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Complex coacervates as extraction media

Jéré van Lente, a,b,c Monica Pazos Urrea, d Thomas Brouwer, e Boelo Schuur e

and Saskia Lindhoud *a

Various solvents such as ionic liquids, deep eutectic solvents, and aqueous two phase systems have been

suggested as greener alternatives to existing extraction processes. We propose to add macroscopic

complex coacervates to this list. Complex coacervates are liquid-like forms of polyion condensates and

consist of a complex of oppositely charged polyions and water. Previous research focussing on the bio-

logical significance of these polyion-rich phases has shown that polyion condensates have the ability to

extract certain solutes from water and back-extract them by changing parameters such as ionic strength

and pH. In this study, we present the distribution coefficients of five commonly used industrial chemicals,

namely lactic acid, butanol, and three types of lipase enzymes in poly(ethylenimine)/poly(acrylic acid)

complex coacervates. It was found that the distribution coefficients can vary strongly upon variation of

tunable parameters such as polyion ratio, ionic strength, polyion and compound concentrations, and

temperature. Distribution coefficients ranged from approximately 2 to 50 depending on the tuning of the

system parameters. It was also demonstrated that a temperature-swing extraction is possible, with back-

extraction of butanol from complex coacervates with a recovery of 21.1%, demonstrating their potential as

extraction media.

Introduction

Solvent extractions are important processes in many industrial
separation processes ranging from the chemical industry, the
food industry, to the pharmaceutical industry. An application
of liquid extraction that has been receiving increasing atten-
tion is in the field of bio-based chemical production. There are
many different categories of bio-based chemicals and the
feature that they often have in common is that typically large
amounts of water are present. Removing water by evaporation
is among the costliest operations in industry, and therefore
when aqueous solutions are present, liquid–liquid extraction
(LLX) may be applied. In LLX an additional liquid phase, typi-

cally an organic solvent exhibiting preferential solubility for a
specific solute, is used to selectively extract the solute from the
initial liquid phase. Unfortunately, organic solvents that have
been proven to be effective for extraction can be toxic for indi-
vidual organisms and/or the environment.1,2 There is great
interest in the design of ‘green solvents’ that are more environ-
mentally friendly in terms of production, usage, and disposal.
For extraction from aqueous solutions, several alternatives to
conventional organic solvents have been proposed in the past
years such as ionic liquids (ILs),3,4 deep eutectic solvents
(DESs),5 and aqueous two phase systems (ATPSs).6–8

ILs are essentially molten salts with a relatively low melting
point (per definition, ≤100 °C).9 ILs have shown a broad range
of applications in part due to the customization possible as a
result of the large variety of composite components.3,10 They
are generally less volatile in nature compared to organic sol-
vents and the negligible vapour pressure eliminates solvent
losses through evaporation.11 Unfortunately, many ILs are
potentially toxic and not biodegradable.12

DESs are mixtures of hydrogen bond donors and hydrogen
bond acceptors that form liquids on mixing and exhibit eutec-
tic behaviour by having melting points lower than that those
of their constituent components. They have been proposed as
new extraction solvents and share many advantageous charac-
teristics with ILs.5,13 The toxicity of DESs varies, and in some
cases the DES is even more toxic than its constituent
components,14,15 which is a factor to be taken into consider-
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ation when formulating DESs for sustainable extraction.
Additionally, due to the fact that DESs are composite solvents,
the molar ratio between the hydrogen bond acceptor and
donor may change during the extraction.16 This can result in
solidification of the DES components and affect the sub-
sequent extraction steps.

ATPSs function via segregative phase separation and consist
of two (partially) immiscible aqueous phases. The most
common ATPSs are formed when two constituents (often
polymer–polymer or polymer–salt (or even ILs7,8)) are mixed in
an aqueous solution, resulting in two distinct segregated
phases. Each of the segregated phases is rich in one of the two
constituents. When used for the separation of molecules, one
of these phases will be the preferred phase for the compound
of interest, while the remaining impurities hopefully concen-
trate in the other phase.17–20 ATPSs are currently extensively
used for the isolation and extraction of various biological com-
pounds ranging from small molecules, hormones, up to the
isolation of entire cells.20–22 Also, micellar systems have been
proposed as the foundation for new greener extraction
methods with extraction principles similar to those of ATPSs.23

Similar to segregative phase separation, two phase systems
can also be formed via associative phase separation such as
complex coacervation (Fig. 1). This process occurs when oppo-
sitely charged polyions (a.k.a. polyelectrolytes) are mixed
under conditions that allow them to associate. The formed
complex coacervates (CCs) are macroscopic liquid-like aqueous
polyion-rich condensates, which are in equilibrium with an
aqueous polyion-poor phase, also called the supernatant.
Depending on the chemistry of the polyions and the environ-
mental conditions, solid-like condensates can also form,
called polyelectrolyte complexes (PECs). In this study, we will
make use of complex coacervates.

In previous studies, CCs and PECs have been reported with
the property of partitioning certain proteins into the complex
phase over the supernatant phase.24–26 The ability to isolate
proteins using single polyions is already well established, but
a previous study has shown that in some cases the addition of

a mixture of both polycations and polyanions can lead to
better partitioning than the addition of only one species of
polyions. For example, the addition of the polyanion poly
(acrylic acid) (PAA) alone is not enough to extract the positively
charged protein lysozyme from an aqueous solution, but with
the addition of a polycation (and thus the formation of a PEC),
the lysozyme could be extracted completely.24 CCs therefore
show emergent properties that their constituent components
do not.

A potential advantage of associative phase separation of
CCs and PECs over segregative phase separation of ATPSs is
that the distribution coefficients of CCs can be dependent on
the composition of the CCs, resulting in different partitioning
behaviours for the same constituent polyions present in
different ratios.24,25 There are a handful of studies that show
that PECs have the ability to partition certain proteins24–28 as
well as certain small molecule dyes29,30 from an aqueous solu-
tion. In some cases, the distribution coefficients reported were
in the order of 104 in favour of distribution in the PEC for a
specific protein and polyion pair.24 These studies hint at the
potential of CCs and PECs as extraction media, though they
are typically concerned with biomedical applications such as
intracellular drug delivery. We have previously achieved
success in using structurally simple polyions in order to selec-
tively extract lysozyme from an aqueous solution in the pres-
ence of another protein.24 Beyond varying the ratio of the poly-
cation to the polyanion, there are other factors that influence
the CC properties such as solution ionic strength, temperature,
and varying concentrations of the system’s constituents. There
are no systematic studies that go into the details of the effect
of such system parameters on the partitioning behaviour of
the solutes.

The inspiration for CCs as extraction media comes from the
partitioning behaviour of solutes between cellular fluids and
membraneless organelle (MLO) compartments within living
cells. MLOs consist of both negatively and positively charged
biomacromolecules such as negatively charged RNA and posi-
tively charged intrinsically disordered proteins.31 The MLO
phase behaviour strongly resembles the phase behaviour of
CCs. Our cells use MLO droplets to perform very specific bio-
logical functions, including the partitioning and release of
specific targeted compounds in response to changes in the
stimuli in the cellular environment.32–35 While nature
undoubtedly has a head start regarding the design of MLOs,
their functionality in cells shows that there is currently
untapped potential for CCs as media for extraction processes.
Developing CCs with distribution coefficients that are strongly
dependent on tunable stimuli and environmental parameters
would be of great benefit to the development of extraction
processes.

In this study, we investigate the extraction of several com-
pounds from aqueous solutions using complex coacervates
formed by branched poly(ethylenimine) (PEI) and poly(acrylic
acid) (PAA). PEI-based nanocrystals have been used as extrac-
tion media for rare earth element recovery and are increasingly
used as vehicles for drug delivery.36,37 Higher molecular

Fig. 1 A schematic representation of the difference between ATPS and
CC phase separation. In ATPS (left), the added constituents form separ-
ate aqueous phases. In CC (right), two oppositely charged polyions form
a polyion-rich aqueous phase.
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weight PEI is typically considered cytotoxic, though this effect
can be decreased by using the low molecular weight (1.8 kDa)
variant that is used in this study.38 PAA is commercially used
as a thickening agent and water absorber in the hygiene, cos-
metic, agricultural, and food industries. In these contexts, PAA
is usually known as sodium polyacrylate or waterlock.

We consider lactic acid (LA), butanol, and three varieties of
industrial lipase enzymes as model compounds for the extrac-
tion from the aqueous supernatant into the PEI/PAA CC. These
industrially relevant lipases are widely used in food, deter-
gents, and pharmaceuticals39,40 and represent up to 10% of
the total global enzyme market.41 Lactic acid extraction from
an aqueous fermentation broth has received increased atten-
tion in the last few years amongst others due to the possibility
of poly(lactic acid) being a sustainable alternative to many
commonly used plastics.42 The use of poly(lactic acid) as a
competitor to modern plastics is currently restricted to appli-
cation areas where the higher costs associated with purifi-
cation and extraction from the fermentation broth can be toler-
ated. Several techniques have been in development for the
recovery of LA from the fermentation broth aiming to reduce
the production cost and decrease the impact of by-product for-
mation during lactic acid production on the environment, and
CCs may be a new technique to address the LLX of LA.43,44

Butanol, being a popular solvent and a popular candidate for
biofuels, can also be extracted from fermentation broths.45

In this study, we create macroscopic CCs via associative
phase separation of PEI and PAA. We investigate the effect of
several parameters such as CC composition, reagent concen-
trations, and temperature on the partitioning of lipases, lactic
acid, and butanol to demonstrate a proof of concept to draw
attention to the use of CCs for extraction purposes.

Materials and methods
Materials

Poly(acrylic acid) (PAA) sodium salt powder with a molecular
weight of 6.0 kDa and branched poly(ethylenimine) (PEI) with
a molecular weight of 1.8 kDa were purchased from
Polysciences, Inc. Sodium chloride (NaCl, >99%), sodium
hydroxide (NaOH, >98%), fuming hydrogen chloride (HCl, 37 ±
1 wt%), n-butanol (>99%), and lipase from porcine pancreas
(PPL) were purchased from Sigma-Aldrich/Merck. NovoCor AD
L lipase (CALA) and Novozyme CALB lipase (CALB) were
donated by Novozymes A/S. Crystalline L-lactic acid was
donated by Corbion N.V. Unless otherwise specified, water
used for the solutions and dilutions was ultrapure Milli-Q
water dispensed from a PURELAB flex system at a resistivity of
18.2 MΩ.

Experimental methods

Complex coacervates were prepared by mixing prepared
aqueous polyion solutions (PAA and PEI) for a total polyion
concentration of up to 20 g L−1 in the presence of up to
400 mM NaCl. All solutions are set to pH 7 before mixing. In

the case of lipases, they are added to the solution with the
polyions at a lipase concentration of 67 µM, consistent with
earlier studies.25,26,33 Unless otherwise specified, butanol was
added at 400 mM and lactic acid at 100 mM. In the case of
butanol and lactic acid, the mixed polyion solution is first left
to equilibrate overnight into a CC. Then it is centrifuged at
12 500 g for 30 minutes using the Centrifuge 5425 (Eppendorf)
to expedite the separation of polyion-rich complex coacervates
from polyion-poor aqueous supernatant phases. The super-
natant is then replaced with a new solution containing either
lactic acid or butanol in an aqueous sodium chloride solution
with the same NaCl concentration as during the preparation of
the CC. Total volumes for each experiment were fixed at 500 µl
unless otherwise specified.

The composition of the CC is defined via F−;

F� ¼ ½n��
½n�� þ ½nþ� ð1Þ

where n− and n+ are the concentrations of PAA and PEI mono-
mers, respectively, which are mixed in solution. For example,
at F− = 0.50, there is an equal molar amount of PEI and PAA
monomers present, and at F− = 0.75, there are 3 PAA mono-
mers for every 1 PEI monomer. The assumption being that at
pH = 7 both polyions are fully charged due to the interaction
between the two polyions.24,25,46,47 Under this assumption,
PAA has a mass of 76.7 g mol−1 of negative charge and PEI has
a mass of 43.0 g mol−1 of positive charge.

Analytical methods

The total mass of the complex coacervates was determined by
comparing the mass of the sample tubes when emptied to that
of those containing only the complex coacervates. The volume
was determined under the assumption that the density of the
complex coacervates is approximately equivalent to that of
water.24 This assumption is based on the densities of PEI
(1.03 g ml−1) and 50% PAA solution (1.15 g ml−1) reported by
the manufacturer. Considering that the majority of the CC con-
sists of water, total CC density is within a few percent of water,
in the calculated range of 1.02–1.04 g ml−1.

The water content of the PEI/PAA complex coacervates was
determined via thermogravimetric analysis (TGA) using a STA
449 F3 Jupiter (Netzsch) thermal analyzer on CCs formed at
10 g L−1 total polyion concentration. The temperature was
increased from 30 to 120 °C at a rate of 5 °C min−1 and then
kept constant at 120° for 40 min to evaporate the water present
in the complex coacervates. The mass of the samples is
recorded to obtain the mass loss corresponding with the evap-
orated water.

Prior to the determination of the concentration of the
solute present in the experiment, the systems were centrifuged
for 30 minutes at 12 500g in an Eppendorf Centrifuge 5425.
Enzyme concentration from the supernatant was determined
by evaluating the absorbance at 280 nm using a Shimadzu
UV-2401PC spectrophotometer. Extinction coefficients for PPL
and CALA were calculated to be 68 kM cm−1 and 54 kM cm−1
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based on the peptide sequence. The extinction coefficient for
CALB has been reported in literature as 41 kM cm−1.48

Butanol concentration was determined using a Thermo
Scientific Trace 1300 gas chromatograph with two parallel
ovens, an auto sampler TriPlus 100 Liquid Samples and an
Agilent DB-1MS column (60 m × 0.25 mm × 0.25 μm) with an
injection volume of 1 μL diluted in analytical acetone. A
ramped temperature profile was used, in which the initial
temperature was 30 °C, followed by a ramp of 10 °C min−1 to
140 °C. The second ramp of 50 °C min−1 to 340 °C finished
the program, which lasted for 15 min. The flame ionization
detector temperature was 440 °C. A column flow of 2 mL
min−1 with a split ratio of 25, an airflow of 350 mL min−1, a
helium make-up flow of 40 mL min−1 and a hydrogen flow of
50 mL min−1 was used.

Lactic acid concentration was determined using a Grom
Resin H + IEX column on a Metrohm 850 Professional ion
chromatograph. The mobile phase was 1 mM H2SO4 solution
with a flow rate of 0.6 mL min−1. The column temperature was
45 °C.

As the total amount of the added compound is known and
the concentration of the compound in the supernatant is
measured, the compound concentration in the complex coa-
cervate can be calculated. The distribution coefficient is then
determined via

KD ¼ ½X�CC
½X�SN

where [X]CC and [X]SN are the concentrations of the compound
in the complex coacervate and supernatant, respectively. The
distribution coefficient changes depending on the varied para-
meter, resulting in a distribution profile.

Butanol extraction and back-extraction

PEI/PAA CC systems were prepared with a total polyion concen-
tration of 50 g L−1 in 1 ml with a composition of F− = 0.26. The
increased polyion concentration was chosen to produce more
CC as a simulation of upscaling compared to the previous
experiments. This mixture was centrifuged for 30 minutes at
1000 g. The aqueous supernatant was then replaced with
650 µl of 5.7% butanol and 10 mM NaCl solution. The
samples were collected to determine the butanol concentration
after 24 h of incubation at room temperature (RT), and again
after 24 h of incubation at 70 °C. The supernatant was then
decanted, and any excess supernatant drops were removed
using pressured nitrogen gas. 600 µl of fresh 10 mM NaCl solu-
tion was added to the CC as a back-extraction phase, and the
samples were collected from the back-extract after 24 h of incu-
bation at 60 °C. Then, the samples were collected after another
24 h of equilibration at 40 °C, and once more after another
24 h at RT.

The butanol concentration of all the samples was deter-
mined as described previously and the amount of butanol
present in the CC was calculated taking into account the
varying volumes of the supernatant due to sample extraction.

Results and discussion
PEI/PAA complex coacervate formation and water content

Complex coacervates are formed due to the interactions
between the oppositely charged polymer chains, with the
driving force being both entropy gain due to the release of
counterions and electrostatic interaction. The fraction of the
negative and positive charges is important for the total extent
of CC formation. To narrow down the region of interest for
evaluating the partitioning, we first evaluated the total CC
formed as a function of the composition F− and looked at the
water content for two CC compositions of interest.

In Fig. 2A, it is shown that the largest amount of CC was
formed around F− = 0.25 to 0.50, with the highest values found
at 0.26 and 0.36 with 23.1 ± 3.3 mg and 22.4 ± 3.3 mg, respect-
ively. Fig. 2B shows the photographs of the relative quantities
of CC as a function of F−.

As shown in Fig. 2C, we evaluated the water content of the
two F− values with the highest CC formation as seen from
Fig. 2A and found that for PEI/PAA CCs the water content
varies drastically based on CC composition, with the water
content for F− = 0.36 being 73.5%, and for F− = 0.26 being
51.9%. Comparing the remaining mass of the polyions in the
CC to the total polyions added, it appears that for F− = 0.26 all
the polyions form the CC mass, while for F− = 0.36 only
approximately 60% of the polyions form the CC, with the rest
presumably remaining in solution.

Intuitively, it might be expected that the largest volume of
CC formation occurs at the composition F− = 0.50, where an
equal amount of positive and negative monomers is present.
However, this is not necessarily the case as demonstrated by
the PEI/PAA CC system. One explanation for this discrepancy is
that the interactions between polyions, water, and salts can
affect the degree of ionization of the monomers.

Water content of CCs and PECs is typically reported to be
between 60 and 80%.49–51 We found using TGA that for PEI/
PAA CCs at a composition of F− = 0.36 the CCs fall within the
reported range, though the water content at F− = 0.26 is
approximately 10% lower than expected. The water content of
CCs can impact the partitioning behaviour of solutes based on
their preferential association with water. For example, lipases
in general are known to prefer oil–water interfaces over fully
aqueous environments.52 Both PEI and PAA are not expected
to decompose at the given conditions, temperature, and
timescale.53,54

Lipase enzyme distribution

In this section, the partitioning of several types of lipases in
the PEI/PAA complex coacervates is described. In Fig. 3, the
distribution coefficients (KD) of three commonly used lipases
PPL, CALB, and CALA as a function of the CC composition, the
NaCl concentration, and the total polyion concentration are
shown.

We found that the KD of all lipase types varies greatly as a
result of the adjusted parameters. The charge ratio F− has the
most significant consistent effect (Fig. 3A–C), showing distinct
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KD maxima at a composition of F− = 0.36 for CALB (KD

maximum of 11.0 ± 0.9) and F− = 0.26 for CALA (KD maximum
of 23.0 ± 0.5) and PPL (KD maximum of 19.2 ± 1.9). These
maxima are partially consistent with the maximum values of
CC formed (Fig. 2A); however, a small deviation in the compo-
sition results in a larger change in KD than that can be solely
attributed to a difference in the CC quantity: for the region
with the highest constant CC formation (F− ranging from 0.25
to 0.50), there are varieties in the KD for up to a factor 4 for
CALA (Fig. 3A).

The distribution profiles were found to be dependent on
the specific protein investigated. The results for these lipases
corroborate the earlier studies that report similar nearly sym-
metrical distribution profiles (though centred around different
F− values) for three proteins with poly(lysine)/poly(glutamate)
CCs.26 Other proteins with different polyion pairs show com-
pletely different distribution profiles altogether that are not
necessarily symmetrical.24,25 For now, there are no reliable
methods to predict the distribution profile in advance as a
result of the parameters. Many studies that look into the parti-
tioning of proteins assume F− = 0.50 is the optimal
composition for both PEC formation and partitioning and do
not investigate the other charge ratios.27,28,30 Based on the
results presented here, there might be opportunities for
working at other compositions that result in more desired KD

values.
Both CALB and PPL show a similar distribution profile as a

function of the NaCl concentration (Fig. 3E and F) with a
slight KD increase initially, followed by a decrease. CALA
however shows an immediate decrease, followed by a local
maximum (Fig. 3D) at a comparatively high salt concentration.

By varying the NaCl concentration, the KD varies between
approximately 5 and 15–20 for the investigated enzymes. We
hypothesize that for CALB and PPL a partial screening of the
polyion charges by the salt ions results in the CC being less
densely packed, essentially increasing the distance between
polyion chains and allowing the proteins (or other solutes) to
enter the CC more easily. Polyion condensation in the
presence of other ions (such as salt ions) results in ion associ-
ation with charged monomer subunits of the polyion. This
effectively screens the electrostatic interaction between the
oppositely charged monomers of each polyion. Indeed, if the
ionic strength of the solution becomes too high, the polyion
structures dissolve completely as the degree of screening pre-
vents the complex formation between polyions.46 Between
complete complex dissolution and the absence of additional
ions beyond the counterions brought in by the polyions, there
is a concentration region where the salt ions prevent part of
the oppositely charged polyions from associating.
Subsequently, this can influence the behaviour of the
condensates.

All three enzymes showed a similar trend of KD decrease as
the total polyion concentration increased. A possible expla-
nation is that as the total mass of CC increases, this does not
result in a proportional increase of the CC–water interface,
limiting the penetration of the solutes into the CC.

It is worth mentioning that there are other advantages of
concentrating enzymes in CCs or PECs beyond extraction pur-
poses. It has been reported that the activity of proteins may be
enhanced in CCs compared to the same proteins in regular
aqueous solutions.27,47 In addition, the polyions may protect
the proteins from degradation, increasing the shelf life of

Fig. 2 Analysis of CC formation properties. (A) Total CC formed as a function of F− at a polyion concentration of 20 g L−1 and a NaCl concentration
of 10 mM. Values are represented as average with standard deviations from triplicate experiments. (B) Photographs of different F− ratios with consist-
ent amounts of total polyions. (C) The water content of the formed CCs was determined using TGA for F− = 0.26 and 0.36 at a polyion concentration
of 10 g L−1 and a NaCl concentration of 10 mM. The left Y-axis shows the remaining mass fraction of the CC as the temperature presented on the
right Y-axis is increased and water is vaporized. Values in (A) represent the average with standard deviations from triplicate experiments.
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(extracted) proteins.55 The mechanism for this is unknown,
though the ability to both highly concentrate the enzymes and
increase their activity is particularly interesting for industrial
applications.

Lactic acid distribution

The partitioning of lactic acid into CCs was studied, as lactic
acid is an industrially relevant small molecule. The effects of
the CC composition, the NaCl concentration, the total polyion
concentration, the initial LA concentration, and the tempera-
ture on the lactic acid KD were studied, and the results can be
observed in Fig. 4.

Unlike the distribution profiles for the lipase enzymes, we
found only very little effect of the composition on the KD

(Fig. 4A), which remained between 2 and 4. In contrast, the
effect of NaCl on KD (Fig. 4B) of LA was more pronounced than
those of CALB and PPL while following a similar distribution

profile. Within our hypothesis of salt ions influencing the dis-
tance between polyion chains, the effect of the salt NaCl con-
centration may be more pronounced for LA, as it is substan-
tially smaller than any of the lipases. By varying the NaCl con-
centration, we found the highest KD for LA at 7.4 ± 0.5 for
100 mM NaCl.

Similar to the trend with lipases, increasing polyion con-
centration had an adverse effect on the partitioning (Fig. 4C).
However, altering the initial concentration of lactic acid only
slightly affects the partitioning in the evaluated range
(Fig. 4D), suggesting that the saturation point for the CC has
not yet been reached as this would result in an expected
decrease in KD at higher LA concentrations.24 Fig. 4E shows
that an increase in temperature has a small but consistent
positive effect on the KD in the investigated range. This
suggests that the extraction process is endothermic and that
the driving force behind the partitioning is an increase in total

Fig. 3 Distribution coefficients – KD for CALA (A, D and G), CALB (B, E and H), and PPL (C, F and I) as a function of CC composition (A–C), NaCl con-
centration (D–F), and polyion concentration (G–I). Unless otherwise specified, total polyion concentration is 5 g L−1, enzyme concentration is 67 µM,
NaCl concentration is 10 mM, and F− is 0.36 for CALB and 0.26 for CALA and PPL. Measurements are shown as average with standard deviation for n
= 3, except (D), which is shown as individual measurements.
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entropy, perhaps similar to how an increase in entropy is the
primary driving force for polyion–polyion association in the
first place.23

The optimal KD for LA in our PEI/PAA CC system at approxi-
mately 100 mM NaCl is comparable to or greater than many
other liquid–liquid extraction systems.44,56–58 A disadvantage
of some of these reported systems is their reliance on low pH59

or the toxicity of the solvents.58 While some established extrac-
tion methods, such as tri-n-octylamine in 1-octanol,60 outper-
form CC systems with regard to LA for now, we show that the
effects of system parameters for CC systems can substantially
alter the KD. Interestingly, where the common method using
tri-n-octylamine appears to decrease the distribution coeffi-
cient at higher temperatures, the opposite is true for PEI/PAA
CCs.56 There are many additional parameters that can be
further fine-tuned, suggesting the ability to achieve much
higher KD values.

Butanol distribution, extraction, and back-extraction

We investigated the KD of butanol as a function of the CC com-
position (Fig. 5A) as well as the temperature (Fig. 5B). As
butanol partitioning showed a remarkable temperature sensi-
tivity, we evaluated the possibility of extraction and back-
extraction of butanol using CCs by alternating between RT and
70 °C (Fig. 5D).

Contrary to the lipases, we observe the highest KD as a func-
tion of CC composition quite distant from the optimal CC for-
mation, resulting in the highest value of KD of 22.7 ± 0.7 at F−

= 0.56. This KD is very similar to that of a reported task-specific
IL and substantially higher than the standard of oleyl alcohol,
which are KD = 21 and 3.4, respectively.61,62

Whereas LA demonstrated only a minor temperature depen-
dence of the KD (Fig. 4E), the butanol distribution shows a
large difference between RT and 70 °C, roughly at a factor of
4–5. Out of the evaluated parameters, temperature is the most
practical to change for the existing systems as it does not
require the addition or removal of chemicals and is straight-
forward to implement. For this reason, we envisioned a PEI/
PAA CC system that was able to partition butanol within the
CC to a greater degree at high temperatures and could then be
coaxed to release butanol into a separate aqueous environment
at lower temperatures such as RT. To evaluate such a system
for extraction and back-extraction of butanol, we prepared PEI/
PAA CCs at higher concentrations of polyions (Fig. 5C). The
resulting CCs had a mass of 62.2 ± 1.7 mg (average ± standard
deviation, n = 4). A supernatant containing butanol was added
to the CCs, and the temperature was increased from RT to
70 °C for butanol extraction. For back-extraction, the super-
natant was replaced with fresh supernatant containing no
butanol, and the temperature was decreased first to 60 °C,
then to 40 °C, and finally to RT (Fig. 5D).

Fig. 4 Lactic acid partitioning in PEI/PAA CC as a function of (A) CC composition, (B) NaCl concentration, (C) polyion concentration, (D) initial LA
concentration, and (E) temperature. Unless otherwise specified, the experiments took place at approximately 20 °C, a polyion concentration of 5 g
L−1, a LA concentration of 100 mM, a NaCl concentration of 10 mM, pH = 7, and F− = 0.26. Results are shown as average with standard deviations for
n = 3.
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Consistent with the observations of Fig. 5B, increasing the
temperature to 70 °C substantially increases the butanol
content in the CC. Fig. 5B shows an approximate quadrupling
of the KD, whereas Fig. 5D only shows a CC butanol increase
from 8.80 ± 0.03 to 20.39 ± 0.80 mg, corresponding with a
decrease of the supernatant butanol concentration from 4.39 ±
0.00% at RT to 2.28 ± 0.14% at 70 °C. A possible explanation
for this discrepancy is the difference in the total polyion con-
centration, as Fig. 3G/H/I and 4C show that increased polyion
concentrations do not necessarily lead to an increase in
partitioning.

By replacing the supernatant and lowering the temperature
in the steps from 70 °C back to RT, 21.1 ± 0.6% of the butanol
extracted into the CC could be back-extracted into a new
aqueous solution. Interestingly, reverting the temperature back
to RT did not completely revert the butanol equilibrium and a
fraction of butanol remains within the CC.

Considering the large number of tunable parameters, it is
likely that with alterations a back-extraction higher than 21.1%

is achievable. For example, increasing the salt concentration
has been used to back-extract proteins from polyion micelles
and polyion precipitates by disrupting the polyion complex,46

while varying the pH has been used to back-extract proteins,
keeping the polyion precipitates intact.24 Other experimental
parameters such as increasing the number of temperature
steps or increasing the equilibration time may also prove to be
beneficial. Further research should find improved recovery
methods as well as better understanding of the physico-
chemical mechanisms allowing for a larger fraction of the CC-
extracted butanol to be recovered.

Lactic acid and butanol distribution in the enzyme-filled
complex coacervates

We hypothesized that the presence of additional components
in the CCs can influence the partitioning behaviour of LA and
butanol in those CCs. For this reason, we investigated the dis-
tribution of LA and butanol in PEI/PAA CCs that already con-
tained PPL, CALB, or CALA enzymes. Similar to the presence

Fig. 5 Interaction between butanol and PEI/PAA CCs. (A) Distribution coefficients of butanol in PEI/PAA CCs as a function of CC composition
shown as an average with standard deviation with n = 2. (B) Distribution of butanol as a function of temperature for F− = 0.26 and 0.36. For (A) and
(B), the total polyion concentration was 5 g L−1, the NaCl concentration was 10 mM, and the butanol concentration was 400 mM. (C) Image of PEI/
PAA CC at 50 g L−1 with (left) and without (right) the aqueous supernatant. (D) Butanol remaining in the CC at F− = 0.26 during RT to 70 °C extraction
and 70 °C to RT back-extraction. Data are shown as average with n = 4.
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of salt ions, the presence of relatively large enzymes in the CCs
may change the structure of the polyion complex by altering
the distance between polyions and the properties of the CC–
water interface. We fixed the compositions of the systems to
the F− at which the maximum KD was found; F− = 0.36 for PPL
and CALB, and 0.26 for CALA. Then, LA (Fig. 6) and butanol
(Fig. 7) partitioning was studied as a function of the ionic
strength at 25 and 50 °C.

In Fig. 6, we can see a stabilizing effect of the lipases on the
LA distribution coefficients as they no longer strongly increase
between 10 and 100 mM NaCl compared to the PEI/PAA CCs
without the lipases shown in Fig. 4B. In addition, the presence
of PPL slightly increases the ‘stable’ KD to approximately 5
compared to 3 without PPL. CALB increases the KD to approxi-
mately 4. For PPL and CALB, a higher temperature resulted in
a slightly lower KD, comparable to values where the lipases
were not present at all. Similar to Fig. 4E, there is no strongly
noticeable difference between the investigated temperatures.

A much stronger effect is observed for the distribution of
butanol shown in Fig. 7. For PPL and CALA, the KD values are

comparable to CCs without the lipases at KD = 10–20, but with
increased temperature the KD values increase to 40–50 for PPL
and 30–50 for CALA. Interestingly, in the presence of CALB,
the KD for butanol increases linearly with the NaCl concen-
tration (Fig. 7B) at RT, but not at higher temperatures.

These ‘doped’ CCs show different distribution profiles than
‘empty’ CCs. Doped CCs may shield against the effect of
increased NaCl concentration or simply increase the distri-
bution coefficient by up to a factor of 3 compared to empty
CCs. All in all, the concept of pre-filled CCs gives another para-
meter to tune and optimise the extraction potential of complex
coacervates.

Conclusion and outlook

We present an exploratory study on new applications of
complex coacervates. While the partitioning behaviour of CCs
has been noted before, the step to develop them as an extrac-
tion medium has been absent. From previous studies as well

Fig. 6 Distribution of LA as a function of NaCl concentration for PEI/PAA CC containing (A) CALA, (B) CALB, and (C) PPL lipase enzymes. Initial LA
concentration was 100 mM, polyion concentration was 5 g L−1, and F− = 0.26 for CALA, and 0.36 for CALB and PPL. Results are shown as individual
independent experiments.

Fig. 7 Distribution of butanol as a function of NaCl concentration for PEI/PAA CC containing (A) CALA, (B) CALB, and (C) PPL lipase enzymes. Initial
butanol concentration was 400 mM, polyion concentration was 5 g L−1, and F− = 0.26 for CALA, and 0.36 for CALB and PPL. Results are shown as
individual independent samples.
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as the results shown in this study, it has become clear that the
partitioning behaviour of the compounds in CCs is a complex
subject involving many tunable parameters that individually
greatly influence the distribution coefficient between the
aqueous environment and the CC.

In our study, we showed that the distributions of lipase
enzymes, lactic acid, and butanol in PEI/PAA complex coacer-
vates are strongly affected by the CC composition, ionic
strength as determined by the NaCl concentration, polyion
concentration, temperature, and presence of other compounds
in the CC. However, the effect of any of these parameters
depends on the partitioned compound examined.

For example, we found that the CC composition has a great
influence on the KD of lipases (Fig. 3A–C), while it has only a
minimal effect on the KD of LA (Fig. 4A). Even within the cat-
egory of lipases, the effect of the NaCl concentration on the KD
of CALA is much stronger than on the KD of PPL (Fig. 3D and F,
respectively). The only consistent influences of the parameter
found were that higher concentrations of polyions above 5 g L−1

or high concentrations of NaCl led to lower KD values, though a
small amount of NaCl was often (but not always) beneficial. The
highest KD experimentally found and the corresponding para-
meters for the 5 compounds are presented in Table 1.

We demonstrated that several relatively simple and tunable
parameters can change the KD by a factor of 4 for lipases and
butanol as a result of the changes in the CC composition (Fig. 3A–
C) and temperature (Fig. 5B), respectively. It is unfortunate that
many studies investigating the partitioning behaviour of solutes in
CCs do not investigate different compositions, and instead fix it at
F− = 0.50 where they might miss either compositions with greater
partitioning or with greater PEC formation.27,28,30 As is demon-
strated with the PEI/PAA system, we have shown that it is far from
a safe assumption that the optimal polyion complex formation
takes place at F− = 0.50, let alone the assumption that the desired
partitioning properties are optimal at this composition.

Special emphasis has been laid on temperature as a para-
meter that is easily physically tunable without adding or
removing chemicals to or from the system. Using temperature,
we created a PEI/PAA CC temperature-swing extraction system
that can extract approximately half the butanol from an
aqueous supernatant at 70 °C, and then back-extract 21.1% of
the extracted butanol back into a new aqueous phase at RT in
a single-step system. In this way, CC extraction media can be
considered analogous to, for example, cyclic CO2 absorption,
where typical cyclic capacities are in the order of 5–15%.63

However, considering the number of tunable parameters, it
is almost certain that the cyclic capacity can be made much
more efficient, and that extraction/back-extraction of a variety
of small molecules as well as proteins is possible. While the
results for our butanol extraction were not directly comparable
in efficiency to some of the results shown by ATPS systems,64

where up to 95% of a protein was purified in a single step,
such high extraction numbers have been shown with different
PECs for different proteins,24 suggesting that a similar poten-
tial for CCs exists.

There are several limitations of this study. Some of the
experimental protocols in these experiments, such as centrifu-
ging at 12 500 g for 30 minutes, are impractical for industrial
applications. These protocols were based on earlier fundamen-
tal research24,25 and it is likely (but not verified) that centrifu-
ging at far lower speeds and durations is sufficient. Indeed,
the butanol (back-)extraction was performed without
additional centrifugation steps after the addition of butanol to
the system.

The reasons for the variation in KD values and the mecha-
nisms determining the distributions in CCs or other PECs are
not well understood. The partitioning behaviour is currently
not well understood and cannot yet be accurately predicted.
Currently, this means that extensive testing for the individual
compound, polyion pair, and tunable parameters is required
in order to learn how the parameters influence partitioning. It
would be extremely beneficial for the development of CCs as
extraction media if the fundamental mechanisms of partition-
ing in CCs were better understood. The ability to predict the
influence of (combinations of) parameters on partitioning pre-
vents the necessity of high-throughput testing to optimise the
parameters for the extraction of a particular desired com-
pound. With a greater understanding of the underlying mecha-
nisms, complex coacervates show promise as extraction media
for a wide variety of compounds. The partitioning of solutes in
CCs and PECs is the result of a complex interplay of at least 6
different compounds (polyanion, polycation, water, two salt
ions, and the solute of interest), and the temperature will
affect the interactions between all these compounds, making it
difficult to predict the partitioning behaviour. For proteins, it
is expected that the charge and charge distribution are impor-
tant, and hydrophobic interactions will also play a role. The
temperature-dependent partitioning of butanol is promising,
but systematic studies are required to unravel the detailed
molecular mechanism.

Table 1 Summary of the highest KD found for all the compounds and their corresponding parameters as experimentally found in this study

Compound
Highest KD
found Figure

Composition
(F−)

Compound
concentration

NaCl
concentration

Polyion
concentration Temperature

CALA 23.0 ± 0.5 Fig. 3A 0.26 67 µM 10 mM 5 g L−1 20 °C
CALB 14.7 ± 1.0 Fig. 3E 0.36 67 µM 25 mM 5 g L−1 20 °C
PPL 16.1 ± 0.2 Fig. 3F 0.36 67 µM 50 mM 5 g L−1 20 °C
Lactic acid 7.4 ± 0.5 Fig. 4B 0.26 100 mM 100 mM 5 g L−1 20 °C
Butanol 53.3 ± 6.2 Fig. 7A 0.26 + CALA 400 mM 10 mM 5 g L−1 50 °C
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