case
of a PEG–dye ligand system, it was successfully exploited
for the extractive fermentation for the recovery of IgG[35].
However, it is clear that the potential application of such
highly modified ATPS focuses to the recovery of high-value
products, in which the cost of the final product can com-
pensate that of the chemical forming phases. Furthermore,
once the product of interest has been selective partitioned
to the modified PEG rich phase, the problem of efficiently
separation of the polymer from the product still remained.
Consequently, the complexity associated in the preparation
of the modified systems, the cost of such process and the
effect on the overall process recovery are relevant factors to
be considered for the generic application of these alternative
ATPS.

5. Application of ATPS to process integration

There is considerable interest by manufacturers of bio-
products to achieve process integration of the upstream op-
erations of fermentation and downstream recovery processes
to facilitate the development of scaleable and efficient bio-
processes. Such bioprocesses need to address the urgent
need to rapidly yield products in a state suitable for the val-
idation, polishing, formulation and delivery operations. The
approach of process integration that attempts to achieve spe-
cific objectives not efficiently met by discrete processes by
combining two operations into one is considered as one of
the process strategies with potential benefits for the recov-
ery of biological products. In this context, the application
of ATPS to process integration represents an attractive alter-
native for the recovery of products in three major areas of
research: (i) extractive bioconversion, (ii) extractive fermen-
tation, and (iii) integration of cell disruption and primary
purification step (seeFig. 3). The application of ATPS for ex-
tractive bioconversion exploited for more than a decade has
been discussed in a recent review[36]. This report concluded

that although the extensive application of ATPS in this par-
ticular area, this has not yet resulted in a wide commercial
application. Some of the reasons involve the cost of the phase
forming polymer and the complexity of ATPS behaviour.
However, it also implied that the extended application of
extractive bioconversion to high-value protein products, to-
gether with the development of low-cost alternative ATPS
will give a new impetus to this technology in the near future.

In the context of process integration, extractive fermen-
tation exploiting the use of ATPS represents an attractive
technology to remove the product of interest from the fer-
mentation broth as it is formed or produced (seeFig. 3). Ap-
plication of ATPS to extractive fermentation is a meaningful
approach to overcome low product yield in a conventional
fermentation process, and by proper design of the two-phase
systems it is feasible to obtain the product in a cell-free
stream. Recently, extractive fermentation using ATPS have
been developed for the recovery of different protein prod-
ucts[37–41] that resulted in an increase in the productivity.
Furthermore, the use of ATPS in extractive fermentation has
been exploited to address process disadvantages of conven-
tional process (characterised by discrete operation of fer-
mentation and primary product recovery) such as product in-
hibition [17] and product hydrolysis[42]. In the first case, the
successful removal of aroma compounds (i.e. 6-pentyl alpha
pyrone) from the media culture ofTrichoderma harzianum
is reported whilst in the case of product degradation, water
soluble antibiotics were efficiently extracted from the fer-
mentation broth. It seems that the practical application of
ATPS for extractive fermentation represents a very interest-
ing alternative to overcome existing problems. However, it
is clear that extractive fermentation processes are limited for
the recovery of extra-cellular products. Therefore, the re-
covery of intracellular products, in which cell disruption is
mandatory, needs a different strategy.

Process integration of cell disruption and primary re-
covery could enhance product yield and quality. Product
sequestration at cell disruption could be achieved using flu-
idised bed adsorption (FBA). In this context, it has been re-
ported the successful integration of cell disruption and FBA
for the recovery of intracellular proteins from yeast[43]. In
this line of research the application of ATPS to process inte-
gration for the recovery of intracellular proteins, represents
an attractive alternative (seeFig. 3). A recent report[44]
dealing with the integration of cell disruption and ATPS pro-
posed an integration scheme for the recovery of the intracel-
lular protein glyceraldehydes-3-phosphate-dehydrogenase
(G3PDH) from yeast, that clearly proved the potential de-
velopment of a prototype process, in which simultaneous
disruption and aqueous two-phase extraction is achieved.
Although, further studies to address the potential applica-
tion of ATPS to process integration as a primary step for
the recovery of intracellular proteins are essential, it is clear
that process economics benefits are associated to the reduc-
tion of unit operations by the proposed approach of process
integration.
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Table 3
Current alternative applications of ATPS

ATPS New application Reference

PEG–dextran Separation of substances from cells that inhibits the polymerase chain reaction (PCR) [51]
Extractive bioconversion [36]

EOPO–dextran Extractive fermentation for the recovery of lactic acid fromLactococcus lactis [49,50]

PEG–phosphate Recovery of viral coat proteins from recombinantE. coli [16]
Preparation of highly purified fractions of small inclusion bodies [53]
Recovery of aroma compounds under product inhibition conditions [17]

PEG–sulphate Drowning-out crystallisation of sodium sulphate [45]
Recovery of metal ions from aqueous solutions [47]
Recovery of food coloring dyes from textile plant wastes [46]
Partition of small organic molecules [48]

EOPO, ethylene oxide propylene oxide.

6. Potential trend in the application of ATPS processes

Traditionally, the practical application of ATPS processes
for the recovery of biological products has been focussed
mainly on the primary purification of proteins. It is antici-
pated that a new potential trend of this technique is emerg-
ing and defined by the recent re-direction of the type of
target products that can be recovered by the application of
ATPS. Recently, the use of ATPS processes has been ex-
tended to non-protein products (seeTable 3). In the context
of large-scale application of ATPS, a novel procedure of
drowning-out crystallisation of sodium sulphate using ATPS
is reported to obtain crystal of pure anhydrous salt[45]. In
this case, the phases are recycled allowing the design of
a continuous process. Furthermore, the early success using
simplified systems obtained in the recovery of metal ion,
colouring dyes and small organic molecules using ATPS
processes[46–48], represents an interesting case to address
some of the environmental concern of industries.

The potential trend in the application of ATPS processes
for the recovery of biological products will extend to the
food and cosmetic industry. The application of ATPS in these
industries will emphasis the development of protocols to re-
cover compounds of commercial significance. In this con-
text, the in situ recovery of aroma compounds with ATPS
has been addressed[17]. The low cost of the ATPS repre-
sents an attractive alternative to the conventional route that
exists for the production of these products. Furthermore, it
confers the denomination of natural products, since their
production involve the use of biotechnological technologies.
The problem of product inhibition exhibited in the produc-
tion of certain aroma compounds (such as 6-penthyl alpha
pyrone produced byT. harzianum[17]) can be addressed by
the continuous removal of the product of interest from the
fermentation broth using and extractive phase with ATPS.
The bio-compatibility of ATPS facilitate the integration with
fermentation step to address a problem not specific to the
production of aroma compounds (see lactic acid production
in references[49,50]).

A practical novel application of ATPS has also been the
use of the technique to improve certain analytical techniques

(e.g. polymerase chain reaction (PCR);[51]). In this case,
the removal of inhibitory substance from cells was possible
using a PEG–dextran system. It is evident that, the increase
in the number of such type of applications, the necessary de-
velopment of commercial kit for the generic implementation
of ATPS together with a practical approach for the predictive
ATPS process design are essential to attract the commercial
interest in the technique. The potential use of ATPS for med-
ical applications[16,52,53]that is currently developing as
a new novel application and the emerging trend of combine
application of ATPS with conventional and non-conventional
techniques[54,55]will definitively draw attention from bio-
process industries. The practical application of ATPS pro-
cesses for the recovery of high-value products will also give
new impetus to the technology. In this context, the particu-
lar case of the recovery and purification of a protein product
of commercial value of US$ 15 mg–1 (c-phycocyanin pro-
duced bySpirulina maxima) using ATPS reported by the
author[56], represent an important example of this type of
application. This report presented the successful develop-
ment of a greatly simplified process for the purification of
c-phycocyanin. The use of process intensification approach
involving two-stage ATPS, ultra-filtration, precipitation and
process integration strategy resulted in the development of
the bioprocess to obtain highly purified c-phycocyanin in
only four unit operations. Specifically, the new process inte-
grated cell disruption and the primary recovery with ATPS
in one single unit operation and eliminates the need for chro-
matography steps. Herein again, it is clear that process eco-
nomics benefits are associated with the significant reduction
of unit operations, that will necessarily facilitate the rapid
scale up and commercialisation of the prototype process.

The successful recovery of small inclusion bodies and
viral coat protein from complex homogenates highlights a
generic role that ATPS techniques will play in the recovery
and purification of new bio-particulate products (viral and
plasmid gene therapy vector, particulate protein vaccines,
etc.; [16,52,53]). Furthermore, it is anticipated that the de-
velopment of biotechnological processes exploiting ATPS
using a process integration approach to facilitate the interac-
tion between fermentation and bioseparation steps[57] will
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be a dominant trend in the field. It is clear that, the proposed
trend in the application of ATPS will address the urgent need
to rapidly and economically bring new biopharmaceutical
products to market using scaleable and efficient bioprocess
technology.

7. Conclusion

It is evident that the extensive laboratory application of
ATPS processes for the recovery of protein products has
been characterised by the lack of commercial processes ex-
ploiting the technique. The existence reluctance from in-
dustries to exploit ATPS is justified by the necessary time
involved in the learning process of the technique, the poor
understanding of the mechanism governing partition of so-
lutes in the systems and the cost of phase forming polymers.
The development of alternative ATPS to improve the selec-
tivity of the processes has not resulted in a wide adoption
of such systems. The reasons of the reduced application of
these systems include the complexity of the construction of
the new forming phase polymers and the low process re-
covery reported. However, it is anticipated that, the use of
low-cost ATPS, the considerable potential to achieve pro-
cess integration and the increasing application of ATPS for
the recovery of high-value products is opening new areas
of opportunity. It is clear that the urgent need from manu-
factures to bring to market new high-value bio-particulate
products with medical applications will draw attention for
commercial applications. Consequently, ATPS processes as
a necessary step for the primary recovery of biological prod-
ucts will be an important option for the new bioprocesses of
the pharmaceutical industries.
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