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Amongst the several processes investigated in the Biotechnology field, aqueous biphasic systems (ABSs) have been a
target of relevant research, particularly in the downstream
processing of high-value compounds of biological nature and,
more recently, in emerging applications such as in the development of artificial cells and synthetic biology, micropatterning
and 3D printing, and sample pretreatment and diagnosis. This
review overviews and discusses the recent progress achieved
in downstream processes using ABSs, namely by the development of integrated and continuous processes, and in
emerging applications where ABSs seem to have strong potential, namely in cellular micropatterning and 3D printing, and
in the pretreatment of biological samples to improve diagnosis.
Advantages and bottlenecks of ABSs in all these applications
are provided and discussed.
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Aqueous biphasic systems
Solvent-based systems to be applied in liquideliquid
extractions from water-rich biological media, particularly within the biotechnology field, are a relevant topic
of research. To overcome sustainability concerns of
some volatile organic solvents, new and more benign
solvents and liquideliquid systems have been proposed [1e4]. Among these, aqueous biphasic systems
(ABSs) have received significant attention in the past
decades because they can replace volatile organic solvents in liquideliquid extractions. ABSs are at least
ternary systems composed of water and two mostly
nonvolatile compounds, such as polymers, salts, ionic
liquids (ILs), among others. When pairs of these
compounds are mixed at certain concentrations in
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water, two aqueous phases are formed, each one
enriched in water and in one of the other two phaseforming components. Because ABSs are mainly
composed of water, they may be tailored to display
biocompatible features to be applied within the
biotechnology field. Owing to these benefits, ABSs
have been largely investigated in the downstream
processing of high-value compounds, for example,
biopharmaceuticals. The advantages [5] and disadvantages [6,7] of ABSs compared with conventional
separation methods are presented in Fig. 1.
The most relevant recent examples on the application of
ABSs in downstream processing are given in the
following paragraphs, divided according to two topics
required to achieve their industrial scale and widespread
application: continuous processes and integrated processes. Despite the intensive investigation of ABSs in
downstream processing, other recent applications of
ABSs in Biotechnology with high potential to be a niche
will be presented and discussed, particularly in what
concerns their application in micropatterning, 3D
printing, and biological sample pretreatment to improve
diagnosis.

Biotechnology applications of ABSs
Downstream processing

Within the biotechnology field, ABSs have been investigated in the downstream processing of simple molecules such as amino acids, peptides and biobased
dyes, to complex products such as proteins, enzymes,
viruses, cells and nucleic acids [5,8]. Although
encouraging results have been demonstrated in terms
of purification performance, their application at industrial levels is far from being a reality. The main reason
for this trend is that most biological products already
have their production process well established; therefore, the introduction of an ABS to replace a given
operation unit will lead to the need of adopting new
infrastructures. Therefore, ABSs have higher potential
to be integrated in not yet defined bioprocesses, such as
in the purification of new developed molecules and
bioproducts or in the purification of products that are
still not purified by a cost-effective process. Whatever
the case is, the purification and recovery of biomolecules in continuous mode and/or by applying integrated bioprocesses is essential to design competitive
and more sustainable downstream processes than those
used nowadays.
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Figure 1

Advantages and disadvantages of ABSs when applied in downstream processing. ABSs, aqueous biphasic systems.

Integrated bioprocesses

The integration of several downstream processing steps
can be achieved using ABSs, for example, combining
clarification with prepurification, clarification with capture, capture with polishing, among others. Furthermore, upstream and downstream steps can be integrated
as well [6,9,10]. Overall, from the production to
polishing steps, ABSs can be designed to reduce the
process steps while increasing the purity of the target
bioproduct. Examples of integrated bioprocesses investigated in the past 2 years include extractive fermentation [11,12], extractive bioconversion [13e16], cell
disruption and extraction [12,17,18], clarification or
primary recovery and purification [19], and extraction
with high-resolution recovery (i.e. chromatography)
[20e22]. Fig. 2 shows a summary of the main advances
reached in the integration of bioprocesses using ABSs.
In extractive fermentation/bioconversion, cells or enzymes are “immobilized” in one of the ABS phases,
while the target compound being produced is continuously partitioned to the opposite phase, combining thus
production and primary purification steps. In this field,
ABSs composed of polyethylene glycol (PEG) and
dextran 500 were used to produce pullulan by Aureobasidium pullulans and simultaneously separate this product
from the fermentation broth [11]. The pullulan
migrated to the dextran-rich phase with a 95.2% recovery, while the biomass was concentrated at the PEG-rich
phase [11]. Within extractive bioconversion, Meyer
et al. [13] applied a thermoreversible ABS composed of
imidazolium-based ILs and sodium phosphate to carry
out a biocatalytic reaction by lipase. The enzyme was
enriched and reused 6 times in the salt-rich phase, while
the reaction product (1-phenylethanol, an important
Current Opinion in Green and Sustainable Chemistry 2021, 27:100417

chiral building block) was recovered at the IL-rich phase
[14].
ABSs also demonstrated to allow the integration of
cells disruption and recovery of the target intracellular
bioproduct. Leong et al. [12] applied ABSs composed of
thermoseparating polymers (copolymers of ethylene
oxideepropylene oxide) for the purification of poly(R)3-hydroxybutyrate from Cupriavidus necator. After ultrasonic cells disruption, the temperature was increased to
create a two-phase system, in which one of the phases
contains poly(R)-3-hydroxybutyrate with a yield of
97.6% and a purification factor of 1.36 [12].
Downstream processing is a time-consuming multistage
process, particularly when considering the production of
biopharmaceuticals such as monoclonal antibodies
(mAbs). To overcome this drawback, Kruse et al. [19,22]
integrated the clarification and purification steps with
ABSs composed of PEG 400 and phosphate buffer,
achieving a recovery of 78% of mAbs [19]. The same
group of researchers then proposed ABSs to integrate
clarification, capture and purification of mAbs, proceeded by high-resolution steps, namely diafiltration and
ion-exchange chromatography. In ABS-based processes,
the yield of mAbs was 97%, however decreasing to 74%
when considering the entire downstream process [22].
Continuous processes

For a broader implementation of ABSs in a large scale, it is
mandatory to operate in a continuous mode. This mode
has inherent economic advantages and will allow the
technology scale-up [23]. The investigation made on ABSs
applied as continuous processes was recently reviewed
[10], and includes the use of microfluidics, counterwww.sciencedirect.com
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Figure 2

Integrated bioprocesses with ABSs. ABSs, aqueous biphasic systems.

current chromatography (CCC) and centrifugal partition
chromatography (CPC) [10]. Fig. 3 depicts illustrative
examples of microfluidics and CCC/CPC settings and
summarizes the advantages of each type of approach.
Microfluidics devices are based on a continuous liquid
flow through narrow channels, operating at a micro scale
[9,10]. These systems allow the process intensification
[24]; however, they are particularly relevant to perform
the characterization of a given solvent system [10]. This
technology uses small amounts of reagents and samples,
is fast, easy to operate and provides high resolution and
sensitivity [9,10]. The use of ABSs in microfluidics in
the continuous separation of biomacromolecules was
recently reviewed by Vicente et al. [24]. Amongst recent
achievements, Milicevic et al. [25] applied ABSs
constituted by potassium hydrogen phosphate and
different deep eutectic solvents, formed by cholinium
chloride and carbohydrates or polyols, in microfluidics to
extract polyphenolic compounds from aqueous extracts
of lemon balm and mint. With the best ABS, the authors
reached an extraction of 94% of polyphenolic compounds in 3.65 s. With a different perspective, Vobecká
et al. [16] studied the continuous enzymatic production
of cephalexin, the product extraction and enzyme
recycling in continuous-flow microfluidics, using ABSs
composed of PEG and phosphate buffer.

stationary phase counter to the flow of the liquid
mobile phase. CPC, also known as hydrostatic CCC, on
the other hand, uses the rotation of the column to
retain the stationary phase [10]. CCC and CPC are
relevant technologies because of their selectivity,
automation, high resolution and the possibility to be
scaled up to an industrial level [6]. In the past few
years, bioproduct extraction and purification were
achieved with ABSs used in CCC and CPC. For
instance, efficient separation and recovery of three
phenolic acids (65e87%) was accomplished with ABSs
formed by PEG and sodium polyacrylate applied in
CPC [26]. In addition, the reuse of the ABS polymerrich phase allowed to reduce the carbon footprint of
the process by 36% [26]. Polymer/salt-based ABSs were
applied in CPC, where the addition of ILs as modifying
agents led to a shift in the partition coefficient of
proteins while achieving high stationary phase retention at reasonable flow rates [27]. Fast CPC using ABSs
constituted by PEG and potassium phosphate allowed
the purification of PEGylated cytochrome C conjugates, with recoveries between 88 and 100% and purities of ca. 100% [28]. Unreacted cytochrome C and
solvents were successfully reused, reducing the Efactor and carbon footprint at z 100 and 67%,
respectively [28].
Challenges and opportunities in downstream processing

CCC is a form of liquideliquid chromatography that
applies a strong centrifugal force to hold the liquid
www.sciencedirect.com

ABSs have potential to be applied in downstream
processing. They are highly versatile and flexible,
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Figure 3

Emerging applications

Continuous advances in science have led to the proposal
of other relevant applications of ABSs in addition to the
downstream processing, some of which are summarized
and discussed in recently published reviews [6,29,30].
The new applications of ABSs explored in biotechnology
can be divided into 3 main areas: artificial cells and
synthetic biology, micropatterning and 3D printing, and
sample pretreatment and diagnosis. Artificial cells and
synthetic biology are a highly interesting and innovative
approach, where ABSs are used to construct artificial
cells by compartmentation, allowing to mimic the
intracellular environment and by creating cell-free systems that can be used for synthetic biology. Despite its
relevance, in the past two years, this subject has been
scarcely studied, and only with complex coacervates
[31]; therefore, it is not a focus of this review. On the
other hand, recent significant advances encountered in
micropatterning and 3D printing, and in sample pretreatment and diagnosis using ABSs, are discussed in the
following paragraphs. Fig. 4 summarizes promising applications of ABSs investigated in recent years.
Micropatterning and 3D printing

Schematic illustration of microfluidics and CPC/CCC devices and
related advantages. CPC, centrifugal partition chromatography; CCC,
counter-current chromatography.

allowing their design to improve separation performance
by changing the phase-forming components, compositions, temperature and pH values. However, these
numerous options also raise limitations, requiring the
ABS complete characterization, understanding of the
mechanisms
underlying
their
formation
and
product partitioning, and the development of models to
predict their behaviour to allow their previous and
adequate selection. Some of these challenges can be
performed in microfluidic devices because they allow
high-throughput screening. Furthermore, to be
competitive, ABSs need to be cost-effective and more
sustainable than the currently applied technologies.
Therefore, environmental and economic analyses are
mandatory aspects in the evaluation of the ABS potential in downstream processing. In this field, the recyclability and reuse of the ABS phase-forming
components also is a required task. Significant advances
have been demonstrated in the past few years with the
application of ABSs in CPC, where high purities of highvalue compounds have been achieved in continuous
mode and significant reductions in the carbon footprint
have been accomplished.
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ABSs enable the creation of well-defined cellular microenvironments, which are important for cell-related
high-throughput testing platforms. With this idea in
mind, ABSs recently stood out in 2 main applications:
micropatterning and 3D printing. For ABS-based
micropatterning, the polymeresolvent system is
dissolved into the cell culture medium to form ABSs.
This strategy allows the formation of a cell island or
colony that can be used to study migration,
proliferation and differentiation of cells [32]. On the
other hand, ABS-based 3D printing permits noncontact
printing of cellular patterns and helps to overcome
limitations of conventional methodologies, such as the
production of uniformly sized spheroids [30]. To this
end, ABSs were created using two immiscible polymers,
where one was mixed in the matrix phase and the other
was mixed in the ink [29,30,32]. Living cells can be
introduced at any of these stages depending on the
purpose, where the deposition of one phase to the
other creates a 3D bioscaffold. As a new strategy of
bioprinting, namely freeform reconfigurable embedded
all-liquid, Luo et al. [33] investigated different
polymerepolymer ABSs. Luo et al. [33] created an
ABS-based 3D scaffold that was stabilized for weeks by
a noncovalent membrane at the interface, enabling the
compartmentalization of different cells. Ying et al. [34]
developed a bioink containing ABSs composed of cells
(human hepatocellular carcinoma cells, NIH/3T3
mouse embryonic fibroblasts and human umbilical vein
endothelial cells), gelatin methacryloyl and poly(ethylene oxide). This ink was used to fabricate
hydrogels,
showing
enhanced
cell
viability,
spreading and proliferation when compared with standard hydrogels.
www.sciencedirect.com

Aqueous biphasic systems in biotechnology Magalhães et al.

5

Figure 4

ABSs promising applications investigated in recent years. ABSs, aqueous biphasic system.

ABS-based biomedical approaches offer new opportunities to understand cells interaction and the formation
of tissues with impact on health and therapeutics. In
this line, Plaster et al. [35] used PEG/dextran ABSs to
create 2D and 3D coculture of fibroblasts and breast
cancer cells, and investigated the cellular interaction on
the proliferation of breast cancer cells.
Sample pretreatment and diagnosis

Owing to the characteristics of ABSs that allow the
extraction, purification and/or concentration of a given
product in a single step, this is an ideal technique to
apply in sample pretreatment and biodiagnostics.
Within ABSs, ABS immunocytochemistry and ABS
enzyme-linked immunosorbent assay (ABS-ELISA) are
the two main techniques applied in biomarker analysis
and early disease detection [30]. Kvas et al. [36]
developed a cost-effective ABS-ELISA, where antibodies are confined in the bottom surfaces of assay
plates by a PEG/dextran ABS. Compared with conventional ELISA, this technique reduced optical cross-talk
effects, antibody quantities and analysis cost. Tongdee
et al. [37] developed an one-incubation, 1-h multiplex
PEG/dextran ABS-ELISA to detect cytokines, reducing
by 4-fold the time required when compared with conventional ELISA.
The most successful diagnostic technique using ABSs is
the solvent interaction analysis [6] because this method
is simple and robust to monitor protein biomarkers.
Accordingly, it has been commercially approved and
applied in the early detection of prostate cancer using
the prostate-specific antigen (PSA) as a biomarker [38].
PSA is usually quantified in serum; however, Pereira
et al. [39] recently proposed an alternative approach
based on the use of IL-based ABSs to carry out the
pretreatment of urine samples and perform the diagnosis of prostate cancer by a less invasive method. ABSs
www.sciencedirect.com

composed of ILs and potassium citrate allowed the
concentration of PSA by 250-fold in one step, thus
allowing its quantification by more expedite equipment,
as well as the identification of other PSA isoforms.
Owing to their characteristics, ABSs allow reducing reagent and sample volumes, analysis time and cost of
analysis. Advances in the use of ABS-based techniques
may contribute to the development of precision medicine. This type of application requires however equipment development, particularly to automatize the
process [6], validation and regulatory approval [30].

Final remarks and future perspectives
ABSs were originally proposed for the extraction/purification of bioproducts in the 1950s and since then have
been largely investigated in downstream processing.
However, to find their place at the industrial level, it is
still required to involve a multidisciplinary community
to (1) create/improve the design of equipment/infrastructures to operate at a large scale; (2) develop
models to predict the behaviour of ABSs and the partition of target bioproducts; (3) design continuous bioprocesses, including the reuse of the phase-forming
components; (4) design ABSs to incorporate several
operation units in downstream processing; and (5)
perform economic and environmental analyses of all
processes/methods developed. The recent examples
given for integrated and continuous ABSs are relevant to
show their promise as integrative platforms for
biomolecules production and their potential to be scaled
up. However, the works focused on these themes are
still few and limited, and it would be naive to think that
well-established or certified platforms in the production
of bioproducts will change to accommodate ABS operation units. We believe that ABSs will have a place in the
design of bioprocesses for new developed products, in
which infrastructures and regulatory approval are not
Current Opinion in Green and Sustainable Chemistry 2021, 27:100417
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established yet, and in the purification of high-value
compounds that still do not have an implemented
productionepurification process.
Although ABSs are not well established at an industrial
level in the downstream processing and there is still a
long path to cross, the work carried out up to date also
led to the identification of more out-of-box applications
of ABSs. From our perspective, emerging applications in
other fields are an excellent opportunity and a niche for
ABSs. The fact that the fields where these systems can
be applied are new, namely in artificial cells and synthetic biology, micropatterning and 3D printing, and
sample pretreatment and diagnosis, creates an opportunity for ABSs. In these fields, we still have time to
make of the ABS technology the rule and not the
exception. But the challenges also remain here, and to
be applied widely, it is necessary first to overcome the
faced drawbacks.
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