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Most of the time, populations of different bioobjects/materials coexist
and further processes, such as analyses and use of these materials,
usually require homogeneous populations. In order to have more
reliable outcomes, there is a need for cost-effective, efficient, and easy-touse separation methods. Currently, sub-groups of heterogeneous
populations are separated based on their specific properties such as
affinity to certain targets, size, shape, and density. There is a continuous
interest on better separation methods; this chapter aims to provide A) a
brief background on affinity-based bioseparation techniques with a
special focus on aqueous two-phase systems, B) density-based separation
of objects in phase-separated media and C) dynamic separations in
phase-separated media.

1.1 AFFINITY-BASED BIOSEPARATIONS
1.1.1 Chromatography Techniques
Affinity between molecules can be described as the tendency of these
molecules to bond or aggregate based on attractive interactions such as
the electrostatic, hydrophobic/hydrophilic, and ligand-ligand. For
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separation, affinity-based methods rely on the interaction between the
target to be isolated and the system that is designed to capture that
specific target. Chromatography is the most common affinity-based
separation method such that the separation is based on differential
partitioning or adsorption of the targets in mobile phase while they are
passing through a stationary phase. The stationary phase can be organic
or synthetic polymers, inorganic materials, and composites, which are
packed into a column to establish a desired rate of flow, provide enough
binding sites, and sustain an appropriate pore size [1]. Chromatographic
methods are widely employed for separation of proteins, antibodies, and
enzymes [2-3]. Usually, specific ligands or functional groups, which can
form complexes with the target molecules, are immobilized on the
stationary phase. Membranes are also used as stationary phase regarding
the same principles with column chromatography techniques and
speculated to be more effective than column chromatography due to the
increased surface area arising from their porous structure [4].
In chromatography processes, for large scale purifications and
separations the operating costs mostly arise from the packing of the
columns and large amounts of buffers/organic solvents for downstream
processing [5] . There may also exist other problems in the reusability of
chromatography columns due to the potential decrease in binding sites
in each cycle and possible cracking of the packed material in the column
[6-8]. In addition, autoclaving for sterilization and even basic sanitization
can damage the columns, and basic sanitization; nonetheless,
chromatography provides high selectivity and simplicity for
downstream processes in bioseparation [5].

1.1.2 Partitioning
Another widely used method for bioseparation is partitioning.
Partitioning is based on the manipulation of the distribution of
biomolecules in a medium composed of parts that are designed to
localize only specific molecules. In the partition chromatography, there is
a liquid stationary phase and a mobile phase that can be liquid (liquidliquid chromatography) or gas (gas-liquid chromatography)[9]; the
target molecules can be captured in the stationary or mobile phase. Like
other chromatography techniques, antibiotics, proteins, and other
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biomolecules are enriched through partition chromatography [10].
Phase-separated systems, such as water-organic solvent systems, offer
two chemically distinct bins to collect materials depending on their
affinity to each phase. These systems were utilized to collect polar (water
phase) and non-polar (organic solvent phase) molecules such as
separation of kerosene from aromatics to produce a better fuel [11]and
aspartic acid from lysine [12]. Their use as bioconverters or biocatalysts
was also exploited to extract ethanol, which inhibits the yeast activity,
during fermentation [13]. The integrity and the biological activity of cells
are, however, affected by the presence of the organic phase [14]. Due to
this kind of incompatibilities, the use of water-organic solvent systems in
bioseparation is limited. A biocompatible single solvent system, which
can provide chemically distinct zones, would be beneficial for
bioseparations based on partitioning.

1.1.3 Affinity-based Bioseparations in Aqueous Two-Phase Systems
(ATPS)
ATPS are formed by mixing two immiscible solutions of water-soluble
polymers (e.g., poly(ethylene glycol) (PEG)-dextran [15], PEG-poly
(acrylic acid)[16]), or a polymer and a salt (e.g., PEG-phosphate [15],
PEG-sodium sulfate [17]), or a polymer and a surfactant (e.g., PEGTriton [18]) followed by phase separation. These phase-separated
systems in a common solvent offer two chemically and physically
different zones to collect materials based on their partitioning behavior.
The partitioning process in ATPS is as follows: i) a solution containing
the target species is mixed with two immiscible components of ATPS
until a homogeneous solution is obtained—the target has to have more
affinity for one of the phases, ii) upon phase separation, the target
prefers to stay in a specific phase, and iii) the target is recovered from the
system through fractionation and further cleaned/purified by other
methods, if necessary (Figure 1.1).
ATPS are designed to have high water content (e.g., 80–90%) in each
phase for high degree of solubility of biomolecules [19-20], and due to
the low interfacial tension between the phases, the biomolecules do not
be harmed even if they need to pass the interface [21]. In addition, the
pH and osmolality of ATPS can be adjusted by introducing chemical
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reagents such as water-soluble salts to guarantee the biological activity
of biomolecules are preserved. All of these properties ensure a
biocompatible environment when inert and non-toxic components are
used to form ATPS [15, 20, 22]. ATPS have been extensively used for the
separation of cells and cellular components [15, 19, 23-25], DNA [26-31],
proteins [15, 19, 32-36], and bioparticulates [37-43].

Figure 1.1. Schematic depiction of partitioning-based separation of materials in
ATPS (adapted from reference [40]).

The partitioning coefficient of the bioobjects in ATPS is defined as the
proportion of concentration of these objects in the top phase to the
bottom phase [15]. This coefficient was found empirically to be affected
by molecular weights of the polymers that are used to form these
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systems and the availability and the nature of salts/surfactants [44]. The
molecular weight of the polymer directly influences the phase diagram
(i.e., the composition) of the system. In addition, the bioobjects have a
tendency to be partitioned into the phase that is composed of polymers
with lower molecular weight due to the excluded volume effect [36, 44].
Although, both polymers forming the ATPS are hydrophilic; yet, there is
still a difference in their hydrophobic character—this difference is
exploited for effective partitioning. The hydrophobic resolution of ATPS,
which is the ability to separate molecules depending on their
hydrophobic character, is, therefore, high [22]. The hydrophobic
behavior of the polymers can be modified by the introduction of
hydrophobic groups to the structure of the polymer. Tjerneld and Lu
demonstrated that in a PEG-dextran two-phase system, tryptophan, a
protein with a hydrophobic surface, partitions into the PEG-rich phase,
however, when hydrophobically modified dextran is used (i.e., benzoyl
and valeryl dextran), tryptophan prefers the modified dextran-rich phase
[45]. Albertsson and coworkers showed an increase in the affinity of
chloroplasts to the polymers when the polymers are modified with
deoxycholate and palmitate—both hydrophobic groups—in a PEGdextran system as well [46].
Surfactants can be employed to modify the hydrophobic/hydrophilic
behavior of proteins; in general, the hydrophobic parts of the surfactants
associate with the hydrophobic parts of the proteins exposing the
hydrophilic parts of the protein to the aqueous environment [47]. In
most of the cases, the surfactants (e.g., Triton, Tween, and Brij) contain
PEG as the hydrophilic part rendering a “PEG’lated” protein which
prefers the PEG-rich phase [47]. Covalent PEG’lation of proteins have
also been shown by grafting PEG molecules to the protein structure to
increase the partitioning coefficient of the protein to the PEG-rich phase
[48].
Bioobjects can also be enriched in ATPS based on their electrostatic
behavior (i.e., the Coulomb’s Law based on the net charge on their
surface). For polymer-salt ATPS, concentration of salts and introduction
of other salts alter the partitioning behavior of bioobjects. In a polymersalt system, the ionic-strength of the salt-rich phase is higher, this phase
sequesters more water molecules and hydrophilic biomolecules are
pushed to the interface or to the polymer-rich phase—this phenomenon
is known as “salting-out” [26]. For instance, in two different ATPS, PEG-
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ammonium sulfate and PEG-sodium citrate, more biomolecules, a set of
enzymes, proteases that are produced by C. perfringens, are found in the
PEG-rich phase of PEG-sodium citrate since ammonium sulfate has more
ionic strength at the same percentage of salt and polymer (molecular
weight of ammonium sulfate is lower than sodium citrate) [26].
(Similarly, at higher percentages of the same salt and/or at lower
molecular weights of PEG, the partitioning coefficient of the enzymes
increases [33].The strength of interaction between the polymer and the
salt depends also on the type of ions that the salt introduces; for
example, compared to sodium, lithium interacts more strongly with PEG
and offers a higher positive charge density on the polymer chain (i.e.,
PEG becomes a pseudo-polycation); in turn, carmine dye, due to its
negative surface charge, partitions more into the PEG-rich phase [49].
For purification of proteins, their isoelectronic points should also be
taken into account, since the sign of their charge changes at a specific pH
value ( e.g.,separation of green fluorescent protein from Escherichia coli
[35]). In some cases, salts can be used to suppress the effects the
electrostatic behavior of molecules; for instance, normally in a PEGsodium polyacrylate system, plasmid DNA is expected to partition into
the PEG-rich phase since DNA and poly(acrylate) have similar net
surface charge; however, at higher concentrations of salt, due to the
salting-out effect arising from the hydrophilic surface of DNA, it can
partition into the poly(acrylate)-rich phase [29]. Another effect observed
due to the increase in the salt concentration is the change in the
hydrophobic behavior of polymers; PEG becomes more hydrophobic at
higher concentrations of salt due to the suppression of electrostatic forces
and start interacting strongly with the non-polar regions of the target
protein—hydrophobic forces become more pronounced [50].
To modify the partitioning behavior, it is also possible to add affinity
ligands to the ATPS—this type of process is generally referred as
affinity-enhanced partitioning. PEG is commonly derivatized to include
a ligand which can behave like the target molecule. Gavanese and Gaikar
showed the enhanced extraction of penicillin acylase in the presence of
PEG-benzoate and PEG-phenylacetamide derivatives in a PEG-salt twophase system [51].
There also exist other novel approaches to tune the partitioning behavior
of target population. For the recovery of recombinant proteins, Viede,
Nilsson, and coworkers introduced partitioning peptide sequences to
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their protein of interest and observed a dramatic increase in the
partitioning coefficient of this protein in a PEG-potassium phosphate
two-phase system [52]. Flanagan and Barondes showed that proteins
experience higher partitioning coefficients if they have specific receptor
sites for the polymers comprising the two-phase systems [53].
In terms of cost, the price of materials can be significantly lowered,
compared to chromatography, when bulk quantities are purchased. The
partitioning in ATPS is also scalable and can be used to separate high
volume solutions. There are also other studies to develop a more
sustainable process such as the use recyclable salts (e.g., sodium citrate)
[54] and replacing some polymers with cheaper alternatives (e.g.,
exchanging dextran with starch) [55]. Finally, compared to affinity
chromatography in which the target molecules bind to the receptor on a
solid surface, the partitioning in ATPS takes place in a three-dimensional
medium (i.e., a volume) that can potentially offer more sites for
binding/affinity.

1.1.4 The Use of ATPS in Microfluidics and Droplet Formation
The use of ATPS in the separation and selection of cells or biomaterials
from heterogeneous mixtures in microfluidic channels holds a promise
for a sensitive and continuous separation process [56]. In addition, since
the direction of flow in a microfluidic system is perpendicular to gravity,
possible effects of gravity in partitioning behavior of cells in ATPS [24].
PEG and dextran two-phase systems are the most commonly used ATPS
in microfludics. Usually, following phase-separation, the two immiscible
phases are separated from each other and fed into a microfluidic system
along with the suspension/solution to be enriched; the species to be
enriched can also be introduced into the system in one of the phases. The
low interfacial tension between the phases prevents the droplet
formation and ensures a stable flow.
Partitioning in microfluidics systems is the miniaturized version of
macroscale purifications in ATPS and especially useful when there are
only limited quantities of target material. Singh and coworkers
introduced hydrophobic partitioning tags to their target protein that
significantly favors the PEG-rich phase in a PEG-salt system and
managed to purify this protein from sub-microliters of cell lysate [57].
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Animal cells are also enriched in microfluidic devices through ATPS;
Chang and coworkers demonstrated the continuous extraction of chinese
hamster ovary cells to the PEG-rich phase in a PEG-dextran system by
increasing the hydrophobicity of these cells in weak acidic conditions
[58]. SooHoo and Walker showed the concentration of leukocyctes from
the whole blood by exploiting the differences in surface properties of
leukocyctes and erytrocyctes [59]. Seki and coworkers underlined the
advantages of using microfludic systems by demonstrating the
enrichment of large cell aggregates in a PEG-dextran two-phase system
in the presence of lithium sulfate—the macroscale partitioning of these
cells in ATPS was not successful due to their size such that the cells
ended up at the interface due to their density [24].
Although, the stability of flow in ATPS is useful for partitioning, the
creation and manipulation of droplets in microfluidic channels for
sorting, mass transfer, and extraction of biomolecules are also desirable
[60]. To create droplets, two separated-phases are injected into
microfluidic channels individually, one to act as dispersed and another
to form a continuous phase. Due to the low interfacial tension between
the phases, however, mechanical perturbation (e.g., pieozoelectric
actuation [61] or mechanical vibration [62]) is necessary to form the
droplets.
Further manipulation of the droplets, such as polymerization to fabricate
microshperes [61] and inducing interfacial precipitation or gelation to
improve encapsulation efficiency [62], was also shown. In droplet
microfluidics, monodispersity is a sought property for quantitative
analysis of biomolecules; Shum and Song employed monodisperse PEG
droplets as templates to obtain PEG-dextran core-shell particles with a
polydispersity less than 4% [63]. Above a critical flow rate, it is also
possible to obtain/manipulate corrugated patterns of flow by tuning the
frequency of perturbations and the flow rates of two phases [64].

1.2 DENSITY-BASED SEPARATION OF OBJECTS IN PHASE
SEPARATED MEDIA
Until now, ATPS have only been used for the separation of
bioobjects/molecules based on their partitioning behavior, in this section,
we will discuss an alternative use of these systems for separations.
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The phases of ATPS order according to their density; therefore, in
addition to offering zones with different chemical properties, they
provide two zones with different densities. The interface between these
two zones can act as a filter to capture objects based-on their density—
this interface is, in fact, a step-in density. Overall, an aqueous two-phase
system provides three distinct steps-in-density: i) the interface between
two phases, ii) the interface at the liquid/air boundary, and iii) the
interface at the liquid/container boundary.
Density is frequently used to divide materials into homogeneous
groups—the applications vary from classification of cells [65-67] to
sorting different crystal structures [68]. A two-phase system can be used
to separate three sub-populations from each other; however, greater
number of sub-populations requires more interfaces. Current method to
separate multiple number of sub-populations based on their density is to
sort them in a layered media, in which each layer is intended to provide
a zone with different density. This type of media, density gradient
systems (DGS), is prepared by careful overlayering the solutions of a
single chemical (e.g., Ficoll or sucrose) at different concentrations (i.e.,
different densities) in a common solvent. The boundary between these
layers with different densities is intended to provide a step-in-density to
classify objects. A variety of biomolecules such as liposomes of different
densities [69], cellular components [70-71], and the contents of seminal
fluid [72], have been sorted using DGS. However, since the zones in
these gradient systems are not at thermodynamic equilibrium with each
other, the density profile offered by this type of medium changes over
time due to diffusion—they cannot sustain molecularly sharp steps-indensity.
Phase-separated systems with more than two-phases (multiphase
systems, MuPSs) in a common solvent will offer additional interfaces to
be utilized in the separation of multiple sub-populations allowing the
collection of more than three populations with different densities.
Conceptually, this kind of systems can be treated as stable stacks of
liquid membranes for density-based separation. In the Whitesides group
at Harvard University, we have observed that combinations of some
water-soluble polymers and surfactants, settling under gravity or
through centrifugation, form multiphase systems (MuPSs). Although,
Albertsson suggested the idea—sets of immiscible phases can form
higher order systems—several years ago, until our work, there was only
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one three-phase system and one four-phase system [14]. In our work, we
listed 112 three-phase systems, 73 four-phase systems, 31 five-phase
systems and 3 six-phase systems [73].
We have demonstrated the density-based separations in these systems
by separating density standard beads (Figure 1.2) and different
formulations of Nylon. In MuPSs, the difference in densities between
adjacent phases can be very small (Δρ ~ 0.001 g/cm3) and the steps-indensity can be tuned by the addition of water-soluble salts and watermiscible solvents.

Figure 1.2. Preparation of MuPSs and the use of MuPSs in density-based
separation. A) A five-phase system is prepared by mixing the aqueous solutions
of PEG, poly (2-etyhyl 2-oxazoline) (PEOZ), poly(vinyl alcohol) (PVA), Ficoll,
and dextran. The system can settle under gravity or centrifugation. B) Upon
phase-separation under centrifugation, each density standard bead moves to the
relevant interface (reprinted from reference [73]).
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For density-based separation, compared to layered but miscible media,
MuPSs offer five advantages: (i) the steps-in-density of MuPSs are
thermodynamically stable; (ii) the collection of samples after the
separation is convenient due to the sharp interfaces; (iii) the viscosities of
each phase can be decoupled from density (i.e., at a given density, it is
possible to access a range of viscosities by changing the components of
MuPSs); (iv) the MuPSs can be prepared in advance of use and stored;
and (v) the MuPSs reform readily by centrifugation or gravity, if
perturbed or even mixed. These stable stacks of steps-in-density offer the
ability to isolate and collect target species with high resolution and will
potentially be useful for the separation of biological materials.

1.3 DYNAMIC SEPARATIONS OF OBJECTS IN PHASESEPARATED MEDIA
Rate-zonal
centrifugation
exploits
the
differences
between
hydrodynamic behaviors of objects for separation. This method is useful
for classifying objects that are denser than the centrifugation medium
and frequently used for the separation of nanoparticles. Currently, DGS,
which are described in the previous section, are utilized as separation
media to facilitate the recovery of the separated products since the
multiple zones in DGS can potentially limit sub-groups of nanoparticles
to narrow regions [68, 74-77].
However, similar kind of problems due to the instability of these systems
occurs in rate-zonal centrifugations—these systems are vulnerable
against the mechanical disruption during centrifugation and collecting
the enriched products, due to the absence of a clear interface, is
challenging. As listed above, compared to DGS, MuPSs provide stability,
storability and ease-of-preparation/collection. One additional advantage
is the superior tenability of MuPSs—in DGS, the viscosity of layers
correlates with density; thus, viscosity and density of a layer cannot be
decoupled from each other. MuPSs offer access to a range of viscosities at
the same density since different polymers can be combined to obtain a
specific density as well as additives can be used to alter the physical
properties of MuPSs.
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In Whitesides group, we have also utilized MuPSs for the purification of
the products of a gold nanorod synthesis to exemplify the potential use
of phase-separated systems in rate-zonal centrifugation [78]. In a threephase system composed of PEOZ, Ficoll and Brij 35 (a non-ionic PEGbased surfactant, we have enriched the target population, gold nanorods,
from 48% to 99% with a benchtop centrifuge in 10 minutes (Figure 1.3).
One thing to consider while separating inorganic or metallic particles in
MuPSs is choosing the components of MuPSs from the set of
polymers/surfactants that won’t interact with the surface coatings of
these particles. In our work, for instance, to enrich cetyl
trimethylammonium bromide-stabilized gold nanorods, we eliminated
the ionic and charged polymers and surfactants from consideration since
they caused gelation or precipitation of these nanorods.

Figure 1.3. The separation of gold nanorod in a three-phase system through
centrifugation. A) An image of an aqueous three-phase system composed of
PEOZ, Ficoll and Brij 35after separating the reaction products of a gold
nanoparticle synthesis for 8 min at 16 000g. B) Transmisson electron microscopy
images of suspension of nanoparticles (suspension of NP) and samples collected
from the layers as shown in (A). The scale bar in each image corresponds to 200
nm (adapted from reference [78]).
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We expect this new centrifugation medium, MuPSs, to be used in
dynamic separations (e.g., rate-zonal centrifugation) more conveniently
than traditional DGS.
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