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Abstract

Aqueous two-phase systems (ATPS) have been maiopoped as powerful platforms
for the separation and purification of high-valuenbolecules. However, after more
than seven decades of research, ATPS are stili@ m@ademic curiosity, without their

wide acceptance and implementation by industrylitepto the question whether ATPS
should be mainly considered in downstream biopiinogs Recently, due to their

versatility and expansion of the Biotechnology avdterial Science fields, these
systems have been investigated in novel applicgtiosuch as in cellular

micropatterning and bioprinting, microencapsulatimmimic cells conditions, among

others. This perspective aims to be a reflectiontlm current status of ATPS as
separation platforms, while overviewing their apations, strengths and limitations.
Novel applications, advantages and bottlenecks 0% are further discussed,
indicating some directions on their use to creat®vative industrial processes and

commercial products.
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1. Contextualization

Aqueous two-phase systems (ATPS), also known agoagubiphasic systems
(ABS), are formed when at least two water-soluldenponents €.g. polymers, ionic
liquids, alcohols, salts, sugars, among others) rameed in water above given
concentrations, leading to the formation of a bguhgliquid-liquid) system [1-4].
Although the formation of aqueous two-phase systaras originally recognized by
Beijerinck in 1896 [5] during the cultivation of ¢taria in media composed of gelatin,
agar and water, it was only in the 1950s that tbecept of ATPS as separation
platforms was established by Albertsson [1]. Thithar extensively studied the use of
ATPS composed of two polymers or polymers and faftthe separation of biological
products €.g.proteins, viruses, organelles, nucleic acids) ¢ig. In the more than 70
years of subsequent research, the number of ATB&éd studies grew significantly,
covering from the most fundamental aspects intendedthe determination and
characterization of the ATPS phase diagrams and tmeperties [6-12] to the
evaluation of their use in a wide array of separapirocesses [1-4,13-20].

Due to formation of two immiscible aqueous phasssh enriched in one of the
phase-forming components, their low interfacialsten and enhanced mass transport
between the phases, ATPS have been widely appliéiduid-liquid extraction (LLE)
processes. They have been found to be biocompatinienable and sustainable
platforms for the extraction, separation and/oowvecy of biological products [1,4]. In
addition, most studies have shown ATPS as simgtaraéon processes, highlighting
their potential to be scaled-up and introducedewesal downstream processing steps in
industrial plants [14,15,21]. Despite all acadesgfiforts emphasizing these advantages,
their application is still predominantly confinea $mall lab and pilot scales processes,
as confirmed in the large number of literature eaxd focused on ATPS [2-4,13—
15,18,21-27]. Therefore, it is about time to stathink, and try to understand which
drawbacks are limiting their wide application, gratticularly which should be the next
steps to make of ATPS a true industrial and/or cencial technology.

Over the last years, more than 100 studies werbsped per year reporting the use
of ATPS for different purposes [3]. Some are foclsa their application, while others
on the understanding of the phase separation aridigra mechanisms. In general,
ATPS-application studies are divided in two categgr ATPS used in downstream

processing operations.@.clarification, separation, extraction and purifioat some of



which can be combined) [1,14,22,23,26], and ATP&duis pre-treatment strategies
(mainly as a concentration step) to improve anedyticharacterizations [25,28]. In
addition to these studies, recent works have begpoping ATPS for uses that cannot
be categorized in any of these applications, bdegigned as ATPS emerging and non-
conventional applications [24,28]. IRig. 1 a conceptual scheme representing the
categorization of ATPS-applications, some of thesmelevant examples and an
overview of future perspectives is presented. Aes@tized irFig. 1, the advances in
the use of traditional ATPS depends also on innesaind disruptive technologies,
which should provide advances on continuous omatine processing, be cheaper but
at same time more automatized and integrative, atwlv the recyclability and
polishing of solvents and target-compounds. On dtieer hand, recent advances in
biotechnology and materials science have providewwa perspective for the use of
ATPS, by using them in new and unexpected way2f84An illustrative example is
the use of ATPS as a basis for micropatterning laiogrinting procedures. Another
example of emerging applications is the introductiof ATPS in artificial cells
production [24,30—-35] and synthetic biology proaedy24,36,37].

Overall, we do believe that the future of ATPS Wil highly dependent not only on
the development of innovative technologies andmeaefields, but also in surpassing
some of the limitations of current ATPS-based tedtbgies. In the following sections,
some examples and insights regarding the traditiamglications and the development

of innovative technologies involving ATPS are désed and discussed.
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2. Perspectivesin the Traditional Applications of ATPS

2.1. Downstream Bioprocessing

ATPS were initially proposed as interesting platier for feed clarification,
recovery and partial purification of biological piects. Simplicity, selectivity,
efficiency and scalability were always pointed aststrengths, but ATPS have not been
effectively implemented in industrial bioprocessif]l], thus raising the following
question:ls it time to stop academic studies focused on AfbP$he separation and
purification of bioproductsAVe do believe that this type of studies should bet
stopped and that there are still interesting oppuaties in the field of bioseparations;
however, a revolution on the way these studieparmrmed is required. It is senseless
to continue to carry out lab-scale studies in whidhpartition of a specific biomolecule
Is optimized at different condition®.¢. pH, temperature, phase-forming components,
etc.) and to expect that the corresponding ATP$ lvalthen easily employed at an
industrial scale. Biotechnology industries haveeadly well-stablished downstream
processing plants, mostly combining several filbratand chromatography units.
Moreover, and as happened with ATPS, also the noundred efficiency of
chromatography and ultrafiltration technologies tbe recovery and purification of
biological products, particularly high-value bioptmaceuticals, have significantly
increased over the past years [38].

Soares et al. [21] performed a comprehensive asabfsstrengths, weaknesses,
opportunities and threats (SWOT) of the biomoleguleartitioning in ATPS. The
authors highlighted as major strengths, the intality scalability, biocompatibility,
selectivity and continuous operation possibilityhil identifying as weaknesses the
limited predictive design, handling capacity (pregiag of large volumes) and the lack
of know-how regarding the installation, validatiand operation of ATPS-based
technologies [21]. Authors have further highlightt@ use of ATPS in the primary
clarification of monoclonal antibodies (mAb) culest purification of plasmid DNA,
recombinant proteins and small biomolecules, a$ agethe process simplification and
integration by coupling ATPS and chromatographycd®ly, Gonzélez-Valdez et al.
[28] emphasized some novel aspects and possibitiienaximize the effective use and

implementation of ATPS in downstream processinge Buthors highlighted their



implementation in a continuous processing mode odess integration as the two
major drawbacks, which, if overcome, can turn tresems into a reality.

As summarized irFig. 1, it is fundamental to find the “optimal” ATPS-base
platform to perform the complete extraction andfation of a given bioproduct, and,
ideally, to be able to integrate several upstreadia downstream stages and recycle
the phase-forming components. Studies where ATRSuaed for the reduction of
downstream processing stages, preferentially as-alhe or as continuous processing
units, can reduce the “distance” that separatesetegstems from the industrial reality.
Furthermore, ATPS may find a relevant place inghsfication of bioproducts that are
not easily purified by conventional methods. Fipallonly by addressing and
guaranteeing the phase-forming components recydlingvill be possible to be
economically competitive with other well-establidhechniques. Overall, ATPS-based
studies should describe and demonstrate all tesrdages over the already stablished
techniques, and authors should still be aware efrdhuctance of the commercial and
industrial partners to adopt their use.

2.1.1. Continuous processing

Most published works in ATPS were developed in talbanode, as single and non-
integrated platforms. Thus, besides the excellertraetion and purification
performance commonly reported, their implementation continuous or semi-
continuous industrial operations still represemigidtical and processual issues to be
solved [28]. Some studies presented however theol€TPS in continuous mode,
namely by using: i] mixer-settler units and column contactors; anyl ¢ontinuous
countercurrent distribution, centrifugal partitiorchromatography (CPC) or
countercurrent chromatography (CCC).

The first type integrates the mixing, coalescenud separation stages into a single
step, basically combining mixing stages (tanks, uwcwols, and pumps) with
settling/separating devices (settlers, decantetsymns, and centrifuges). Mixer-settler
units are common industrial units in convention@ueous/organic liquid-liquid
extraction. They were one of the first devices usedhe continuous ATPS processing
[28], particularly as early stages of purificatidow resolution). Espitia-Saloma et al.
[23] extensively revised this type of devices foFS continuous processing, providing
a full analysis of operational and design paramseté&lthough some successful

examples (in lab- and pilot-scales) by using ATRSdd mixed-settler units were



reported, such as for the recovery and purificabbenzymes [39] or antibodies [40],
further efforts are still required for the develagm of these technologies. Due to the
high number of ATPS types and highly distinct pmbies (viscosity, density, interfacial
tension, etc.), the hydrodynamics of mixing andasation are unpredictable and case-
by-case dependent. Moreover, the mechanisms bénenplartition of the target-solutes
and contaminants/impurities must be addressed lantied.

The second category, based on chromatographic iplesc was originally
stablished for aqueous/organic and organic/orgaquad-liquid systems [41]. Although
the number of studies focused on ATPS-based presessng CCC-related modes has
been growing in the recent years [42,43], partitylaecause of the high-resolution,
selectivity and automatization of these technolegtaese are still scarc8imilar to
CCC, centrifugal partition chromatography (CPC) wesently used by Santos et al.
[44,45] to convert ATPS into scalable large-scatecpsses. In the first report, the
authors demonstrated the separation of three piceaoclds and of an aldehyde-rich
fraction applying a polymer-based ATPS in CPC [45].addition to the efficient
separation achieved, the authors also implememntedtagrated platform to reuse the
polymer-rich phases of the ATPS, decreasing théatarfootprint by 36% and by
increasing the sustainability of the entire proddéd. More recently, the same group
shown the effective use of ATPS in fast CPC for theification of PEGylated
cytochrome c conjugates [44]. A sustainable ATPSREQrocess was designed in
continuous regime not only to isolate the biocoajeg, but also to allow the recovery
and reuse of both the unreacted cytochrome c arRiSAghases [44].

Although these chromatography-related continuoosgsses allow high yields and
purification factors, sometimes even higher thaalitronal chromatographic methods,
several processual issues remain to be solved,lyafi)ehe retention of the stationary
phase and back pressure issues — equipment coraftyeesiailable was designed for
organic-based separations, and thus designed td& wwith phases with distinct
propertiesj.e. high interfacial tension, low phases’ viscositesl high difference in the
density values of the coexisting phaség;the equipment maintenance and associated
cost — apparatus (pump, connection, tubes, ete.paorly prepared to handle with the
high concentration of the phase-forming componémtainly salts, ionic liquids and
polymers) used in aqueous media.

We believe that one of the challenges for the déream bioprocessing using ATPS

is the development of continuous and automatizeshnigogies, able to provide



competitive advantages over the traditional doveastr processing unitg.g. by
reducing the processing time and cost, by alloviheg solvents’ recyclability, and by
improving the separation performance and yieldallgethe integration with preceding
upstream stages, such as continuous bioreactorselbrdisruption high-pressure
homogenizers, will bring significant advantage&\id®S applications.

In addition to batch experiments, we advise thergdic community to move on
with the characterization, optimization, modelliagd automatization but using ATPS
in continuous operation mode. It should be howeeenarked that the down-scale of
ATPS to a micro-scale by using microfluidic devicesuld also find interesting
applications and induce relevant progress in thderstanding of the mechanisms
underlying the continuous processes, providingdinelopment of adequate models to
simulate and optimize the processing parameterse(imgights regarding microfluidic
devices is provided below). Moreover, instead afithg ATPS-based processes to the
equipment commercially available, which are designdor conventional
organic/aqueous liquid-liquid systems, we do beliévat the design of new apparatus
to meet the ATPS properties and characteristifsndamental aiming at turning these

systems in an industrial reality.

2.1.2 Process integration

The integration of the downstream units with pregicupstream or clarification
stages or following high-resolution downstream olighing stages are key issues for
the reduction of costs. Accordingly, the flexiljlibf ATPS-based platforms in this
respect has been regarded as a major advantaggporstheir industrial application
[21,28]. Other bioprocessing stages have beenretied) with the ATPS separation step,
namely: () production (extractive fermentation or fermemntatextraction; direct oin-
situ extraction) [46,47];1() enzymatic reactions [48,49]Jiii{ cell disruption [50-52];
(iv) in-situ refolding [53,54]; ¢) clarification or primary recovery (centrifugation
precipitation) [55,56]; i) high-resolution purification operations (chrongtphy,
ultrafiltration) [26,57]; yii) polishing stages (crystallization, lyophilizatjodrying)
[58,59].

Several reports have pointed new perspectives degaprocess integration with
ATPS. Gonzalez-Valdez et al. [28] identified extnae fermentationijn-situ refolding,
enzymatic reaction, and cell disruption as majepstthat can be integrated in ATPS

together with the separation step. Soares et &]. ga@inted out the feed clarification,



complex three “compartment” separations (cells elfutar debris tends to form a
macroscopic phase at the interface of ATPS), andialin(post-fermentation)
concentration units (accommodation of high loadghef target compound and large
handling volumes) as ideal stages for integratibATPS in downstream bioprocessing.
Particularly, the authors noted that, under theembrconditions, ATPS can work as
multi-task units for the recovery of bioproducterfr complex brothsi.e. clarifying,
concentrating and purifying the target compound].[2doreover, since the target
compound(s) and contaminants or impurities can istriltlited between different
phases, differently from solid-liquid, precipitatiand crystallization operation units,
ATPS do not require additional separation proceslbefore further processing steps.

Regarding the feed clarification, an interestingrapch comprising the integration
of ATPS principles and solvent sublimation, knovehamueous-two flotation systems
(ATPF), was proposed. ATPF is a relatively new tegbhe, allowing to achieve high
recovery and purity yields, with simple operatioenvironmental and economic
advantages, possible recyclability and furthergragon with cell disruption processes.
However, its integration with subsequent downstrgaatforms is still required. A
complete overview on recent advances and futurecttins regarding ATPF-based
processes was recently published by Sankaran [60l.

Soares et al [21] highlighted back-extraction pdares, by integrating two ATPS.
Emphasis was given to thanbre elegarit approaches using ATPS composed of
thermo-responsive polymers, which undergo phasaratpn by temperature change.
We fully agree that thermo-responsive (or thermuasating) ATPS have unique
properties. These systems can be integrated ngtiofdack-extraction procedures but
also as an advanced technology in extractive biv@ion or as a pre-chromatographic
stage. Recently, Ferreira et al. [61] demonstrdbex] potential of thermoreversible
ATPS composed of ammonium-based zwitterions (ZIj golymers as integrated
bioreaction-separation processes. The laccase thigita reaction occurs in the
homogeneous medium, after which a change in teryeranduces the two-phase
formation and the complete separation of the enzgmiethe biocatalysis products [61].
It is important to note that these thermo-respanshTPS allowed not only the
integration of two wunits, but also the maintenanck the enzyme stability
(thermoreversibility occurs at amenable temperaduaed the recyclability of both the
Z1 and enzyme. More information on these ATPS carfidund in the work published

by Leong et al [62].



An interesting demonstration of process integrdimansification was shown by
Minchow et al. [63,64], which proposed the use @ftmuous microfluidics aqueous
two-phase (PEG/Dextran aqueous solutions) eleotrasis for protein transport,
concentration, and partition. Proteins can be fangd according to their affinity to one
of the ATPS coexisting phases, while the applicatd an electric field perpendicular
to the phase boundary enhance, extend or reveesedparation process [63]. For
example, the transport of charged biomolecules lbgt@extraction is faster than by
diffusion, and thus, a fine adjustment of the yieldd selectivity of the method
according to the charge of the biomolecules caadbéeved.

As final example in this field, a simultaneous egtive crystallization of single
chain antibody using an ATPS was proposed by Huwetimet al. [58]. The authors
demonstrated the effective integration of two stesnely by designing an ATPS that
favors the crystallization of proteins by using PB@&d sodium sulfate. The authors
observed that at sufficiently high concentratioh®BG, a second immiscible phase is
formed with the simultaneous crystallization of theget protein. The crystal nucleation
occurs in the salt-rich phase (at the phase boyphdahereas the protein crystal growth
progress mainly in the PEG-rich (top) phase whkeedrystals are partitioned [58]. In
our opinion, this is a relevant example of the hpgitential of ATPS as an integrative
platform since protein crystallization processese awell-established in the
pharmaceutical and food industries. Despite thggmoaches’ relevance, additional
efforts to demonstrate the phases’ recycling amatepr polishing studies are still

required.

2.1.3 Challenges for the implementation in industrialds@essing

We fully agree that ATPS are highly versatile alexible and can be designed to
act as integrative platforms. This possibility iswever not new, as described in the
book Separation Using Aqueous Phase Systezdged by Fisher and Sutherland in
1989 [65]. Therefore, a question remaivhat failed in the ATPS implementation at a
large scal® In our opinion, the problem is that only isola#&tPS-related studies are
found, and even these are still scarce taking atdbe large number of phase-forming
components that can be combined to create ATPSatieal conditions that can be
changed, and target products to separate. Onlyomgdan exhaustive and systematic
study it will be possible to achieve relevant imgggthat could allow the design of

effective ATPS for a given application. Furthermotfeit is difficult to implement



single-operation ATPS at an industrial scale, It laé even more difficult to implement
them as integrated platforms due to the studiesaaiustments required in equipment
and infrastructures. A big gap remains betweenbiech and pilot-scale apparatus
and/or procedures and the reality of industrialpbdgessing. We do understand that
some ATPS-based studies are of a more fundameatiaien while others are devoted to
application of individual case studies. Therefonglependently of the purpose, before
starting “yet another” work on the partition/sepema/purification of some exciting
biological product, authors should consider thevdedge that can be generated and
how these processes could be implemented at astialuscale, as well as if it is a
competitive process compared to the well-estaldisirees.

Fundamental studies are a must since useful irssigit the molecular-level
mechanisms ruling solute partition and/or phasepagtion mechanisms can be
provided. Only by addressing this knowledge, effecATPS for a target application
can be designed. Furthermore, the effect of imigsrion both the solute partition and
phases’ equilibrium and compositions should be @ppd. When envisioning a large-
scale process, the purity of the phase-forming @rmapts may not be as high as at the
laboratory scale, and related economic issues teebd considered. Recently, Patel et
al [66] carried out a dynamic modelling of ATPS tuantify the impact of
bioprocessing design, operation and variabilitye Tduthors highlighted the lack of
experimental studies that consider the impuritesdividual components as one of the
main modelling limitations of ATPS, suggesting tiee of high throughput analysis to
overcome this issue. Furthermore, when dealing salkrsalt ATPS ion-exchange may
occurs, leading to more complex systems involvingranspecies in equilibrium, and
requiring the quantification of all ions presentisch phase (that according to the Gibbs
Phase Rule and respective degrees of freedom carmoleethan two since more than 3
species are present). In addition, pH effects dras@-forming components speciation
should always be considered as these change th& Adrfhation capacity and solutes
partitioning. Although negligible ion-exchange effe were previously demonstrated in
ATPS formed by ionic liquids and strong salting-satts [67,68], such as aluminum,
and potassium-based salts, the same may not applstems involving pairs of salts
with similar cohesion energy [69] or more compleXPS involving or protic-ILs [70]
or polyvalent ions [71].

As schematized inFig. 2, applied ATPS-based studies focused on the

extraction/purification of a target compound shouwdtbo consider their use in



continuous mode and integration of several operatiaits, ideally designing and
simulating an industrial plant. Moreover, theiregfive implementation is dependent on
the recyclability, biocompatibility and sustaindtyil (economic and environmental
issues). In our opinion, the effective implememtatiof ATPS in industrial
bioprocessing is highly dependent of its overaBitaunability, mainly associated with
the recyclability of the ATPS components (which ba&responsible for more than 50%
of the total process cost [72]). It is important note that the recycling/reusing
procedures should guarantee the reproducibilityjtypuequirements of the original
extraction/purification stage, as well as the ecoitcoand environmental sustainability
of the overall bioprocess. These features shouldlays considered in the design,
scale-up, control and automatization of the respe&TPS.
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2.2.  Pretreatment Strategiesfor Analytical Purposes

Following the use of ATPS in downstream bioproaggstheir use for analytical
purposes appears as the most popular. ATPS hawveuseeas pre-treatment techniques
to concentrate (to overcome the detection limitshef analytical technique) of residual
drugs [73] and pollutants in water [73—76] and faainples [75,77,78]. In the same
line, ATPS have been used to treat complex samai@sng the improvement of
(bio)analytical and (bio)characterization purpo&&s79].

A growing number of contaminants and pollutantsr(gowith serious health and
environmental impact) are continuously releasethéoaqueous environment by human
activities. However, these pollutants are usuallgspnt in trace levels in complex
environmental samples, turning their accurate dgficetion and identification a great
challenge. Thus, also taking advantage of the cdraton capacity of ATPS by
changing the volumes of the two phases, these can applied as pre-
treatment/concentration techniques, both to eliteimaterferences and enrich the target
pollutants. Representative examples of the potemdfaATPS for environmental
monitoring were shown by Freire and co-workers 78380], namely using IL-based
ATPS to improve the detection and quantificationtlté human endocrine disruptor
bisphenol A [76], synthetic hormones [80], and othaetive pharmaceutical ingredients
[73]. It is important to highlight that the key feee of ATPS as pre-treatment
techniques for environmental monitoring is theiiligbto significantly enhance the
pollutant concentration by simply adjusting the pasitions of the ATPS components
along a given tie-line while guaranteeing the natwssation of the respective phase.

Similarly, ATPS can be used as a pretreatment/piagcstage in proteomic studies,
separating and concentrating large fractions ofgime from crude extracts, which can
be subsequently identified and characterized by éBctrophoresis [81], mass
spectrometry techniques [82,83], among others. Froor perspective, the
implementation of ATPS as a pre-treatment stag@ateins detection/characterization
is one of their most appellative applications. Hegre as highlighted below, the
intensification by automatization and miniaturipati of ATPS can bring further
advances in this field.

The most successful “bioanalytical-related apprbaghing ATPS is the solvent
interaction analysis (SIA) method, proposed by @asty et al. [25], which is based on
the solutes partitioning in ATPS. The authors [Balve recently reviewed the SIA



analytical progresses, highlighting the strong poé¢ of ATPS to improve the
characterization and analysis of individual prateand protein-partner interactions in
biological fluids, as well as the new opportunities discover and monitor protein
biomarkers. The SIA technique is a simple, robust mexpensive method to detect
changes in the protein structure and protein-pmateibiological samples,e. serum or
plasma proteome clinical samples, as a functiotheir partition coefficients. These
findings represent the basis for the company CékDiagnostics, Inc., which is about
to commercialize the SIA technology, as IsoP$Assay, for the early detection of
prostate cancer. Considering that clinical protesnmand disease biomarkers are in
general proteins, we believe that ATPS can be ased powerful tool to improve
diagnosis of a wide variety of diseases.

A representative scheme summarizing the uses arspgmtives of ATPS as pre-
treatment strategies for analytical purposes isvehim Fig. 3. Although it is evident
that (bio)analytical analysis and pre-preparatioon¢entration) sampling procedures
are regarded as relevant opportunities for theiegtmn of ATPS, for example on
environmental monitoring and clinical purposes, owrcial ATPS-based kits or
technologies are yet scarce. The design of autasthénd robotic devices, as well as
miniaturized sample preparation and pre-concentrétits, will make a turnover in the
field of analytical ATPS-based technologies. In opmion, studies regarding the use of
ATPS in the analytical field should focus on thev&lepment of disruptive and non-
conventional technologies, for example in microgsrand biosensors for fast biological
and genetic analysis. Additional information on tlse of ATPS in emerging analytical
applications is provided below.
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2.3. Other Applications

In the previous sections the two most explored iapfpbns of ATPS were
overviewed. However, there are other small nicloeshe application of ATPS, such as
in hydrometallurgy, urban mining, biorefinery andiveonmental bioremediation.
ATPS have been demonstrated to be powerful toolthioselective extraction of metal
ions [84,85] and, more recently, as integrative tfptens for leaching and
hydrometallurgical treatment of critical metals [8f. Pioneering works used
polymer/salt ATPS; in particular, the use of trithecopolymers have attracted the
interest from metal-based industries [27,85]. Hosvevand as recently stated by
Karmakar and Sen [84], due to the environmentablpros concerning the disposal of
polymer and salt-concentrated waste streams, potpamed ATPS were not effectively
employed at a large scale. Therefore, the developnoé suitable regeneration
(components recycling and metals leaching) mettaak leaching/extraction/refining
integrative processes could enhance the poteritiblofield. Significant advances were
achieved with the development of ionic-liquid-bagidbased) ATPS [2,86—88]. The
work of Schaeffer et al. [86] is the perfect exampf the potential of IL-ATPS as an
efficient, flexible and integrated extraction-segg@m-purification platform for the
hydrometallurgical treatment of critical metalsprfr leaching to electrodeposition. As
shown by the authors, the “one pot” hydrometallcaiselective recovery of cobalt
from nickel metal hydride batteries can be achiewgidg an acidic ATPS, allowing the
sequential leaching, solvent extraction and eléejposition of metals. Considering
current environmental concerns and the relevanaghzn mining, we do believe that
ATPS will play a relevant role on this field. Howesy the process integration and
intensification, solvents recycling and scaled-uighility, as well as the understanding
of the fundamental mechanisms behind metal extmnactire crucial goals to be still
achieved.

Similar to metal recovery, the search for more anable approaches for the
environmental remediation of industrial aqueoubiefits opened a new window for the
use of ATPS-based technologies. ATPS have been ins#te removal of toxic and
carcinogenic dye-related compounds from textileustdal wastewaters [89-91], of
aromatic compounds from industrial and environmes#idtlings [92], and of non-
metabolized drugs [93] from domestic effluent tneamt plants. We will not provide a

detailed discussion on this application. We havelbtlo that ATPS are effective



platforms for sustainable environmental remediaparposes. Even considering 100%
of removal of the target pollutants, the cross-aomhation of the aqueous phase aimed
to be treated by the ATPS phase-forming componeiltdhave a stronger impacte.

the ATPS phase-forming components become contamsindrhis attempt should
always consider the use of additional ultrafilivatiof adsorption processes able to
remove the ATPS phase-forming components, so tAi&SAcould be more effective
and sustainable than the commonly applied remedia¢ichniques.

3. Emerging and Non-Conventional Applicationsof ATPS

Most of the studies involving ATPS aim the devel@minof technologies that can
be scaled up and used industrially. However, angriafly highlighted above, the most
promising and emerging applications of ATPS dorequire scaling-up, and sometimes
need instead to be scaled-down [24]. Regardingthlternative uses of ATPS, Teixeira
et al. [24] published a comprehensive review onirtimodern biotechnological
applications, namely in:

i) cell micropatterning and microtissue engineering;

i) solution microarrays for biochemical analysis;

i) microfluidic devices;

iv) synthetic biology approaches.

The emergence of rapid, accessible and simple typig techniques (particularly
3D printers) for the fabrication of a range of \aile microfluidic devices led to the
exploration of new fields of application for ATP34]. Microfluidics are portable
systems that allow the precise handling of solverdagents and cells, intensifying
processesi.€. reduce costs and processing times) and improviegithount/quality of
the data processed [24,94,95]. A relevant numbeswéws [24,94-97] compiling most
of the fundamentals, characteristics, limitatioagplications, and advances of ATPS-
related microfluidics platforms have been publish&kpresentative examples of
emerging applications for microfluidic ATPS platfos are detailed below. However,
the large number of possibilities raises the qoasis microfluidics the basis of the
next generation of ATPS-based technologiks® evident that microfluidics provides
solutions for some of the current ATPS’ limitatioisr example, by being more cost
effective, and by allowing the high-throughput serieg, parallelized and reproducible

processes. However, novel ATPS-based technologiebevalso dependent of proper



automatization and integration with current minieged sample preparation and
analytical devices.

Teixeira et al. [24] anticipated five major aredsfudure growth in applied ATPS
research, while providing some considerations @ntéthnological and design needs,
namely: () polymer design for target ATPS applications;) (stimuli-responsive
systems;i{i) scaling industrial separation reactions) therapeutic microencapsulation
and drug delivery; andv) artificial cells and synthetic biology. We comiglly agree
with the authors and the relevance of these neMicapipns. However, these are yet
quite immature and huge efforts are necessarylltth&ir technological gapgs-ig. 4
summarizes some examples of ATPS-emerging applitatiemphasizing those with
promising future, as well as the barriers that rniedoe overcome before its commercial
and industrial application. As summarizedriy. 4, the use of ATPS in emerging and
non-conventional applications is a result of mugitplinary teams and knowledge.
Researchers explore these systems at micro toitearsdales, employing robotized and
sophisticated technologies, in fields that rangenfibiotechnology, to health sciences,
to material sciences (including biomaterials), lectrochemistry. The next sub-sections
compile some of the most exciting applications dbed for ATPS, as well as some

perspectives to overcome their current limitations.
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Fig. 4. Representative scheme of the emerging and noreational applications of ATPS and

perspectives to overcome their current limitations.
3.1. Bioengineering and Biotechnological Applications

Biotechnology has exponentially grown in the cutrezentury, where the
manipulation of living organisms by using differdsibmolecular and bioengineering
tools is a common procedure. With the growth ohimtecular and bioengineering tools
and devices, new challenges and opportunities hisgeemerged, and in our opinion

ATPS can provide simple and low-cost solutionshis irena.



3.1.1. Immunological and Biochemical Analysis

As emphasized before, the development of disrugivEeS-based technologies, for
example microfluidic platforms and microarray stgies, created a window of
opportunities in bioanalytical/biomolecular clinicaliagnosis. For instance, the
detection of infectious agents is carried out i@ polymerase chain reaction (PCR) or
by using portable nucleic acid detection systeeng, isothermal DNA amplification
techniques. While the first one is a gold standast but limited to laboratory tests
(point-of-care device), the second is a portablecgdethat requires extensive sample
preparation. Therefore, to overcome these limitatidhe authors proposed the use of
micellar ATPS as a single, integrative, sensitind aase-of-use tool to achieke coli
cell lysis, lysate processing.. DNA sample preparation) and enhanced isothermal
DNA amplification (by using the thermophilic helgsgdependent amplification
method) [37]. A similar approach was carried by shene research group, by applying
ATPS to spot immunoassays and detect foodbornesskes [98]. In this work, an
UCON/phosphate salt ATPS was used for the precaratem ofE. coli0157:H7 cells,
improving the detection limit of the spot test witt80 min and allowing the detection
without upstream processing or dilution procedures.

Frampton et al. [99] shown a successful exampletten use of ATPS-based
strategies to eliminate antibody cross-reactionganventional ELISA assays. The
ATPS-ELISA method proposed by the authors takesamtdge of a PEG/dextran
system properties to confine the detection of alids at specific locations in fully
agqueous environments. Although the procedure faltve standard ELISA procedures,
it requires lower quantities of antibodies and wodu of biological samples, thus
appearing as an interesting alternative for thedaiein of biomarkers in biological
samples. However, this approach still exhibits Haene limitations of the ELISA
workflow, namely the lack of automatization and hitproughput, being a laborious
and time-consuming method. Recent advances usingopatterning arrays can
overcome some of these drawbacks, making the ATERSebELISA procedure simpler
and quicker [24]. Other traditional immunoassays take advantage of the ATPS
concentration aptitude, for example by intensifyitige sensitivity of lateral-flow
immunoassays for the detection of proteins [10@lises [101], among others [24].

The above described examples demonstrate the bightmal of ATPS to overcome

the traditional limitations of (bio)diagnosis. Frowur perspective there are still



numerous opportunities for the use of ATPS in tioetliemical and analytical fields. In
this field, ATPS can be used as a combined putiineand concentration platform, and
ideally should be miniaturized to reduce the voluaiebiological samples and the

analysis cost.

3.1.2. Artificial Cells, Cell Biology and Synthetic Biolgg

A remarkable example of out-of-the-box applicatidas ATPS was proposed by
Arns and Winter [36], who demonstrated the potémtiigATPS to recover the stability
of a DNA hairpin (hp) submitted to high pressurel(390 bar). Authors have shown the
important role of polymeric ATPS to recover thelbgical function of DNA hp. This
example demonstrated not only the applicabilityAdPS in cell biology studies, but
also the potential of stimulus-responsive ATPS gpuee-modulated) for the control of
biocatalytic systems.

ATPS have also shown to be promising in artificells and cell biology fields.
ATPS can be used to simulate organelles and nucleplid-environments, by
mimicking the compartmentalization of biological lecules in membrane-enclosed and
membrane-free structures of living cells. The Kegs research group is one of the
most active on this field [102—-105], with a ser@sinteresting works using ATPS as
model systems for biological compartmentalizatiorearly and modern cellse. cell-
like assemblies. An overview on the use of ATP$alkmodels was published in 2011
[102], highlighting their potential to mimic someoperties of biological cells, such as
micro-compartmentalization, protein relocalization response to stimulus, loss of
symmetry, and asymmetric vesicle division. A susfidsexample is the study of
Strulson et al. [104], where the intracellular c@mmentalization and macromolecular
crowding for partitioning RNA was mimicked by using PEG/dextran ATPS.
Interestingly, the RNA was 3,000-fold concentratethe dextran-rich phase, leading to
approximately a 7-fold increase in the rate of zjpoe cleavage. It is important to
highlight that the catalytic rate was enhanced djysiing the relative volume ratio of
the ATPS. In our opinion, this is a remarkable eplmon the use of ATPS in modern

biology and biotechnological approaches.
3.2. (Bio)materials Applications

In the last years, new strategiesg( micropatterning, bioprinting) and materials
(e.g. biopolymers, hydrogels) have been created, offersmgutions for cell



micropatterning and microtissue engineering, newyrper-based technologie®.§.
stimuli-responsive, self-assembly structures), amdkevelopment of novel
chemical/electronic devices (discussed above). elixet al. [24] compared and
discussed the novel ATPS-based patterning and ibtog techniques, emphasizing
their potential for: i) analysis of cellular growth and cell differenimat; (i)
cocultivation of mammalian engineered systems;) (cocultivation of microbial
engineered systems; antV)(self-assembly of cell and tissue constructionl Ak
mentioned ATPS-based strategies take advantadpe aftierfacial tensions between the
coexisting phases (polymer-based systems are tls shadied) to confine cells into
pre-specified configurations without damaging, bging simple and small-scale
approaches. Although all details about these praesdcan be found in the review of
Teixeira et al. [24], we would like to highlight eror two examples that in our opinion
demonstrate the high potential of ATPS over cornweat micropatterning/bioprinting
processes.

APTS micropatterning technology allows the pattegnof multiples types of cells
(e.g.mammalian and microbial), creating cell exclusmmmes and cell islands, further
allowing to obtain insights on cell-cell interact® [30]. Frampton et al. [106]
mimicked the liver cells function through the cdwdtion of hepatocytes and
fibroblasts, observing higher production rates dbumin in cocultures than in
monocultures of hepatocytes. Similarly, microenmiments and interactions occurring
between eukaryotic and prokaryotic cells can aksanimicked by a proper deposition
of the microbial cells within ATPS. This approac@dmcovercome incompatible growth
conditions of coexisting cells and prevent overgtogince the cells are confined within
the droplet phase. Besides the physical confinenséntells, small molecules and
metabolites are freely diffused through the integfareplicating the complex microbial
communities environments found in nature [24].

ATPS cell coculture is a promising-vitro platform to reveal interactions between
distinct cells (mammalian, microbial, and plantdz®nes), for instance by providing
insights on the effects of pathogenic bacteria smammalian cells and by simulating
heterocellular realistic environments for mammalcahl proliferation and migration.
However, the most exciting perspectives for ATP8 ab cell cultivation and 3D
microtissue. An excellent example is the high-tiglgaut polymeric ATPS-based
technique developed by Tavana and collaborators1(33108] for printing tumor

spheroids at a microscale. The ATPS-printing mexbhology allows the confinement



of cells within droplets of the bottom phase, whatte formed by the titration of the
bottom phase in a large volume of the top-phasatisal This approach avoids the risk
of evaporation of the liquid medium (commonly olvser in 2D culture) and allows to
control the aggregation of cells into spheroidse Taborious processes of handling,
drug treatment and spheroids’ analysis were oveectay implementing a robotic
system to microprint the spheroids in 384-microwplates [33,107,108]. The
impressive handling and high-throughput capacity this microtechnology was
demonstrated by screening 25 chemotherapeuticsnatetular inhibitors against over
7000 tumor spheroids of three cancer cell line¥J10Qther examples of microtissue
strategies using ATPS include the use of ATPS fiatpell-containing contractile
collagen microdroplets i.€. hydrogel-based microtissues) [109], formation and
manipulation of cell spheroids using a density sijd PEG/Dextran ATPS [110],
among others [24].

An additional interesting example of ATPS application the biomaterials field is
the use of the PEG/dextran system as an alternatraéegy for the preparation of a
cell-laden microgel [111]. This microgel is a bider@al used for various biomedical
purposes that is frequently produced using micidituoil-water systems. To overcome
the poor distribution of crosslinking reagents Ime toil phase and low microgel
extraction rates, Liu et al. [111] used a co-flovicrofluidic ATPS device to form
uniform droplets of the microgel precursor reageittich was then converted to a cell-
laden microgel by horseradish peroxidase-catalgresklinking.

The integration of high-throughput and robotic @egi for 3D cell cultivation using
ATPS demonstrates its potential as low-cost andplgimechnology for 3D cell
cultivation and drug screening usimgvitro cells models. This approach can offer more
representative models of tissues and reduce thé@uof expensive, time-consuming
and controversial animal tests for drug discovéie think that these examples are
good starting points to explore a plethora of oppaties for ATPS in the biomaterials-
related fields.

ATPS can additionally be promising solutions foorbaterial synthesis using
microfluidic systems. Since droplet microfluidic vitees allow the formation and
control of controlled-size droplets within a statoy phase entrapped in the
microchannel, these have been applied for hydrogetparation, bioassays,
(bio)encapsulation and high-throughput dotted asslyPreviously, a high-throughput

ATPS microfluidic approach for drug delivery in apsulated tumor cells was



highlighted. Boreyko et al. [112] demonstrated tise of ATPS microdroplets with
reversible  phase transitions to mimic the dynamicnd a natural

microcompartmentalization that occurs within théopyasm of cells. Reversible phase
transitions from monophasic, biphasic, and cordtshierobead states were obtained

by evaporation-induced dehydration and water redtyain.
3.3. Other Non-Conventional Applications

Most of the processes reviewed so-far are bio-baggdications. However, few
recent pioneering studies have proposed the ua@B§ for alternative and unexpected
non-biological purposes. In one of these pioneewngks it was proposed the use of
IL-based ATPS as membrane-free batteries [113]. Tdwhnology proposed by
Navalpotro et al. [113] is a remarkable advancehenelectrochemical field, since the
separation of electrolytes in batteries is noteiby expensive membranes but simply
by the intrinsic immiscibility of the coexistinggid phases. Further advantages of
these ATPS-like batteries were demonstrated, ssitheacontrol of the cross-migration
of the species in the membrane-free batteries, bajtery voltage, and coulombic and
energy efficiencies.

As the final example, we would like to highlight &TPS-related technology,
patented in 1997 by Rogers et al. [114], which weasently converted into an
innovative commercial application for the separatiand isolation of technetium
radioisotopes (T¢™) from aqueous solutions containing radioactivean-radioactive
molybdate salts, the RadioGefix system, commercialized by NorthStar Medical
Radioisotopes, LLC. As proposed by Rogers et al5]lthis application of ATPS
resulted from the adaptation of a PEG-based ATP& teolid Aqueous Biphasic
Extraction Chromatography (ABEXT mode, by grafting high molecular weights PEG
polymers to a solid support and using high ionrergjth salt solutions as the mobile
phase. After almost 20 years, a polymer/salt AT&Effiectively used in a commercial
application. As can be found in the website of N@thStar Medical Radioisotopes,
LLC company,“NorthStar believes that FDA Approval of the Rade®g System
(technetium Tc99m generator) and non-uranium badedd9 production technology
marks a new era in nuclear medicine technology floyiding a reliable, domestically
produced and environmentally friendly Mo-99/Tc-98upply for the United States.”
From our perspective, this is the perfect exampléaw an original academic concept

was transformed into a commercially viable appiarat



Final Remar ks and Outlooks

An overview on the disruptive technologies and eymegr applications of ATPS
that, from our perspective, exhibit highest potanfior future implementation or
commercialization was here provided. As discusadtie various sections, ATPS share
a series of outstanding properties that, even dfigrears of studies, still maintain their
potential for the development of novel technologldswever, only a few examples of
effective industrial application of ATPS are knowAs with other bioseparation
technologies, the implementation of new industt@imercial processes faces the
common risks and restrictions of installation, depeent, validation, and new
operation costs. However, other ATPS barriers @ prevalent, particularly the poor
understanding of the partition/separation mechasyjsimited number of predictive
models and large-scale studies, commercial equipfoesuch a purpose, as well as the
cost and large volume of some phase-forming commsnand their inability for
recycling.

Future ATPS academic studies that aim to make iffierehce must address new
approaches and applications, by incorporating timevative and disruptive nature of
the biotechnology, health and materials sciencéddig¢o provide advanced and
marketable technologies. From our perspective,ctirapetitive advantages of ATPS,
like process integration, continuous processingcdmpatibility, sustainability, and
recyclability, need to be converted into simplegemsible and automatized industrial
technologies/processes, which should bring effec{ivot residual) improvements in
comparison to the current commercial technologies. that purpose, we advise the
scientific community to gather significant insight&t molecular-level mechanisms
ruling phase formation and solutes partition, tdrads the use of ATPS in continuous
processes, to design new ATPS-specific and integrajpparatus, and to demonstrate
the cost-effective and sustainable nature of ATR& the well-known and established
techniques. Continuous and integrated procesggs;thioughput robotic, and life cycle
assessment should be always considered to fostketahle applications.

We believe that new technological-based platformamagi ATPS will effectively
become commercial, particularly in the purificatminrsome bio-based products (such as
virus like particles, membrane proteins, cells, lewc acids fragments) for which
chromatographic solutions are currently noncomipetiin integrative hydrometallurgy

and urban mining procedures, as pre-treatmenegies for environmental monitoring,



and (bio)analytical and diagnostic approaches ltawever in new and emerging fields
that relies the future of ATPS research. The numierATPS non-conventional
applications will certainly grow in the next yeagttracting the interest of researchers
from non-separation fields. Although we believetthi@ creativity and curiosity of
these researchers, less-familiar with the concep{l®S, can significantly contributes
toward the development of “out-of-the-box” ATPS Bggtions, we advise the
following: i) to understand the fundamental and conceptuahceibehind the ATPS
creation;ii) to select the most adequate systems accordinggpkcation of interest
from the extensive number of ATPS available in tierature;iii) to define the
operational conditions and processual parametarsidering the target-bioproduct or
application — different conditions and parametstgh as temperature, pH, processing
and sampling mode, volumes and quantities, afféectly the ATPS equilibrium
and/or phases’ separation time) to be innovative but always considering the
thermodynamic equilibrium and physicochemical praps of these systems) to take
into account that the compound in higher contenAirPS should be wateni) to
address the biocompatibility and cost of the reingiphase-forming components; and
vii) to consider and compare if the designed ATPSga®¢s competitive with current
technologies used for the same purpose.

We hope that this perspective will bring to the ATlResearch community the
enthusiasm to move forward to a new level and wldiea paths, as well as to stimulate

researchers from other fields to bring creativitytis field.
Acknowledgements

This work was developed within the scope of the nfpuResearcher Project
(2014/16424-7) funded by FAPESP (S&o Paulo Resdeaocimdation Brazil). J.F.B.
Pereira acknowledges financial support from CNPatigwal Council for Scientific and
Technological Development, Brazil) and CAPES (Camatlon of Superior Level Staff
Improvement, Brazil) (financial code 001). This wawas also developed within the
scope of the project CICECO-Aveiro Institute of iaals, POCI-01-0145-FEDER-
007679 (FCT Ref. UID/CTM/50011/2019), financed bational funds through the
FCT/MCTES, and Project POCI-01-0145-FEDER-03084tdé&d by FEDER, through
COMPETE2020-Programa Operacional Competitividadi@ernacionalizagao (POCI),
and through FCT/MCTES.



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

P.-A. Albertsson, Partition of Cell ParticleacaMacromolecules, 8ed, Wiley,
New York, 1986.

M.G. Freire, A.F.M. Claudio, J.M.M. Araujo, J.R. Coutinho, I.M. Marrucho,
J.N.C. Lopes, L.P.N. Rebelo, Aqueous biphasic systA boost brought about
by wusing ionic liquids, Chem. Soc. Rev. 41 (2012P66-4995.

doi:10.1039/c2cs35151;.

A.L. Grilo, M.R. Aires-Barros, A.M. Azevedo, Rdioning in Agueous Two-
Phase Systems: Fundamentals, Applications and 3re®ep. Purif. Rev. 45
(2016) 68-80. doi:10.1080/15422119.2014.983128.

J. Benavides, M. Rito-Palomares, J.A. Asenjquéous Two-Phase Systems, in:
Compr. Biotechnol. Second Ed., 2011: pp. 697-718:16.1016/B978-0-08-
088504-9.00124-0.

M.W. Beijerinck, Ueber eine Eigentimlichkeit rdslichen Starke, Zentralbl.
Bakteriol. Parasitenkd. Infekt. 2 (1896) 698—699.

E. Cordisco, C.N. Haidar, R. Gofi, B.B. Nelli,P. Malpiedi, Physicochemical
characterization of aqueous micellar systems forlmednvironmentally friendly
salts, Fluid Phase Equilib. 393 (2015) 111-116:1601016/].fluid.2015.03.011.

M.G. Freire, J.F.B. Pereira, M. Francisco, HodRguez, L.P.N. Rebelo, R.D.
Rogers, J.A.P. Coutinho, Insight into the inter@tsi that control the phase
behaviour of new aqueous biphasic systems compoS@dlyethylene glycol

polymers and ionic liquids, Chem. - A Eur. J. 18012) 1831-1839.

doi:10.1002/chem.201101780.

H.O. Johansson, J. Persson, F. Tjerneld, Theeparating water/polymer
system: A novel one-polymer aqueous two- phasesy&r protein purification,
Biotechnol. Bioeng. 66 (1999) 247-257. doi:10.1Q08RZ1)1097-
0290(1999)66:4<247::AlID-BIT6>3.0.CO;2-5.

C.H. Kang, S.I. Sandler, Phase behavior of agagwo-polymer systems, Fluid
Phase Equilib. 38 (1987) 245-272. doi:10.1016/03382(87)85004-5.

C.0. Rangel-Yagui, A. Pessoa, D. Blankschtdimo-phase aqueous micellar
systems - An alternative method for protein puaifion, Brazilian J. Chem. Eng.
21 (2004) 531-544. doi:10.1590/S0104-66322004000a80

M. Taha, M.R. Almeida, F.A.E. Silva, P. Domueg, S.P.M. Ventura, J.A.P.
Coutinho, M.G. Freire, Novel biocompatible and gmliffering ionic liquids for

biopharmaceutical applications, Chem. - A Eur. 1. (2015) 4781-4788.
doi:10.1002/chem.201405693.



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

M. V. Quental, M.M. Pereira, A.M. Ferreira, N5. Pedro, S. Shahriari, A.
Mohamadou, J.A.P. Coutinho, M.G. Freire, Enhanegghsation performance of
aqueous biphasic systems formed by carbohydratkdetraalkylphosphonium-
or tetraalkylammonium-based ionic liquids, Greere@h 20 (2018) 2978-2983.
doi:10.1039/c8gc00622a.

O. Aguilar, M. Rito-Palomares, Aqueous two-paasystems strategies for the
recovery and characterization of biological produftbm plants, J. Sci. Food
Agric. 90 (2010) 1385-1392. doi:10.1002/jsfa.3956.

J.A. Asenjo, B.A. Andrews, Aqueous two-phagstems for protein separation:
A  perspective, J. Chromatogr. A. 1218 (2011) 883353
doi:10.1016/j.chroma.2011.06.051.

J.A. Asenjo, B.A. Andrews, Aqueous two-phagstems for protein separation:
Phase separation and applications, J. Chromatogrl1288 (2012) 1-10.
doi:10.1016/j.chroma.2012.03.049.

A.M. Azevedo, A.G. Gomes, P.A.J. Rosa, |.Frréiea, A.M.M.O. Pisco, M.R.
Aires-Barros, Partitioning of human antibodies iolyethylene glycol-sodium
citrate aqueous two-phase systems, Sep. Purif. nbécle5 (2009) 14-21.
doi:10.1016/j.seppur.2007.12.010.

T.B.V. Dinis, H. Passos, D.L.D. Lima, A.C.A.08sa, J.A.P. Coutinho, V.I.
Esteves, M.G. Freire, Simultaneous extraction aodcentration of water
pollution tracers using ionic-liquid-based systethsChromatogr. A. 1559 (2018)
69—77. doi:10.1016/j.chroma.2017.07.084.

G. Johansson, Affinity Partitioning in Aqueoli&/o-Phase Systems, J. Sci. Food
Agric. 90 (2000) 1385-92. doi:10.1002/jsfa.3956.

T. Matos, H.O. Johansson, J.A. Queiroz, L. @yl Isolation of PCR DNA
fragments using aqueous two-phase systems, Sejf. Pechnol. 122 (2014)
144-148. doi:10.1016/j.seppur.2013.11.014.

J.A.P. Pereira, J.F.B., Ventura, S.P.M., Sil¥&A., Shahriari, S., Freire, M.G.,
Coutinho, Aqueous biphasic systems composed of icuids and polymers: A
platform for the purification of biomolecules, Sdpurif. Technol. 113 (2013)
83-89. d0i:10.1016/j.seppur.2013.04.004.

R.R.G. Soares, A.M. Azevedo, J.M. Van Alstind, Raquel Aires-Barros,

Partitioning in agueous two-phase systems: Analgsistrengths, weaknesses,
opportunities and threats, Biotechnol. J. 10 (2013)158-1169.

doi:10.1002/biot.201400532.

J. Benavides, O. Aguilar, B.H. Lapizco-Encind Rito-Palomares, Extraction
and purification of bioproducts and nanoparticleing aqueous two-phase
systems strategies, Chem. Eng. Technol. 31 (200838-&15.
doi:10.1002/ceat.200800068.



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

E. Espitia-Saloma, P. Vazquez-Villegas, O. #au M. Rito-Palomares,
Continuous aqueous two-phase systems devices dorettovery of biological
products, Food Bioprod. Process. 92 (2014) 101-112.
doi:10.1016/j.fbp.2013.05.006.

A.G. Teixeira, R. Agarwal, K.R. Ko, J. Granti, B.M. Leung, J.P. Frampton,
Emerging Biotechnology Applications of Aqueous TRbase Systems, Adv.
Healthc. Mater. 7 (2018). doi:10.1002/adhm.2017@103

B.Y. Zaslavsky, V.N. Uversky, A. Chait, Anailgal applications of partitioning
in aqueous two-phase systems: Exploring proteurcstral changes and protein-
partner interactions in vitro and in vivo by solvemteraction analysis method,
Biochim. Biophys. Acta - Proteins Proteomics. 1862016) 622—644.
doi:10.1016/j.bbapap.2016.02.017.

N.V. dos Santos, V. de Carvalho Santos-Ebinuda Pessoa Junior, J.F.B.
Pereira, Liquid—liquid extraction of biopharmaceats from fermented broth:
trends and future prospects, J. Chem. TechnoleBiwiol. 93 (2018) 1845-1863.
doi:10.1002/jctb.5476.

M. Igbal, Y. Tao, S. Xie, Y. Zhu, D. Chen, XVang, L. Huang, D. Peng, A.
Sattar, M.A.B. Shabbir, H.Il. Hussain, S. Ahmed,YZian, Aqueous two-phase
system (ATPS): an overview and advances in itsiegipns, Biol. Proced.
Online. 18 (2016) 1-18. doi:10.1186/s12575-016-6848

J. Gonzélez-Valdez, K. Mayolo-Deloisa, M. RRalomares, Novel aspects and
future trends in the use of aqueous two-phaseragsés a bioengineering tool, J.
Chem. Technol. Biotechnol. 93 (2018) 1836—1844.1@01002/jctb.5434.

J. Gonzalez-Valdez, J. Benavides, M. Rito-Rales, Characterization of
Aqueous Two-Phase Systems and Their Potential Nppli¢ations, Food Eng.
Ser. (2017) 19-33. d0i:10.1007/978-3-319-59309-8 2.

H. Tavana, B. Mosadegh, S. Takayama, Polymegiceous biphasic systems for
non-contact cell printing on cells: Engineeringdnetellular embryonic stem cell
niches, Adv. Mater. 22 (2010) 2628—-2631. doi:102/86ma.200904271.

D. Petrak, E. Atefi, L. Yin, W. Chilian, H. 7ana, Automated, spatio-temporally
controlled cell microprinting with polymeric aquenubiphasic system,
Biotechnol. Bioeng. 111 (2014) 404-412. doi:10.16225100.

H. Tavana, S. Takayama, Aqueous biphasic mrmmting approach to tissue
engineering, Biomicrofluidics. 5 (2011). doi:10.B806.3516658.

E. Atefi, S. Lemmo, D. Fyffe, G.D. Luker, H.aVana, High throughput,
polymeric aqueous two-phase printing of tumor spigs; Adv. Funct. Mater. 24
(2014) 6509-6515. doi:10.1002/adfm.201401302.

H. Tavana, A. Jovic, B. Mosadegh, Q.Y. Lee,lXu, K.E. Luker, G.D. Luker,
S.J. Weiss, S. Takayama, Nanolitre liquid patteymmnaqueous environments for



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

spatially defined reagent delivery to mammaliarsg@lat. Mater. 8 (2009) 736—
741. doi:10.1038/nmat2515.

R. Agarwal, K.R. Ko, P.F. Gratzer, J.P. Fraomt Biopatterning of
Keratinocytes in Aqueous Two-Phase Systems as an®alt Tool for Skin
Tissue  Engineering, in: MRS Adv. 2 (2017) 2443-2449
doi:10.1557/adv.2017.357.

L. Arns, R. Winter, Liquid-liquid phase sep@na rescues the conformational
stability of a DNA hairpin from pressure—stress,e@h Commun. (2019) -.
doi:10.1039/C9CC04967C.

S.F. Cheung, M.F. Yee, N.K. Le, B.M. Wu, DHamei, A one-pot, isothermal
DNA sample preparation and amplification platfortilizing aqueous two-phase
systems, Anal. Bioanal. Chem. 410 (2018) 5255-586810.1007/s00216-018-
1178-4.

S.M. Cramer, M.A. Holstein, Downstream biopessing: Recent advances and
future  promise, Curr. Opin. Chem. Eng. 1 (2011) 37—
doi:10.1016/j.coche.2011.08.008.

P. Vazquez-Villegas, O. Aguilar, M. Rito-Palames, Continuous enzyme
agueous two-phase extraction using a novel tubmiaer-settler in multi-step
counter-current arrangement, Sep. Purif. Technell 1(2015) 263-268.
doi:10.1016/j.seppur.2014.12.005.

E. Espitia-Saloma, P. Vazquez-Villegas, M. dftalomares, O. Aguilar, An
integrated practical implementation of continuogaeous two-phase systems for
the recovery of human IgG: From the microdeviceatmultistage bench-scale
mixer-settler device, Biotechnol. J. 11 (2016) T0B5-
doi:10.1002/biot.201400565.

Y. Ito, Origin and evolution of the coil plaheentrifuge: A personal reflection of
My 40 Years of CCC research and development, Saqif. Rev. 34 (2005) 131
154. doi:10.1080/15422110500322883.

M.L. Magri, R.B. Cabrera, M. V. Miranda, H.Nfernandez-Lahore, O. Cascone,
Performance of an aqueous two-phase-based coumtrtichromatographic
system for horseradish peroxidase purificatioigep. Sci. 26 (2003) 1701-1706.
doi:10.1002/jssc.200301532.

I. Hernandez-Mireles, J. Benavides, M. Ritdeaares, Practical approach to
protein recovery by countercurrent distributioragueous two-phase systems, J.
Chem. Technol. Biotechnol. 83 (2008) 163—-166. dbi002/jctb.1806.

J.H.P.M. Santos, A.M. Ferreira, M.R. Almeida,S.G.N. Quinteiro, A.C.R. V.
Dias, J.A.P. Coutinho, M.G. Freire, C.0O. RangelagS.P.M. Ventura,
Continuous separation of cytochrome-c PEGylategugattes by fast centrifugal
partition chromatography, Green Chem. (2019). @0i:239/c9gc01063g.



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

J.H.P.M. Santos, M.R. Almeida, C.I.R. Martins,C.R.V. Dias, M.G. Freire,
J.A.P. Coutinho, S.P.M. Ventura, Separation of phencompounds by
centrifugal partition chromatography, Green Chend. 2018) 1906-1916.
doi:10.1039/c8gc00179k.

J. Sinha, P.K. Dey, T. Panda, Aqueous two-phdse system of choice for
extractive fermentation, Appl. Microbiol. Biotechno54 (2000) 476-486.
doi:10.1007/s002530000342.

C.W. Oaoi, S.L. Hii, S.M.M. Kamal, A. Ariff, TC. Ling, Extractive fermentation
using aqueous two-phase systems for integrateduptiod and purification of
extracellular lipase derived frofurkholderia pseudomalleProcess Biochem.
46 (2011) 68—73. doi:10.1016/j.prochio.2010.07.014.

J.C. Sanchez-Rangel, D.A. Jacobo-Velazquez, Qisneros-Zevallos, J.

Benavides, Primary recovery of bioactive compouinosh stressed carrot tissue
using aqueous two-phase systems strategies, J..Creshnol. Biotechnol. 91

(2016) 144-154. doi:10.1002/jcth.4553.

O. Hernandez-Justiz, R. Fernandez-Lafuente,Thtreni, J.M. Guisan, Use of

agueous two-phase systems for in situ extractionvatier soluble antibiotics

during their synthesis by enzymes immobilized onope supports, Biotechnol.

Bioeng. 59 (1998) 73-79. doi:10.1002/(SICI)1097-
0290(19980705)59:1<73::AlD-BIT10>3.0.CO;2-3.

J.H. Zhu, X.L. Yan, H.J. Chen, Z.H. Wang, litusextraction of intracellular |-
asparaginase using thermoseparating aqueous tvee-glgatems, J. Chromatogr.
A. 1147 (2007) 127-134. doi:10.1016/j.chroma.20R.085.

Z.G. Su, X.L. Feng, Process integration of deruption and aqueous two-phase
extraction, in: J. Chem. Technol. Biotechnol.,, 1999p. 284-288.
doi:10.1002/(SICI)1097-4660(199903)74:3<284::AIDTB22>3.0.CO;2-Q.

M. Rito-Palomares, A. Lyddiatt, Process intdgyn using aqueous two-phase
partition for the recovery of intracellular protsjrChem. Eng. J. 87 (2002) 313—
319. doi:10.1016/S1385-8947(01)00241-8.

H.S. Mohammadi, E. Omidinia, Process integmatifor the recovery and
purification of recombinantPseudomonas fluorescensoline dehydrogenase
using aqueous two-phase systems, J. ChromatognaB Aechnol. Biomed. Life
Sci. 929 (2013) 11-17. doi:10.1016/j.jchromb.2033)Q4.

C. Séanchedrasvifa, J. GonzéleZaldez, K. MayoleDeloisa, M. Rite
Palomares, Impact of aqueous two-phase systemmndpaigimeters upon the in
situ refolding and recovery of invertase, J. Ch&ethnol. Biotechnol. 90 (2015)
1765-1772. doi:10.1002/jctb.4758.

J. Mindges, J. Zierow, U. Langer, T. Zeinegs$tbilities to intensify and
integrate aqueous two-phase extraction for IgGfipation, Sep. Purif. Technol.
154 (2015) 217-227. doi:10.1016/j.seppur.2015.GR2.00



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

M.M. Pereira, R.A.P. Cruz, M.R. Almeida, A.8ima, J.A.P. Coutinho, M.G.
Freire, Single-step purification of ovalbumin froegg white using aqueous
biphasic systems, Process Biochem. 51 (2016) 781-79
doi:10.1016/j.prochio.2016.03.002.

J. Eggersgluess, T. Wellsandt, J. Strube, ghatteon of aqueous two-phase
extraction into downstream processing, Chem. Ermghiol. 37 (2014) 1686—
1696. doi:10.1002/ceat.201400114.

H. Huettmann, M. Berkemeyer, W. Buchinger, Aungbauer, Preparative
crystallization of a single chain antibody using agueous two-phase system,
Biotechnol. Bioeng. 111 (2014) 2192-2199. doi:102/Bit.25287.

A. Millgvist-Fureby, M. Malmsten, B. Bergen$id An aqueous polymer two-
phase system as carrier in the spray-drying ofolgiohl material, J. Colloid
Interface Sci. 225 (2000) 54-61. doi:10.1006/j€826740.

R. Sankaran, R.A. Parra Cruz, P.L. Show, Gddw, S.H. Lai, E.-P. Ng, T.C.
Ling, Recent advances of agueous two-phase flotatystem for the recovery of
biomolecules, Fluid Phase Equilib. 501 (2019) 11227
doi.org/10.1016/j.fluid.2019.112271.

A.M. Ferreira, H. Passos, A. Okafuji, A.P.Mavares, H. Ohno, M.G. Freire,
J.A.P. Coutinho, An integrated process for enzymesitalysis allowing product
recovery and enzyme reuse by applying thermoredersaqueous biphasic
systems, Green Chem. 20 (2018) 1218-1223. doi:20/¢®gc03880a.

Y.K. Leong, J.C.W. Lan, H.S. Loh, T.C. Ling, . \&. Ooi, P.L. Show,
Thermoseparating agueous two-phase systems: Reeeds and mechanisms, J.
Sep. Sci. 39 (2016) 640-647. doi:10.1002/jssc.20660.

G. Minchow, S. Hardt, J.P. Kutter, K.S. DreBéectrophoretic partitioning of
proteins in two-phase microflows, Lab Chip. 7 (200798-102.
doi:10.1039/b612669n.

G. Mdnchow, S. Hardt, J.P. Kutter, K.S. Drederotein Transport and
Concentration by Electrophoresis in Two-phase Miows, J. Lab. Autom. 11
(2006) 368-373. d0i:10.1016/j.jala.2006.08.006.

D. Fisher, Separations Using Aqueous Phas&Bys 1989. doi:10.1007/978-1-
4684-5667-7.

N. Patel, D.G. Bracewell, E. Sorensen, Dynamadelling of aqueous two-phase
systems to quantify the impact of bioprocess desigeration and variability,
Food Bioprod. Process. 107 (2018) 10-24. doi:1®A0kp.2017.10.005.

N.J. Bridges, K.E. Gutowski, R.D. Rogers, Istrgation of aqueous biphasic
systems formed from solutions of chaotropic saltish wkosmotropic salts
(salt/salt ABS), Green Chem. 9 (2007) 177. doi:0834b611628k.



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

C.M.S.S. Neves, M.G. Freire, J.A.P. Coutinhmproved recovery of ionic
liquids from contaminated aqueous streams usinmiaium-based salts, RSC
Adv. 2 (2012) 10882-10890. d0i:10.1039/c2ra21535g.

C.M.S.S. Neves, A.M.S. Silva, A.M. Fernand@s\.P. Coutinho, M.G. Freire,
Toward an Understanding of the Mechanisms behiedRbrmation of Liquid-
liquid Systems formed by Two lonic Liquids, J. Phghem. Lett. 8 (2017)
3015-3019. doi:10.1021/acs.jpclett.7b01234.

F.A. e Silva, M. Kholany, T.E. Sintra, M. Cah&. Stepnowski, S.P.M. Ventura,
J.A.P. Coutinho, Aqueous Biphasic Systems UsingaChonic Liquids for the
Enantioseparation of Mandelic Acid Enantiomers,v8ot Extr. lon Exch. 36
(2018) 617-631. doi:10.1080/07366299.2018.1545344.

K.A. Kurnia, M.G. Freire, J.A.P. Coutinho, Efit of polyvalent ions in the
formation of ionic-liquid-based aqueous biphasistems, J. Phys. Chem. B. 118
(2014) 297-308. d0i:10.1021/jp411933a.

P.AJ. Rosa, A.M. Azevedo, S. Sommerfeld, Wacker, M.R. Aires-Barros,
Agqueous two-phase extraction as a platform in teenbnufacturing industry:
Economical and environmental sustainability, Bibtem. Adv. 29 (2011) 559—-
567. doi:10.1016/j.biotechadv.2011.03.006.

H.F.D. Almeida, M.G. Freire, I.M. Marrucho, proved monitoring of aqueous
samples by the preconcentration of active pharnteatingredients using ionic-
liquid-based systems, Green Chem. 19 (2017) 4659-46
doi:10.1039/c7gc01954h.

R. Gonzalez-Martin, |. Pacheco-Fernandez, Ayala, A.M. Afonso, V. Pino,

lonic liquid-based miniaturized aqueous biphasicstay to develop an
environmental-friendly analytical preconcentratimethod, Talanta. 203 (2019)
305-313. doi:10.1016/j.talanta.2019.05.083.

S. Shiri, T. Khezeli, S. Lotfi, S. Shiri, Agoes two-phase systems: A new
approach for the determination of brilliant blueF~@ water and food samples, J.
Chem. (2013). doi:10.1155/2013/236196.

H. Passos, A.C.A. Sousa, M.R. Pastorinho, AA.Nogueira, L.P.N. Rebelo,
J.A.P. Coutinho, M.G. Freire, lonic-liquid-baseduaqus biphasic systems for
improved detection of bisphenol A in human fluidgial. Methods. 4 (2012)
2664—2667. doi:10.1039/c2ay255369.

X. Yang, S. Zhang, W. Yu, Z. Liu, L. Lei, Ni,LH. Zhang, Y. Yu, lonic liquid-

anionic surfactant based aqueous two-phase exmadtr determination of

antibiotics in honey by high-performance liquid @matography, Talanta. 124
(2014) 1-6. doi:10.1016/j.talanta.2014.02.039.

J. Han, Y. Wang, C. Yu, C. Li, Y. Yan, Y. Liu.. Wang, Separation,
concentration and determination of chlorampheninokenvironment and food
using an ionic liquid/salt aqueous two-phase flotasystem coupled with high-



[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

performance liquid chromatography, Anal. Chim. Ads85 (2011) 138-145.
doi:10.1016/j.aca.2010.11.033.

B.Y. Zaslavsky, Agueous Two-Phase PartitioningPhysical Chemistry and
Bioanalytical Applications, Marcel Dekker, Inc., WeYork, Basel, Oxford,
ISBN 0-8247-9461-3, 1995., Berichte Der Bunsendss®hft Flr Phys. Chemie.
99 (2018) 694. d0i:10.1002/bbpc.19950990426.

T.B. V. Dinis, H. Passos, D.L.D. Lima, V.l. teses, J.A.P. Coutinho, M.G.
Freire, One-step extraction and concentration dfogens for an adequate
monitoring of wastewater using ionic-liquid-baseguaous biphasic systems,
Green Chem. 17 (2015) 2570-2579. doi:10.1039/C5GTI0.

Z. Gu, C.E. Glatz, A method for three-dimemsb protein characterization and
its application to a complex plant (corn) extragiptechnol. Bioeng. 97 (2007)
1158-1169. doi:10.1002/bit.21310.

E. Alexandersson, N. Gustavsson, K. Bernfur, Karlsson, P. Kjelloom, C.
Larsson, Purification and proteomic analysis ofnplgplasma membranes,
Methods Mol. Biol. 432 (2008) 161-173. doi:10.1®¥8-1-59745-28-7_11.

J. Schindler, U. Lewandrowski, A. Sickmann, Eriauf, H.G. Nothwang,
Proteomic analysis of brain plasma membranes eblaly affinity two-phase
partitioning, Mol. Cell. Proteomics. 5 (2006) 39064
doi:10.1074/mcp.T500017-MCP200.

R. Karmakar, K. Sen, Aqueous biphasic extoactf metal ions: An alternative
technology for metal regeneration, J. Mol. Lig. 242019) 231-247.
doi:10.1016/j.mollig.2018.10.036.

R.D. Rogers, A.H. Bond, C.B. Bauer, Metal I&eparations in Polyethylene
Glycol-Based Aqueous Biphasic Systems, Sep. Sa@hia. 28 (1993) 1091-
1126. doi:10.1080/01496399308018023.

N. Schaeffer, M. Gras, H. Passos, V. MogildgdC.M.N. Mendonca, E. Pereira,
E. Chainet, I. Billard, J.A.P. Coutinho, N. Papaiocmou, Synergistic Aqueous
Biphasic Systems: A New Paradigm for the “one-Pbiydrometallurgical
Recovery of Critical Metals, ACS Sustain. Chem. EAg(2019) 1769-1777.
doi:10.1021/acssuschemeng.8b05754.

M. Gras, N. Papaiconomou, N. Schaeffer, E.i@dtaF. Tedjar, J.A.P. Coutinho,
|. Billard, lonic-Liquid-Based Acidic Aqueous Bipkia Systems for
Simultaneous Leaching and Extraction of MetalliodpAngew. Chemie - Int.
Ed. 57 (2018) 1563-1566. doi:10.1002/anie.201711068

Y. Zheng, Y. Tong, S. Wang, H. Zhang, Y. Yarldechanism of gold (lll)

extraction using a novel ionic liquid-based aquetws phase system without
additional extractants, Sep. Purif. Technol. 154018 123-127.

doi:10.1016/j.seppur.2015.09.014.



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

A.M. Ferreira, J.A.P. Coutinho, A.M. FernandbtG. Freire, Complete removal
of textile dyes from aqueous media using ioniciligoased aqueous two-phase
systems, Sep. Purif. Technol. 128 (2014) 58-66.
doi:10.1016/j.seppur.2014.02.036.

J.M. de Alvarenga, R.A. Fideles, M.V. da SiNa.F. Murari, J.G. Taylor, L.R.
de Lemos, G. Dias Rodrigues, A.B. Mageste, Pantitstudy of textile dye
Remazol Yellow Gold RNL in agueous two-phase systeruid Phase Equilib.
391 (2015) 1-8. doi:10.1016/}.fluid.2015.01.022.

M. Dilip, P. Venkateswaran, K. Palanivelu, Raral of textile dyes from textile
dye effluent using TBAB based aqueous biphasicesyst J. Environ. Sci. Eng.
47 (2005) 176-181.

H.D. Willauer, J.G. Huddleston, S.T. GriffirR.D. Rogers, Partitioning of
aromatic molecules in aqueous biphasic system&eap: Sci. Technol., 1999: pp.
1069-1090.

H.F.D. Almeida, .M. Marrucho, M.G. Freire, Reval of Nonsteroidal Anti-
Inflammatory Drugs from Aqueous Environments witkuRable lonic-Liquid-
Based Systems, ACS Sustain. Chem. Eng. 5 (2017)8-2436.
doi:10.1021/acssuschemeng.6b02771.

R.R.G. Soares, D.F.C. Silva, P. Fernandes,.AAkkvedo, V. Chu, J.P. Conde,
M.R. Aires-Barros, Miniaturization of aqueous twbgse extraction for
biological applications: From micro-tubes to midraonels, Biotechnol. J. 11
(2016) 1498-1512. doi:10.1002/biot.201600356.

S. Hardt, T. Hahn, Microfluidics with aqueotygo-phase systems, Lab Chip. 12
(2012) 434-442. doi:10.1039/c11c20569b.

K. Zhu, Y. Yu, Y. Cheng, C. Tian, G. Zhao, ¥hao, All-Aqueous-Phase
Microfluidics for Cell Encapsulation, ACS Appl. Mat Interfaces. 11 (2019)
4826-4832. doi:10.1021/acsami.8b19234.

L. Shui, J.C.T. Eijkel, A. van den Berg, Mylhase flow in microfluidic systems
- Control and applications of droplets and integfgcAdv. Colloid Interface Sci.
133 (2007) 35-49. d0i:10.1016/j.cis.2007.03.001.

S.F. Cheung, M.F. Yee, N.K. Le, E.A. Gomes, Arasiabi, D.T. Kamei, A
Combined Aqueous Two-Phase System and Spot-Tetdbiatafor the Rapid
Detection of Escherichia coli O157:H7 in Milk, SLA®chnol. 23 (2018) 57-63.
doi:10.1177/2472630317731892.

J.P. Frampton, J.B. White, A.B. Simon, M. Tisug. Paczesny, S. Takayama,
Aqueous two-phase system patterning of detectidib@dy solutions for cross-
reaction-free multiplex ELISA, Sci. Rep. 4 (201d9i:10.1038/srep04878.

F. Mashayekhi, A.M. Le, P.M. Nafisi, B.M. WIQ.T. Kamei, Enhancing the
lateral-flow immunoassay for detection of proteusng an aqueous two-phase



micellar system, Anal. Bioanal. Chem. 404 (2012) 5722066.
doi:10.1007/s00216-012-6278-y.

[101] F. Mashayekhi, R.Y.T. Chiu, A.M. Le, F.C. @GhaB.M. Wu, D.T. Kamei,
Enhancing the lateral-flow immunoassay for viratedtion using an aqueous
two-phase micellar system, Anal. Bioanal. Chem. 32810) 2955-2961.
doi:10.1007/s00216-010-4213-7.

[102] C.D. Keating, Aqueous phase separation as @ssiple route to
compartmentalization of biological molecules, A€hem. Res. 45 (2012) 2114—
2124. doi:10.1021/ar200294y.

[103] W.M. Aumiller, C.D. Keating, Experimental meld for dynamic
compartmentalization of biomolecules in liquid argles: Reversible formation
and partitioning in aqueous biphasic systems, Adwlloid Interface Sci. 239
(2017) 75-87. d0i:10.1016/j.cis.2016.06.011.

[104] C.A. Strulson, R.C. Molden, C.D. Keating, P.Bevilacqua, RNA catalysis
through  compartmentalization, Nat. Chem. 4 (2012)41-946.
doi:10.1038/nchem.1466.

[105] L.M. Dominak, E.L. Gundermann, C.D. Keatinglicrocompartmentation in
artificial cells: PH-induced conformational changalser protein localization,
Langmuir. 26 (2010) 5697-5705. doi:10.1021/la90&800

[106] J.P. Frampton, J.B. White, A.T. Abraham, Sakdyama, Cell co-culture
patterning using aqueous two-phase systems., JEX[s (2013).

[107] P.S. Thakuri, S.L. Ham, G.D. Luker, H. Tavahdultiparametric Analysis of
Oncology Drug Screening with Aqueous Two-Phase Tu@pheroids, Mol.
Pharm. 13 (2016) 3724-3735. doi:10.1021/acs.molpaeeut.6b00527.

[108] P.S. Thakuri, S.L. Ham, H. Tavana, Micropettumor spheroids enable anti-
cancer drug screening, in: Proc. Annu. Int. CoRfEE Eng. Med. Biol. Soc.
EMBS, 2016: pp. 4177-4180. doi:10.1109/EMBC.201818!7.

[109] C. Moraes, A.B. Simon, A.J. Putnam, S. TakagaAqueous two-phase printing
of cell-containing contractile collagen microgdBpmaterials. 34 (2013) 9623—
9631. doi:10.1016/j.biomaterials.2013.08.046.

[110] C. Han, S. Takayama, J. Park, Formation arahipulation of cell spheroids
using a density adjusted PEG/DEX aqueous two plsgseem, Sci. Rep. 5
(2015). d0i:10.1038/srep11891.

[111] Y. Liu, N.O. Nambu, M. Taya, Cell-laden migel prepared using a
biocompatible aqueous two-phase strategy, Biomedrddevices. 19 (2017).
doi:10.1007/s10544-017-0198-8.



[112] J.B. Boreyko, P. Mruetusatorn, S.T. Rettef@?. Collier, Aqueous two-phase
microdroplets with reversible phase transitiond) Ghip. 13 (2013) 1295-1301.
doi:10.1039/c3lc41122b.

[113] P. Navalpotro, C.M.S.S. Neves, J. Palma, MHEe&ire, J.A.P. Coutinho, R.
Marcilla, Pioneering Use of lonic Liquid-Based Ague Biphasic Systems as
Membrane-Free Batteries, Adv. Sci. 5 (2018). doi:002/advs.201800576.

[114] R. Rogers, E.P. Horwitz, A.H. Bond, Process recovering pertechnetate ions
from an aqueous solution also containing other ,iong997.
https://www.osti.gov/servlets/purl/441857.

[115] R.D. Rogers, A.H. Bond, S.T. Griffin, E.P. Motz, New technologies for metal
ion separations: Aqueous biphasic extraction chtography (ABEC). Part I.
Uptake of pertechnetate, Solvent Extr. lon Exch. (96) 919-946.
doi:10.1080/07366299608918376.



Graphical abstract

A TPS Health 5¢:lcnces

&. .63

Material Sciences\J

Electrochemistry =




