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ARTICLE INFO ABSTRACT

The production of recombinant biopharmaceuticals is highly dependent of a proper choice of the downstream
processing stages. Particularly, the purification that must ensure that all the endotoxins (lipopolysaccharides -
LPS) are efficiently removed from the final product. The efficient removal of LPS has a direct impact on the
manufacturing of therapeutic biopharmaceuticals, since LPS is naturally presented in Gram-negative bacterial
expression systems. In order to provide a more simple and faster technique for the purification of green fluor-
escent protein (GFP) and LPS removal, aqueous two-phase systems (ATPS) composed of polyethylene glycol
(PEG) and poly(acrylic acid) (NaPA) and electrolytes were studied. Firstly, the binodal curves of PEG/
NaPA + salt systems were established using NaCl, Li»SOy4, KI, and KNO; as additives. It was demonstrated that
the formation of ATPS is enhanced following the anion tendency: SO4>~ > Cl™ > NOs~ > I~. The stability of
GFP in the presence of all different phase forming agents (polymers and salts) was evaluated, and the high
biocompatibility of these ATPS demonstrated by the maintenance of GFP fluorescence in all conditions under
study. Then, the GFP extraction and LPS removal aptitude of each ATPS was investigated. GFP and LPS were
preferentially partitioned into the top (PEG-rich) phase (Kgrp > 20), but with a removal of 35% of LPS was
attained. Hydrophobic and electrostatic interactions were found to be the major driving forces for GFP parti-
tioning and LPS removal. Moreover, a new effect was found, the presence of high loads of LPS can affect (de-
crease) the Kgpp values (Kgpp Without LPS > Kggp with 10* EU/mL > Kgpp with 10° EU/mL). The ATPS with
best GFP extraction performance was selected for the recovery directly from the cell lysates of Escherichia coli. In
this experiment, the system composed of 12 wt% PEG 1000 g/mol, 12 wt% NaPA 8000 g/mol, and 0.25 M Li»SO4
lead to a LPS removal (REM;ps) of 13%, Kgrp of 20.2, and high selectivity relatively to the total proteins
(S = 20), since the majority of contaminants proteins were preferentially partitioned into the bottom (NaPA-
rich) phase (purification factor of 4-fold). It is here demonstrated that the ATPS composed of PEG/NaPA + salts
as additives can be used as a first step for the recovery of GFP and removal of contaminants (LPS in part, and
most contaminant proteins) from cell lysates by applying a system with low polymer content and using mild
conditions.
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1. Introduction

The advent of recombinant DNA technology has increased the
production of biomolecules, mainly biopharmaceuticals, using hetero-
logous expression systems. Escherichia coli is one of the most used be-
cause of its high growth rates, inexpensive media, and well-known
metabolism [1]. However, because the biomolecules produced by E. coli
are mostly intracellular, an extra cell disruption step is usually required.

Cell disruption releases the naturally occurring lipopolysaccharides
(LPS), also known as endotoxins or pyrogens, from the external cover
layer, contaminating the released target biomolecules [2,3]. LPS can act
as an immunostimulant that activates the complement system causing
pyrogenic reactions in humans if present in parenteral drug products.
Adverse medical pyrogenic reactions caused by endotoxins are ob-
served in humans at dosages as low as 0.1 ng/Kg of body weight or 1
endotoxic unit (EU) per Kg. Therefore, because of its potency, the
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allowed threshold for endotoxins for most intravenous applications is
5EU/Kg/h [4,5].

Considering the importance of LPS removal and control in the
pharmaceutical industry, several attempts to remove LPS contamina-
tion from proteins have been made [6], but the removal of LPS remains
challenging. The presence of a hydrophobic region of 10-20 kDa per
LPS molecule results in a high tendency to self-aggregate into highly
stable micelles and vesicles [7,8]. The major structural components of
the LPS molecule are the hydrocarbon chains (Lipid A), which are an-
chored at the cell wall, and the core polysaccharide region. Because of
the presence of phosphate groups in LPS, the core carries the main
electric charge [3]. Several techniques have been applied for LPS re-
moval, such as anion exchange chromatography, ultrafiltration, affinity
adsorbents, gel filtration chromatography, and sucrose gradient cen-
trifugation [9,10]. Nevertheless, these methods are laborious, and some
are quite expensive [11,12]. Thus, considering the broad applicability,
ease of use and scale-up, and low cost of aqueous two-phase systems
(ATPS), they appear to be a feasible platform to separate LPS from
target biomolecules selectively in a single downstream step.

In fact, ATPSs have been extensively used to extract/purify a wide
range of biomolecules including recombinant biopharmaceuticals
[13-18]. In detail, an ATPS is a liquid-liquid extraction system in which
two immiscible aqueous-rich phases are formed by the combination of
at least two structurally different compounds (polymers, salts, surfac-
tants, sugars, or ionic liquids) above certain concentrations [19]. These
systems have been extensively studied in the last few years, particularly
for the recovery, partitioning, and purification of a wide range of bio-
products [20-23].

In the last few years, our research group has focused on the recovery
of green fluorescent protein (GFP), a biological indicator used as a
model protein, from media contaminated with LPS (from E. coli) using
different types of ATPS [24-26]. Although some previous studies have
investigated the removal of LPS [12,27-29], there remains a lack of
understanding of selective GFP partitioning in the presence of high LPS
loads for polymer—polymer-based ATPSs. Furthermore, although these
systems have been well discussed in the literature [30-33], the influ-
ence of the addition of electrolytes on GFP partitioning and LPS re-
moval has not been studied. Thus, herein, the presence of electrolytes in
a poly(ethylene glycol) (PEG)/sodium poly(acrylic acid) (NaPA)-based
ATPS was studied in depth because these additives can change the af-
finity of the biomolecule and contaminants (i.e., proteins or LPS) for
one of the co-existing phases; this is due to the change in water sol-
vation around the polymers or compartmentalization of ions
[30,32,34].

In this paper, the simultaneous recovery of GFP and removal of LPS
from an E. coli cell lysate using an ATPS composed of PEG with an
average molecular weight of 1000 g/mol and NaPA with an average
molecular weight of 8000 g/mol and different salts as additives is
proposed. For that purpose, first, the influence of the addition of dif-
ferent electrolytes (NaCl, Li;SO4, KI, and KNO3) on the binodal curves
of each system was evaluated. Then, GFP partitioning and LPS removal
in different types of ATPS both in the presence and absence of salts were
investigated. In addition, we studied the influence of high loads of LPS
(10* and 10°EU/mL) on the pure GFP partitioning using different
polymer and salt concentrations. Finally, considering the best results
from the initial studies, an optimized ATPS was selected to extract GFP
directly from E. coli cell lysate and to remove the LPS and con-
taminating proteins in a single step, thus validating the applicability of
these ATPSs for biopharmaceutical manufacturing processing.

2. Materials and methods
2.1. Materials

Polyethylene glycol (PEG) with average molecular weight of
1000 g/mol, was purchased from Merck (Hohenbrunn, Germany).
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Polyacrylic acid (NaPA) with average molecular weight of 8000 g/mol
(45 wt% in water) and the salts, sodium chloride (NaCl), lithium sulfate
(LiSO4), potassium iodide (KI), and potassium nitrate (KNO3) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). LPS from E. coli
055:B5 and kinetic chromogenic kit (LAL Kinetic-QCL") were purchased
from Cambrex (Walkersville, MD). Recombinant green fluorescent
protein (GFP) was provided by Clontech (95% purity, Palo Alto, USA).
All solutions were prepared in Mcllvaine’s buffer, pH 7.2, consisting of
16.4 mM disodium phosphate and 1.82 mM citric acid in water purified
by a Millipore Milli-Q system (Bedford, MA). The glassware used was
washed in 50:50 (v/v) ethanol/1 M sodium hydroxide bath, followed by
a 1 M nitric acid bath, rinsed copiously with Milli-Q water and, finally,
dried in oven at 250 °C for 1h for LPS contaminants inactivation. All
materials used in the solutions preparations were LPS-free devices.
Sterile, disposable plastic ware was used at all times to prevent LPS
contamination. The LPS concentration in the Milli-Q water was quan-
tified and found to be below 0.05EU/mL (according to the method
described in Section 2.3.). All the other reagents were of analytical
grade and used as received.

2.2. Determination of GFP concentration

The expression, extraction, and purification of recombinant GFP by
E. coli DH5-a followed the protocol previously published by Penna et al.
[35]. The GFP fluorescence intensity was determined using a spectro-
fluorometer (RF 5301 PC, Shimadzu Corporation, Kyoto, Japan) with
Aexcitation = 394 nm and Aemission = 509 nm.

2.3. Determination of LPS concentration

Pure LPS samples were added to the ATPS obtained from E. coli
DH5-a. The cells were cultured according to the method of Westphal
and Jann [36] and purified according to that of Lopes et al. [25]. The
LPS concentration in the samples was determined by the kinetic chro-
mogenic method employing a LAL Kinetic-QCL" Kit. All sample dilu-
tions and additions of the lysate to 96-well microtiter plates were
performed using a calibrated multichannel pipette with pyrogen-free
tips. The plate-based photometric assay (A = 405 nm) was incubated at
37°C in an enzyme-linked immunosorbent assay (ELISA) microplate
reader (ELx808cse — BIO-TEK Instruments). The positive control was
contaminated with an equal LPS concentration of 5.00 EU/mL, and the
results for all tests were considered valid whenever the value of re-
covered LPS concentration was between 50% and 200% of this value
[37]. For the samples containing polymers (PEG and NaPA) and salts,
the interference was considered by subtracting the values obtained for
blank assays (i.e., samples without LPS) from the total value obtained
for the LPS added to the ATPS.

2.4. Determination of the total protein concentration

The total protein concentration was determined by the bicincho-
ninic acid (BCA) method (Pierce™ BCA Protein Assay Kit). Samples
(100 uL) containing proteins and the BCA working reagent (2mL),
prepared according to the manufacturer's instructions, were added to a
test tube. After 30 min, the optical absorbance at 562nm was de-
termined by spectrophotometer (F200 Infinito, Tecan System Inc., San
Jose, CA) using Milli-Q water as a blank.

2.5. Determination of the binodal curves

The binodal curves were determined according to the methodology
described by Johansson et al. [32]. For each phase diagram, three stock
solutions of 50 wt% PEG 1000 g/mol, 45 wt% NaPA 8000 g/mol, and
salts (NaCl, Li;SO,4, KI, or KNO3 at concentrations of 0.05 and 0.25 M)
were prepared. The stock solutions were mixed in graded glass tubes
(15 mL) with a known concentration of each phase-forming component
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and then centrifuged at 1000g for 1 min. Then, the tubes were visually
analyzed for the formation of two phases. By titrating with the three
stock solutions, it was possible to obtain a binodal curve. Generally, the
solutions became turbid on the two-phase side of the binodal curve;
however, close to the binodal, the lack of turbidity upon mixing is not a
good indication of a one-phase system. This explains the use of cen-
trifugation in these systems. The formation of two-phase systems was
generally achieved within few minutes, and after the phase separation
(~30min), the volumes (in mL) were carefully measured.

2.6. Influence of ATPS phase-forming components on GFP stability

The fluorescence stability of pure GFP was evaluated in the presence
of PEG, NaPA, and salts (NaCl, Li»SO4, KI, or KNO5 at 0.25 and 0.50 M)
in Mcllvaine buffer pH 7.2. For this purpose, samples containing 6 and
20 wt% of PEG and NaPA, respectively, were prepared. GFP was then
added to each solution from a concentrated GFP stock solution (80 pg/
mL), reaching an initial GFP concentration of 10 pg/mL. The solutions
were then homogenized in an orbital shaker (model 400110,
Barnstead/Thermolyne, Dubuque, IA, USA) at 8 rpm for 24 h at 25 °C.
Aliquots of the solutions were withdrawn at time intervals of 0, 1, 3, 9,
and 24 h, and the concentration of GFP was determined according to
the procedure described in Section 2.2. All experiments were performed
in triplicate, and the standard deviations and the 95% confidence in-
tervals were calculated. The GFP fluorescence stability (GFPgy,) of each
solution was determined according to the following equation:

_ (IGFP)
GFPy, = ([GFP]i) X 100

(€Y
where [GFP]s and [GFP]; are the GFP concentration (ug/mL) in the
sample after the incubation in the presence of ATPS phase-forming
components and the initial GFP concentration, respectively.

2.7. GFP partitioning and LPS removal

To evaluate the ability of each ATPS for the partitioning of GFP and
the removal of LPS, two different compositions in the biphasic region
were selected: i) 12 wt% PEG 1000/12 wt% NaPA + salt and ii) 16 wt%
PEG 1000/16 wt% NaPA 8000 + salt. Eight systems of both composi-
tions were prepared in Mcllvaine buffer at pH 7.2 in the presence of two
concentrations (0.05 and 0.25M) of NaCl, Li;SO4, KI, or KNO5. All
phase-forming components, 80 ug/mL of standard GFP (95% purity,
Clontech), and 5 x 10°EU/mL of pure LPS were added to LPS-free
graduated glass tubes (15mL) by weight to obtain a total mass of
5 = 10~ *g. For the tests using E. coli cell lysate, the corresponding
concentrations of GFP and LPS were, respectively, 75ug/mL and
2 x 107 EU/mL. The systems were homogenized in an orbital shaker
(model 400110, Barnstead/Thermolyne, Dubuque, IA, USA) at 8 rpm
for 15min and kept in a thermoregulated device (Polyscience, model
9505) at 25 °C for 1h to reach phase equilibrium. Afterwards, the two
coexisting phases were carefully separated using disposable syringes
and needles. Samples from the bottom phase were taken after the
withdrawal of the top phase, and the respective concentrations of GFP
and LPS in each were determined. All experiments were performed in
triplicate, the standard deviations, and the 95% confidence intervals
were calculated. The GFP partitioning behavior was assessed according
to the GFP partitioning coefficient (Kgrp), GFP mass balance (MBggp),
and percentage of GFP recovered in the PEG-rich phase (RECggp), as
detailed in Egs. (2)-(4), respectively.

_ [GFP]PEG—rich phase
GFP — T -
[GFP]NaPA—rich phase

(2)
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MBgrp
_ [GFP]PEG—rich phase VPEG—rich phase + [GFP]NaPA—rich phase VNaPA— rich phase
[GFPiVi
x 100 3
RECGFP — ( [GFP]PEG—rich phaseVPEG—rich phase ) % 100
[GFPI Vi 4

where [GFP]PEG—rich phases [GFP]NaPA—rich phases and [GFP]1 are GFP con-
centration in the top (PEG-rich) phase, bottom (NaPA-rich) phase and
GFP initial concentration in the system (ug/mL), respectively. Vpgg.rich
phases VNaPA-rich phases and V; are the top (PEG-rich) phase, bottom
(NaPA-rich) phase and the initial volumes (mL), respectively.

It was also calculated the percentage of LPS removal (REM;ps) for
the NaPA-rich phase, according to the following equation:

[LPS]N aPA—rich phase VNa\PA—rich phase
[LPS]i Vi

REM; ps = ( ) X 100

()
where [LPS]yapa-rich phase and [LPS]; refer to LPS concentrations (EU/
mL) in the bottom (NaPA-rich) phase and LPS initial concentration in
the system, respectively. Vnapa-rich phase and V; are the bottom (NaPA-
rich) phase and the initial volumes, respectively. As the PEG-rich phase
exhibit a large interference in the LPS quantification methodology, the
percentage of LPS removal was only inferred by the determination of
the LPS concentration in the NaPA-rich phase.

The selectivity in terms of total proteins (S) was also evaluated
according to the equation:

K
§ = *GFP

Krp (6)

where Krp refer to the total proteins (TP) partitioning in ATPS, similarly
calculated according to Eq. (2).

Purification factor of GFP in terms of total proteins (Pr) was cal-
culated according to the equation:

[GFPIPEG —rich phase
[TPIPEG—rich phase

Pp =
[GFPJi
( [TP]; ) )]

where [TPlpgG.rich phase and [TP]; correspond to the concentration of
total proteins in the top (PEG-rich) phase and the initial total protein
concentration in the system (ug/mL), respectively.

2.8. Statistical analysis

The response variables were GFPgy,, Kgrp, RECgrp, and REM;ps. To
compare the significance of each condition, R Statistic version 3.3.3 was
used to perform one-way ANOVA (with Tukey’s test), and to test sta-
tistical hypotheses, the significance level was set at 0.05. In addition,
Generalized Linear Models (GLM) were fitted for statistical analysis of
Kgrp, RECgrp, and REM;ps response to type of salt, salt concentration,
and LPS and polymer concentrations. All dataset used for analysis is
available at Zenodo (DOI: https://doi.org//10.5281/zenodo.1174377).

3. Results and discussion
3.1. GFP fluorescence stability

To confirm the biocompatible character of the phase-forming agents
in each ATPS, before the GFP partitioning experiments, the stability of
GFP in aqueous solutions of each component was evaluated. First, the
GFP fluorescence stability in different aqueous solutions of each
polymer (5, 10, and 20 wt%) and salt (0.25 and 0.5 M) was assessed
separately. The first set of experiments demonstrated that GFP main-
tains its intrinsic fluorescence over 24h in the presence of aqueous
solutions of 5, 10, and 20 wt% PEG 1000 or NaPA 8000 and in the
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Fig. 1. GFP fluorescence stability (GFPgy,) during 24 h in the presence of aqu-
eous solutions composed of: (a) 6 wt% PEG and 6 wt% NaPA + 0.25M of salts;
(b) 20 wt% PEG and 20 wt% NaPA + 0.5M of salts. The following salts were
used: NaCl (A), Li,SO, (), KI (#), and KNO; (@). For comparison, the GFP in
aqueous solutions without additives were also determined (gray line and gray
dotted line). All experiments were prepared with Mcllvaine buffer pH 7.2 at
25 °C. The error bars represent 95% confidence levels for the measurements, but
are smaller than the markers. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

(b) 0 3 6 9

presence of each electrolyte at 0.25 and 0.5 M. On the other hand, in the
second set of experiments, GFPy;, was evaluated in mixed aqueous so-
lutions containing the phase-forming agents required for the formation
of each ATPS. As depicted in Fig. 1(a) and (b), in the presence of 6 and
20 wt% PEG 1000 and NaPA 8000, respectively, with and without the
addition of each electrolyte (Li;SO4, NaCl, KNOs, or KI), GFP was
completely stable.

In general, the PEG/NaPA-based ATPS (with or without additives)
showed high values of GFPgy, (> 98%), in which no significant losses of
GFP fluorescence occurred even after 24 h exposure. A one-way analysis
of variance (ANOVA) was conducted to compare GFPg; under each
condition. Only two conditions presented a significant protective effect
after 24h (p < 0.05) [F (49, 100) = 2.306, p = 0.000213]. Post-hoc
comparisons using Tukey’s honest significance test (HSD) test indicated
that the mean score for the conditions with Li,SO4; (M [6/6 wt
%] =98.7% and M [20/20 wt%] = 99.0%) after 24h were sig-
nificantly different from the non-salt test (M [6/6 wt%] = 97.7% and M
[20/20 wt%] = 97.7%). Although significantly different, they represent
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a small increase in GFPg, (ca. 1%). The highly stable character of GFP
has been widely reported, and, because of this stability, it is extensively
employed for monitoring biological events and as a biosensor to
monitor industrial and medical processes (particularly thermal pro-
cesses) to ensure product quality or process efficacy [38,39]. Usually,
GFP maintains its fluorescence between pH 5.5 and 11.5 (optimum
pH 8.0) at temperatures below 100 °C, as well as in aqueous solutions
containing detergents [40]. Our results clearly demonstrate that GFP
can tolerate the processing conditions of the purification/extraction
stages using the PEG/NaPA + electrolyte-based ATPS.

Some previous studies have shown that the negative charge of NaPA
can interact with the oppositely charged sites of biomolecules through
electrostatic interactions, destabilizing or changing their molecular
structure and decreasing their biological activity [31,41]. However, at
the concentrations studied, GFP maintained its fluorescence activity,
which is consistent with previous findings obtained for clavulanic acid,
where no significant losses of activity were observed after the exposure
of the biomolecule to aqueous solutions of NaPA 8000 at 5 and 15 wt%
[42].

On the other hand, PEG polymers are widely recognized as bio-
compatible agents and are used in the stabilization of several biomo-
lecules, such as a-amylase, glucose oxidase [43], and L-asparaginase
[44]. PEG is generally considered biologically inert and safe and is used
in both food and drug industries. Previously, de Lencastre Novaes et al.
[45] evaluated the relationship between PEG concentration, polymer
molecular weight, and temperature on the stability of GFP. As found by
us and shown in Fig. 1, GFP was quite stable in the presence of PEG
with an average molecular weight of 600 and 4000 g/mol, where no
significant fluorescence losses were observed until 75 °C [45].

3.2. Effect of electrolytes on the binodal curves of the PEG/NaPA ATPS

First, the effects of different electrolytes on the solubility curves of
aqueous solutions of PEG 1000 and NaPA 8000 were evaluated. It has
been reported that the formation of a polymer-polymer-based ATPS
results from polymer incompatibility [46], and, thus, the water struc-
ture around the polymers has a significant effect on the thermodynamic
equilibrium and, consequently, phase separation [47]. Therefore,
changes in the phase-forming agent’s composition and the presence of
ions can disturb the equilibrium (thus modifying the binodal curve). In
particular, in nonionic/ionic polymer mixtures, based on the electro-
neutrality of the polyelectrolyte, two phases, one with a high con-
centration of counterions and one enriched in the uncharged polymer,
are formed [46]. Johansson et al. [31,32] highlighted that the entropic
penalty of counterion compartmentalization in systems composed of
PEG (uncharged polymer) and NaPA (negatively charged polymer) re-
sults in the minimal concentration of the salt required for the formation
of two aqueous phases, a top (PEG-rich) phase and a bottom (NaPA-
rich) phase. Considering that the addition of electrolytes changes the
phase separation conditions dramatically, the influence of different
inorganic salts on the binodal curve of the systems composed of PEG
1000 g/mol and NaPA 8000 g/mol at 25 °C and atmospheric pressure
was assessed.

As shown in Fig. 2(a) and (b), independent of the salt concentration,
the ability of each electrolyte to induce the formation of a demixing
region for the PEG 1000/NaPA 8000-based ATPS follows the order
Li,SO, > NaCl>KNO3; > KI. As the two-phase region increases (i.e.,
the binodal curve moves closer to the axis), the ability of the additive to
form a biphasic region increases (i.e., a lower polymer concentration is
required for phase splitting). Although the liquid-liquid demixing trend
is the same for both electrolyte concentrations studied, the influence
was more pronounced with a higher amount of salt (0.25 M), as shown
in Fig. 2(b). However, it is important to note that Li,SO4 and NaCl
increased the two-phase region to a greater extent than the other two
salts evaluated (KNO3 and KI).

Aiming to understand the influence of electrolytes on the phase
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Fig. 2. Binodal curves for ATPS composed of PEG 1000 and NaPA 8000 system
in the presence of KI (¢), KNO3 (@), NaCl (A), and Li,SO, (M) at the con-
centration of the 0.05 (a) and 0.25M (b). The dotted arrows represent the di-
rection of the displacement of the curves. The ATPS were prepared with
Mcllvaine buffer pH 7.2 at 25 °C. The error bars correspond to a 95% confidence
interval in the obtained values, but are smaller than the markers.

separation of PEG/NaPA-based ATPS, first, it is important to under-
stand the phase behavior of the polymer/polyelectrolyte/water mix-
tures. In the absence of salts as additives, the phase demixing of the
polymer/polyelectrolyte ATPS resembles the traditional polymer/salt-
based ATPS because of the dominant influence of the entropic mixing of
the counterions [46]. Thus, when an electrolyte is added to the
polymer/polyelectrolyte/water mixtures, a completely different beha-
vior is observed, where two-phases with distinct polymer concentra-
tions and similar (low) ion concentrations are formed [46]. In fact, the
relative influence of the polyelectrolyte counterions (Na*) is reduced
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because of the addition of smaller ions to the mixture, and the enthalpic
repulsion between both polymers is sufficient to allow the phase se-
paration. Because the effect is dependent on the nature (strength and
charge) of the ions added, as expected, the ability to induce phase
formation is stronger for divalent ions, followed by monovalent salts
according to their relative hydrophobicity [32].

Considering that Na* and K* have almost the same hydration
ability [48], the different trends observed for the monovalent salts
mainly results from the corresponding anion hydrophobicity. There-
fore, in the case of the PEG/NaPA-based ATPS studied, the influence of
the anions in the formation of two-phases followed the order
S0,2~ > ClI~ > NO;~ > I". The trend in the formation of a de-
mixing region is in close agreement with the relative hydrophilicity/
hydrophobicity of each anion, which, in terms of the solvation free
energy (molar Gibbs free energy of hydration (—AGyyq, kJ/mol)) of
each anion [49], follows the trend —AGyyq (S0427) = 1080 kJ/
mol > —AGnyg (Cl7) =340kJ/mol > —AGpyq (NO3;™) = 300kJ/
mol > —AGpya (I7) = 275 kJ/mol.

Our results are in agreement with previous reports, for example, the
results of Johansson et al. [32], who evaluated the effect of NaCl and
Na,SO4 in PEG/NaPA systems formed of high-molecular-weight PEG
(2000, 6000, and 8000 g/mol) and demonstrated that a decrease in the
entropy of mixing of the counterions occurs because of the addition of a
salt to the system. Santos-Ebinuma et al. [50] also demonstrated that
the addition of NaCl and Na,SO4 (mono and divalent sodium salts,
respectively) as additives to PEG 1000/NaPA 8000 induced similar
behavior: an increase in the two-phase region, i.e., the same trend was
observed: divalent (Na,SO,) > monovalent salt (NaCl). Gupta et al.
[30] studied how the addition of inorganic salts affects the water
structures in  polymer-polymer (PEG/NaPA and PEG/poly-
ethyleneimine) ATPSs. In particular, they evaluated the effect of po-
tassium and sodium cations on the phase behavior. They explained the
effect of electrolyte ions in terms of the making and breaking of the
water structure.

In this section, the main objective was not to extensively study the
effect of salts on binodal curves but understand how the electrolytes
evaluated influence the binodal curve and the corresponding biphasic
region. Thus, with each phase diagram, it was possible to establish the
exact PEG/NaPA compositions for further GFP partitioning and LPS
removal studies.

3.3. Effect of the salt on GFP partitioning using PEG/NaPA-based ATPS

According to Silva et al. [51], ATPSs composed of PEG with a mo-
lecular weight from 400 to 1500 g/mol are known to accommodate
proteins easily. Previous studies of GFP partitioning using PEG/NaPA-
based ATPSs [31] have also suggested that low-molecular-weight PEG
could enhance the partitioning of GFP into a PEG-rich phase. Thus, the
partitioning of pure GFP using an ATPS comprising PEG 1000 g/mol
and NaPA 8000 g/mol in the presence of different electrolytes was
firstly evaluated.

As shown by the data in Fig. 3(a), Kgrp was higher than 1.0 for all
conditions investigated, indicating that GFP is preferentially partitioned
into the top (PEG-rich) phase. It is important to consider that the mass
balances (MBggp) for all the systems were approximately 100% (data
not shown). These results are in accordance with the previous GFP
fluorescence stability tests, which demonstrated that GFP maintains its
fluorescence intensity in the presence of aqueous solutions of the
polymer—polymer + salt components.

The Kgpp values varied between 2.5 and 33.3, whereas RECggp
varied between 36% and 83% (Fig. 3(b)). Analyzing the data from
Fig. 3(a) and (b) in detail, it is evident that the PEG concentration, as
well as the type and concentration of each salt, has a strong influence
on the GFP partitioning, particularly for systems using Li,SO4 and NaCl
as additives. The highest Kggp values were obtained with 0.25M Li>SO4
and NaCl: 33.3 and 27.2, respectively. These conditions also presented
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**: < 0.01.

the highest RECgrp values of 83% and 73%, respectively. For NaCl and
Li»SO,, a reduction in the polymer concentration, from 16 to 12 wt%, of
both PEG and NaPA, reduced the partitioning of the target molecule for
the PEG-rich phase. However, in the case of the other two electrolytes

different.
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(KI and KNO3), which correspond to the two ATPSs that exhibited the
lowest Kgpp values, the reduction in the polymer composition did not
affect the GFP partitioning; that is, the values were not statistically
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Because NaPA is negatively charged, it can create repulsive or at-
tractive interactions depending on the charge of the target biomole-
cules. Thus, considering that GFP is an acidic protein (pI = 4.6-5.4),
under the conditions evaluated (pH7.2), it has an overall negative
charge and is, thus, excluded from the bottom (NaPA-rich) phase to the
PEG-rich phase (as demonstrated by Kggp> 1). Previously, Johansson
et al. [31,52] showed that negatively charged GFP [31] and he-
moglobin [52] are preferentially partitioned into the PEG-rich phase,
and this behavior is more pronounced with Na,SO,4 than NaCl. These
previous findings are in accordance with those obtained in this work.
Systems with 0.25M Li,SO,4 as an electrolyte exhibited in average a
significant increase of 8 in Kgpp values (p = 9.02 X E~ ') when com-
pared to 0.25M NaCl results. Similarly, Pereira et al. [42] also de-
monstrated that the negatively charged clavulanic acid is preferentially
partitioned in the PEG-rich phase because of electrostatic repulsion
when PEG/NaPA-based ATPSs with NaCl or Na,SO4 as additives were
used. Based on these considerations, it is evident that the partitioning of
the GFP in the PEG/NaPA + salt-based ATPS is mainly controlled by
the electrostatic repulsion of the negatively charged bottom (NaPA-
rich) phase toward GFP.

To understand how the electrolyte nature affects GFP partitioning to
the PEG-rich phase, we examined the results obtained with the systems
using Li»SO4 and NaCl as ATPS additives, which enhanced the parti-
tioning towards the top phase. Probably, the repulsive electrostatic
forces in ATPSs with sulfate- and chloride-based salts are more pro-
nounced than those in the presence of iodate and nitrate-based salts. To
understand the strength of the repulsive interactions in the PEG/
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NaPA + salt-based ATPS toward charged biomolecules, it is important
to know how the pH and salt type affect the separation of biomolecules.
In the 1970s, it was demonstrated that both parameters affect the
partitioning of charged biomolecules significantly [47]. The parti-
tioning of the biomolecules to the more “hydrophobic” of the coexisting
phases is facilitated if the more “hydrophobic” salt ion is also the
counterion of the protein. In contrast, if the co-ion exhibits a more
hydrophobic character, the reverse effect occurs, and the partitioning of
the negatively charged protein to the hydrophobic phase is decreased
[47].

Although both PEG and NaPA-rich phases are mainly composed of
water, the PEG-rich phase exhibits higher relative “hydrophobicity”. In
addition, according to the Hofmeister series [53], the inorganic anions
with low charge can be arranged in the following sequence from kos-
motropic to chaotropic: SO42~ > Cl~ > NO;~ > I~. These anions
are not “truly” hydrophobic, but they act “hydrophobically” in the
sense that they prefer the more hydrophobic phase (in an ATPS) and
have relatively higher solvation energies [49] because of their sig-
nificantly higher polarizability. As reviewed by Karlstrom [54], this
polarizability favors anisotropic solvation, which is facilitated by the
presence of non-polar regions. Thus, it is not the ion itself or its strongly
bound water molecules that are hydrophobic but rather an intermediate
water solvation region that acts “hydrophobically” [31]. For this
reason, GFP (negatively charged under the experimental conditions)
competes with these anions (mainly with I~ = NO3~ > Cl7) for par-
titioning to the PEG-rich phase. Because the competition between the
anionic salts and negatively charged GFP decreases as
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S042~ > ClI~ > NO3~ =17, the use of Li,SO4 and NaCl salts as
electrolytes enhances the Kgpp, as shown schematically in Fig. 3(c).

3.4. Effect of the salt on LPS removal using PEG/NaPA-based ATPS

In addition to the study of GFP partitioning, the ability of each ATPS
to remove LPS was also assessed. For that purpose, initially, the parti-
tioning of pure LPS at three different concentrations (10%, 10°, and
10° EU/mL) was carried out using the previous PEG/NaPA + salt-based
ATPS.

The results demonstrate that the LPS molecules are partitioned
preferentially in the PEG-rich phase, i.e., REM; ps values lower than 50%
for the NaPA-rich phase. Overall, the PEG/NaPA systems yielded
REM, ps values between 12% and 35% (Fig. 4(a) and (b)). The highest
REM;ps values were obtained with the systems with 0.25M of KI or
KNO; and in the presence of 10® EU/mL of LPS (REM pg of ca. 35%). On
the other hand, when the PEG/NaPA-based ATPS was used with 0.25 M
of NaCl or Li,SO, (at the same LPS concentration), the REM;ps were
significant lower (p < 2 x E™'9), reaching ca. 19% and 15% removal,
respectively. Interestingly, increasing the additive concentration (from
0.05 to 0.25 M) induced two completely opposite effects depending on
the type of salt. In the systems using KI or KNOs, the REM;ps values
increased 7.4% (p < 2xE7'%) for KI and 8.8% to KNOs
(p < 2 x E~'%) with increasing electrolyte concentration. In the case
of the addition of NaCl or Li,SO,4, a decrease was observed, LPS removal
with increased NaCl concentration reduced by 9.7% (p < 2 x E©),
while 5.4% with Li,SO4 (p = 1.53 x E~13).

Although the LPS load in the system weakly affect the LPS removal
in ATPS, a significant (p < 7.77 x E~%), but small increase of 1.3%
with increasing LPS concentration was observed (REMips with 10°EU/
mL > REM;ps with 10°EU/mL > REMps with 10* EU/mL). The in-
fluence of the polymer concentration was also evaluated (12/12 and
16/16 wt%) with the higher concentration weakly reducing LPS re-
moval by around 0.8% (p < 0.05).

Taking into consideration the obtained results, it seems that the
predominant effects controlling LPS removal are the type and con-
centration of the salts used as additives, not the polymer concentration.
The low values of REMps indicate that LPS molecules are mainly par-
titioned in the PEG-rich phase, similar to GFP. In fact, in the presence of
Li>SO,4 and NaCl, higher concentrations of LPS were found in the top
(PEG-rich) phase, which corresponds to the highest Kggp obtained
under the same conditions (Fig. 3(a)). In contrast, in the case of the
addition of KI and KNOs as additives, lower concentrations of LPS (in
comparison to Li»SO4 and NaCl additives) were found in the top (PEG-
rich) phase, in agreement with the lowest Kgpp under the same condi-
tions (Fig. 3(a)). Considering these results, it is evident that LPS mo-
lecules have a similar partitioning mechanism to GFP when PEG/
NaPA + salts are used as an extractive platform.

Although the previous data for LPS removal indicate that LPS is
mainly concentrated in the PEG-rich phase (as GFP), the partitioning
studies evaluated only the partitioning of both biomolecules as single
solutes in the system. Thus, considering that the presence of a complex
matrix with more than one biomolecule can affect the partitioning
mechanism, we evaluated the effect of the presence of LPS molecules on
the partitioning behavior of pure GFP. In this step, considering that
there was a weak influence of the polymer concentration and to reduce
the amount of phase-forming agents used in the formulation of each
ATPS, the systems composed of 12 wt% PEG/12 wt% NaPA with 0.25 M
of each salt were selected. For all the systems, the presence of lower and
higher LPS concentrations (10* and 10° EU/mL, respectively) was also
assessed. For comparison, the Kgpp values in the absence of LPS (i.e., the
Kgrp values shown in Fig. 3(a)) are also included in Fig. 5(a).

In general, the partitioning of pure GFP in the PEG-rich phase de-
creased with increasing LPS concentration, as shown in Fig. 5(a). The
decreases in the Kgpp values of the ATPSs with Li,SO,4 or NaCl as ad-
ditives were more pronounced than those with KI or KNO3. The Kgpp
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values of the PEG/NaPA-based ATPSs with 0.25M of NaCl or Li,SO4
loaded with 10° EU/mL of LPS showed the highest decrease, having
corresponding Kgpp values of approximately of 13.0 and 22.0, respec-
tively, as shown schematically in Fig. 5(b). On the other hand, the
addition of LPS to the ATPSs using KI or KNO; as electrolytes had al-
most no effect on Kgpp (in comparison with the system in the absence of
LPS), and no statistically significant difference between the values was
observed.

Previously, it was reported that non-specific LPS—protein interac-
tions can occur [55,56], and the addition of LPS can even induce GFP
aggregation [26]. The addition of LPS increased the aggregate diameter
(to approximately 60 nm). Although the hydrodynamic radius (R;,) of
GFP is around 8.0 nm, it is possible that, upon LPS addition (> 10*EU/
mL), some LPS-GFP aggregates can be formed, increasing the corre-
sponding aggregate size. Thus, because of the high R, values of the LPS-
GFP aggregates, some unfavorable excluded-volume effects (from the
PEG-rich phases) can occur, thus reducing the Kggp values in the pre-
sence of LPS (Kgpp without LPS > Kgpp with 10* EU/mL LPS > Kgpp
with 10° EU/mL LPS).

Despite this, it is important to note that although a decrease in the
partitioning of the target biomolecule for the two systems with the
highest partitioning ability occurs, the Kgpp values obtained are sig-
nificant, demonstrating that these PEG/NaPA + salt-based ATPSs may
still be a feasible option for the recovery of GFP from complex media.

3.5. The key systems for GFP purification from E. coli cell lysate

After evaluating the ability of each ATPS for the partitioning of pure
GFP and the removal of LPS, the efficiency of the best system for the
purification of GFP from a more complex, real matrix was assessed. The
recovery of GFP from E. coli cell lysate was determined for the systems
composed of 12 wt% PEG/12 wt% NaPA + 0.25M Li,SO, because this
system achieved high values of Kgrp (> 24.0) and RECgp (ca. 70%) for
pure GFP and required the lowest polymer concentrations for ATPS
formation. The GFP and LPS concentrations present in the cell lysate
were 75 pg/mL and 2 X 107 EU/mL, respectively. The results of GFP
purification from cell lysate are shown in Table 1.

Considering that GFP was recovered from a complex matrix con-
taining a large number of contaminants (such as LPS, proteins, and
residual sugars), the GFP partitioning ability of the PEG/
NaPA + Li,SO4-based ATPS was significant (Kgpp = 20.2 = 0.05), al-
most the same value as previous studies using pure GFP
(Kgrp = 22 = 0.05). The use of this platform allowed the recovery of
almost 83% of the GFP (RECgpp) in the PEG-rich phase in a single step
with the removal of 13% of the LPS contaminant. Although the REM;pg
value is quite low, it is important to highlight that the cell lysate also
contains other contaminants, particularly other proteins, that should be
removed during downstream processing. Thus, we evaluated the ability
of the PEG/NaPA + Li,SO4-based ATPS to purify the GFP selectively
from other contaminant proteins present in the cell lysate. The values of
the purification factor (Pg = 4-fold increase) and selectivity (S =
20 *= 0.5) demonstrate the excellent ability of this ATPS to remove the
protein contaminants and consequently, purify the GFP from the con-
taminated E. coli cell lysate.

Furthermore, an important point should be highlighted. Because of
the amphiphilic characteristics of the LPS molecules (hydrophilic
character of the oligosaccharide portion and hydrophobic character of
the Lipid A portion), in an ATPS environment, the LPS molecules show
amphiphilic behavior similar to a surfactant and tend to aggregate
under certain conditions, forming micellar aggregates. Thus, LPS mi-
celles are highly partitioned in the same phase as the target biomolecule
(PEG-rich phase), and, consequently, the contaminant proteins are
concentrated in the opposite NaPA-rich phase, increasing the purifica-
tion yield. A representative scheme of all the partitioning mechanisms
that occur in our PEG/NaPA + salt-based ATPS experiments is shown in
a video (see in Appendix A. Supplementary data).
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Table 1

Experimental results of GFP recovery (Kgrp and RECgpp) and LPS removal
(REMps) from cell lysate of E. coli using PEG/NaPA + salts-based ATPS; and
the respective values of purification factor (Pr) and selectivity relatively to total
proteins (S). The ATPS were prepared with Mcllvaine buffer pH 7.2 at 25 °C.
The experimental errors correspond to a 95% confidence interval of the values.

Parameters 12 wt% PEG/12 wt% NaPA + 0.25M Li»SO4
Kerp 20.2 = 0.05

RECgrp 83 = 1.0

REM ps 13 = 1.8

Pr 4 =11

S 20 = 0.5

The excellent values obtained for most of the partitioning para-
meters under this study prove that this ATPS can be used as an effective
platform for the extraction and purification of GFP produced from E.
coli expression systems. However, considering that LPS removal is still
one of the major challenges in biopharmaceutical production processes,
in parallel to this study, we have evaluated the use of aqueous two-
phase micellar systems (ATPMS) that can increase the LPS removal
values and remove/separate this contaminant from the target biomo-
lecule (GFP). A similar approach to that described here has been ap-
plied to evaluate the influence of electrolytes, as well as the stability of
GFP in the presence of the phase-forming components, on the phase
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diagrams of different classes of ATPMS. In addition, we evaluated how
different LPS loads affect the GFP partitioning in ATPMS, and a com-
parative evaluation of the best systems (PEG/NaPA + salt-based ATPS
vs. C1oE4/buffer + salt-based ATPMS) was included, and their ability to
recover GFP and remove LPS directly from E. coli cell lysate was studied
in depth. This has been published as Part II of this work, entitled:
“Effect of electrolytes as adjuvants in GFP and LPS partitioning in
aqueous two-phase systems: 2. Nonionic micellar systems”.

4. Conclusions

The influence of different electrolytes in promoting the formation of
the PEG/NaPA ATPS at 25 °C was studied. We concluded that Li,SO4
and NaCl are more effective than KNO3; and KI in promoting the for-
mation of a demixing region. The highest influence was obtained at a
high electrolyte concentration (0.25 M) because the entropy of mixing
of the counterions in the PEG/NaPA ATPS is decreased.

GFP remained stable after 24 h at 25 °C in the presence of all ATPS
components. All the partitioning studies showed that GFP and LPS
partition preferentially to the top (PEG-rich) phase, demonstrating that
hydrophobic and electrostatic interactions are the major driving forces
for partitioning. The Kggp values were more pronounced in the presence
of 0.25M Li;SO4 and NaCl (Kggp, Lizso4 > Karp, nac1) When compared
with other salts tested (Kgrp, knos = Karp, k). The presence of different
loads of LPS influenced the GFP partitioning, in which Kgpp without
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LPS > Kgpp with 10°EU/mL LPS > Kgpp with 10°EU/mL LPS. A
partitioning coefficient of GFP from cell lysate of 20.2 was obtained
with 12wt% PEG/12 wt% NaPA + 0.25M Li,SO,4. At the same time,
the GFP purification factor in terms of total proteins was increased 4-
fold.

The results obtained in this work indicate that a proper design of the
ATPS platform is fundamental for the purification of proteins from E.
coli cell lysate. Although ATPS is effective for target-protein recovery
and purification (relative to the protein contaminants), the inability to
reduce LPS to acceptable levels is still a drawback. A possible method to
improve LPS removal is the use of an additional ATPS step based on
affinity interactions. Nonetheless, the PEG/NaPA + electrolyte ATPS
shows potential for the recovery of the target biomolecule, and thus can
be considered an alternative low-cost (low polymer and salt content)
and ecologically friendly (mild conditions) downstream processing
platform.
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