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A B S T R A C T

The partitioning of bacteriocin, a promising alternative to chemical preservatives, in a novel inexpensive and
stable aqueous two-phase system (ATPS) comprising poly(ethylene glycol) (PEG) and sodium polyacrylate
(NaPA) was studied. The ATPS was generated by mixing both polymers with Na2SO4 or choline chloride ([Ch]Cl)
and a bacteriocin extract from the fermented broth of Lactobacillus plantarum ST16Pa. Bacteriocin showed sta-
bility at different pH values (3.0–8.0) and temperatures (50–80 °C), as well as in the presence of ATPS com-
ponents. Hydrophobic and electrostatic interactions were found to be the major driving forces for bacteriocin
partitioning. The peptide partitioned preferentially to the PEG-rich phase (partition coefficient, KBact > 1).
However, the highest partition coefficient was achieved in the polymeric-based ATPS using [Ch]Cl as additive, as
follows: 8 wt% PEG 10,000 g/mol/8 wt% NaPA 8,000 g/mol/0.5 M [Ch]Cl, resulting in a KBact equal to 32.
Moreover, these conditions promoted high selectivity (S= 62.7), since the greater part of total proteins parti-
tioned into the NaPA-rich phase (Kprot = 0.51). In conclusion, ATPS composed of PEG/NaPA using choline-
based salts as additive can be considered mainly as a first step for bacteriocin extraction from fermented broth by
applying low polymer content and mild conditions.

1. Introduction

The wide use of chemical preservatives, such as nitrites and sulfur
dioxide, to extend the shelf life of foods may cause adverse effects on
human health and on the nutritive value of food [1]. For this reason,
consumers are increasingly worried about the amount of chemical ad-
ditives present in their diet, which has led to a growing demand for
natural or chemical-free food [2]. This demand, coupled with the in-
creasing desire for minimally processed food with long shelf life, has
attracted research interest in finding natural preservatives [3]. In this
sense, bacteriocins, mostly produced by lactic acid bacteria (LAB), are a
promising alternative to the preservatives available in the market [4].

Bacteriocins are defined as bacterially produced, heat-stable pep-
tides that are active against bacteria except its producer [5]. Several
purification protocols have been developed to extract bacteriocin from

LAB cultures [6]. Generally, the first step involves the concentration of
bacteriocin from the culture supernatant using ammonium sulfate
precipitation [7]. This method does not provide a high degree of purity;
therefore, further steps using preparative isoelectric focusing and/or
multiple chromatographic techniques, including cation exchange, gel
filtration, hydrophobic interaction, and reverse-phase liquid chroma-
tography, are necessary to achieve highly pure bacteriocins [8]. How-
ever, these methods have their own drawbacks, such as high operation
costs and protocols that include several steps, resulting in low yield [9].

In the search for alternative methods, liquid–liquid extractions
conducted in various types of aqueous two-phase complex-fluid systems
have been investigated for bioseparation [10]. An aqueous two-phase
system (ATPS) can be applied for bacteriocins extraction directly from
the fermented medium, leading to a simplification of the overall pur-
ification protocol [11]. Some studies have demonstrated that an ATPS
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can be formed from polyethylene glycol (PEG) and sodium polyacrylate
(NaPA), resulting in a PEG-enriched top-phase and a NaPA-enriched
bottom phase [12–19]. PEG/NaPA systems have some advantages, such
as low viscosity, ease of handling, rapid phase separation, relatively
low-cost chemicals, and are environmentally friendly, compared with
traditional polymer-polymer systems (PEG/dextran) [13,14]. PEG is an
uncharged polymer, while NaPA is negatively charged, thus the en-
tropic penalty of counter-ion compartmentalization leads to a minimal
concentration of salt being required to form the two aqueous phases
[14].

In previous studies, PEG/NaPA based ATPSs have been used to
partition different biomolecules, such as green fluorescent protein [15],
hemoglobin, lysozyme, glucose-6-phosphate dehydrogenase [16],
myoglobin, ovalbumin [17], cytochrome c [18], proteases [13], and
amyloglucosidase [19]. Remarkably, the use of a third component, i.e.
salts, has been proposed to improve ATPS potential. The addition of
salts may result in changes to the polymer-polymer interactions because
of electrostatic screening. Although salts distribute almost evenly be-
tween the two phases of an ATPS, there is a small, but significant,
difference in the partition coefficient of electrolytes, which may gen-
erate an electrostatic potential difference between the phases, thereby
improving the partitioning of charged molecules [20–22]. Parallelly,
the effect of electrolytes might also induce changes in the solution
properties, i.e. causing salting in and salting out effects [23–25].

Although a few studies using bacteriocin partitioning/recovery
using PEG/salt-based ATPSs [26–30], and with an aqueous two-phase
micellar system (ATPMS) [31,32], have been evaluated, PEG/NaPA
systems composed of inorganic salts or choline-based salts have not
been proposed before. In this context, and based on the advantages
mentioned above, the present study investigated a PEG/NaPA based
ATPS with Na2SO4 or choline chloride ([Ch]Cl) as additives to extract
bacteriocin from the fermented broth of Lactobacillus plantarum ST16Pa.
Preliminary experiments were performed to evaluate the stability of
bacteriocin in solutions of ATPS components (PEG, NaPA, and salts).
Subsequently, a multifactorial experimental design was used to esti-
mate the effects of pH and temperature on bacteriocin partitioning in
ATPS. To the best of our knowledge, this is the first study on the par-
titioning of bacteriocin produced by L. plantarum ST16Pa in a polymer-
polymer system.

2. Material and methods

2.1. Materials

PEG with molar masses of 2,000, 6,000, and 10,000 g/mol, were
purchased from Merck (Hohenbrunn, Germany). Polyacrylic acid
(NaPA) 8,000 g/mol (45 wt%) and the salts, sodium sulfate (Na2SO4)
and choline chloride ([Ch]Cl), were purchased from Sigma–Aldrich (St.
Louis, MO, USA). All solutions were prepared in sodium acetate 0.1 M
buffer, pH 5.0, with water purified using a Millipore Milli-Q system
(Bedford, MA, USA). The glassware used was washed in a 50:50
ethanol:1 M sodium hydroxide bath, followed by a 1 M nitric acid bath,
rinsed copiously with Milli-Q water and, finally, dried in an oven at
70 °C for 1 h. All other reagents were of analytical grade and used as
received.

2.2. Microbial cultures and fermentation conditions

The microorganism used was the L. plantarum strain ST16Pa, iso-
lated by Todorov et al. [33] from a papaya species. As a microorganism
indicative of bacteriocin antimicrobial activity, it was used the Listeria
innocua strain 6a CLIST 2860 (AL224/07), isolated from a dry-fer-
mented sausage sample and provided by Collection of Listeria (CLIST)
from Fundação Oswaldo Cruz (FioCruz, Rio de Janeiro, Brazil).

For bacteriocin production by L. plantarum ST16Pa, first, the strain
was reactivated by adding 1 mL of cryopreserved strain stock into a

250 mL Erlenmeyer flask containing 100 mL of Man, Rogosa and
Sharpe (MRS) broth (DIFCO, Detroit, MI, USA) and incubating at 30 °C
on a rotatory shaker at 100 rpm for 24 h. Subsequently, 10 vv% of this
culture was used to inoculate 1 L Erlenmeyer flasks containing 500 mL
of MRS broth, also incubated at 30 °C for 24 h.

To grow the bioindicator strain, L. innocua 6a CLIST 2860, 10 mL of
the Brain Heart Infusion (BHI) broth (DIFCO, Detroit, MI, USA) was
inoculated with 1 mL of cryopreserved strain stock and incubated
overnight at 37 °C on a rotatory shaker at 100 rpm.

2.3. Determination of bacteriocin antimicrobial activity

The 24 h culture of L. plantarum ST16Pa was centrifuged at
25,750 × g for 15 min. The pH of the resulting cell-free supernatant
(CFS) was adjusted to 6.0–6.5 with 1 M NaOH to eliminate organic
acids, and heated to 80 °C for 10 min to inactivate proteases. Finally,
the CFS was filtered through a 0.22 μm membrane (Millipore, Bedford,
MA, USA), and later tested against the bioindicator L. innocua strain 6a
CLIST 2860. The test was performed by the agar diffusion method, in
which the bioindicator culture broth was diluted 100-fold approxi-
mately 107 Colony Forming Units per mL (CFU/mL). One milliliter of
this dilution was transferred to a Petri dish (90 × 15 mm) containing
10 mL of melted BHI soft agar (containing 0.75 wv% agar). Then, 20 μL
of the CFS was spotted onto the agar surface. A period of 3 h was al-
lowed for the diffusion of the supernatant at 25 °C and then the plates
were incubated at 37 °C for 24 h. Subsequently, the inhibition halos
were measured in four directions using a digital caliper gauge (Lee
Tools, model 684132) and the antimicrobial activity of bacteriocin
(ABact), defined in arbitrary units (AU), was calculated based on the
method of Sidek et al. [30]. The equation was as follows:

⎜ ⎟= ⎛
⎝

⎞
⎠

=A Rπ
v

AU/mLBact
2

(1)

where πR2 is the inhibition (clear) zone area of the halo (in cm2) and V
is the volume (in mL) of the CFS (sample) dropped onto the agar sur-
face. Some results were presented as %ABact, considering the initial
bacteriocin activity (around 68.35 AU/mL) as 100%. All experiments
were performed in triplicate and average values were presented.

2.4. Determination of the total protein concentration

The total protein concentration was determined using the bicinch-
oninic acid method (BCA), which is compatible with the polymers used.
Samples containing proteins (100 μL) and 2 mL of the BCA working
reagent, prepared according to the manufacturer’s instructions, were
added to a test tube. After 30 min, the optical density at 562 nm was
determined in a spectrophotometer, using deionized water as a blank.
Absorbance values were correlated with protein concentration based on
a calibration curve using bovine serum albumin (BSA) solutions from 0
to 1,000 μg/mL (equation obtained: y (ABS) = 0.0011 x (μg/mL)
+ 0.0245, R2 = 0.99).

2.5. Bacteriocin activity in different conditions

The effect of pH and temperature on bacteriocin activity after 1 h
was studied using a 22 central composite design. Bacteriocin activity
was defined as the residual antimicrobial activity after exposure to the
pH and temperatures investigated; these values (AU/mL) were corre-
lated in terms of bacteriocin stability. A set of 12 experiments, which
contained a factorial or fractional factorial matrix, with center points
and star points to allow the estimation of the curvature, was performed.
The range and levels of the components under study are given in
Table 1. The pH of the solutions was adjusted using 5 M HCl or 5 M
NaOH. Subsequently, we evaluated the influence of the ATPS compo-
nents, namely PEG 10,000 g/mol, NaPA 8,000 g/mol, Na2SO4, and
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[Ch]Cl, on the activity of bacteriocin after 1 and 24 h at 25 °C. In this
set of experiments, different concentrations of the compounds were
investigated as follows: PEG 10,000 g/mol and NaPA 8,000 g/mol – 10
and 20 wt%; Na2SO4 and [Ch]Cl − 0.20, 0.35, 0.50, and 0.90 M.

2.6. Bacteriocin partitioning in ATPS

ATPSs were prepared in 15 mL graduated glass tubes by adding
PEG, NaPA, salts (Na2SO4 or [Ch]Cl) in sodium acetate buffer (pH 5.0),
together with 150 μL of the sample containing bacteriocin (CFS), which
was the last component added, resulting in a 5 g total mass system. The
system components were added after weighing and then the tubes were
sealed with PARAFILM® and homogenized in an orbital shaker
(Barnstead/Thermolyne, Ramsey, MN, USA; model 400110) at 8 rpm
for 15 min at 25 °C, to form a homogeneous single-phase solution.
Then, the systems were kept in a thermo-regulated device for 1 h at
25 °C, to reach partition equilibrium. Afterwards, the two coexisting
polymer phases (top and bottom phases) were carefully collected using
disposable syringes. The volume of each phase was measured and the
sample analyzed for protein concentration and bacteriocin activity.
Each measurement was performed in triplicate.

The influence of PEG molar mass, PEG concentration, and NaPA
concentration (independent variables) on the bacteriocin partition
coefficient was investigated using 23 full factorial designs (Table 2).
Two 23 full factorial designs were performed, one with Na2SO4 in the
ATPS and the other with [Ch]Cl; both salts were used at a concentration
of 0.35 M. The molecular weight of NaPA was fixed at 8,000 g/mol. All
systems were evaluated in terms of the effect (interference) on halo
inhibition and their values were subtracted from the same system in the
presence of the sample. These assays were considered as blanks and
were performed in triplicate.

2.7. Partitioning parameters

The partitioning behavior of bacteriocin in the ATPS was quantified
by the partition coefficient, KBact:

=K
A
ABact

top

bot (2)

where Atop and Abot are the bacteriocin activity in the top (PEG-rich)
phase and bottom (NaPA-rich) phase, respectively. The activity balance
(%ABBact) was calculated according to Eq. (3), and the recovery of
bacteriocin in both phases (%RECtop and %RECbot) was calculated ac-
cording to Eqs. (4) and (5), respectively:
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where Ai is the bacteriocin activity in the stock solution added to the
system, and Vtop, Vbot, and Vi are the volumes of the top (PEG-rich)
phase, bottom (NaPA-rich) phase, and the bacteriocin stock solution
initially added to the system, respectively.

The partition of bacteriocin (PBact) relative to the two systems (PEG/
NaPA with Na2SO4 and [Ch]Cl) was quantified according to the equa-
tion:

= −

−
P

K
KBact

Bact PEG/NaPA/[Ch]Cl

Bact PEG/NaPA/Na SO2 4 (6)

The partition coefficient of total proteins (Kprot) was also evaluated
according to Eq. (7), as follows:

=K
C
Cprot

top

bot (7)

where Ctop and Cbot are the total proteins concentration (μg/mL) in the
top (PEG-rich) phase and bottom (NaPA-rich) phase, respectively.

The selectivity in terms of proteins (S) was also evaluated according
to Eq. (8), as follows:

=S K
K
Bact

P (8)

2.8. Determination of the electrical conductivity in the ATPS

The electrical conductivity of each phase of the ATPS was de-
termined using a conductivity device (METTLER TOLEDO, Columbus,
OH, USA; model MPC 227). Before the measurements, the apparatus
was calibrated by reading a standard solution of 12.88 mS/cm and
reading a sample of the air (i.e. without solution). Each phase was read
in triplicate.

2.9. Statistical analysis

For the statistical analysis of both experimental designs presented
above, the coded values of each of the independent variable were used.
The ‘Statistica’ software, Version 7.0 (Statsoft, Tulsa, OK, USA) was
used for data regression and graphical analysis. The statistical sig-
nificance of the regression coefficients was determined using Fischer’s
test for analysis of variance (ANOVA) at a significance level (p-
value ≤ 0.05). The coefficient of determination (R2), which is a mea-
sure for fitting a generalized linear statistical model in relation to the
observed values, was used to indicate how well the model could explain
the observed values. To minimize the ANOVA error, the tests corre-
sponding to the central point were replicated four times. The experi-
mental and predicted values were compared to determine the validity
of the models.

3. Results and discussion

3.1. Effects of pH, temperature, and ATPS components on bacteriocin
activity

The main application of bacteriocin is as a preservative in processed
food, and these products are usually produced with temperature and pH
variations [34]; therefore, the evaluation of bacteriocin stability under
extreme pH and temperature conditions is necessary. Statistical tools

Table 1
Factor levels of the 22 central composite design to study the bacteriocin activity of L.
plantarum ST16Pa as a function of independent variables (pH and temperature).

Factors Coded Levels

Axial
(−1.414)

Lower
(−1)

Center (0) Higher
(+1)

Axial
(+1.414)

pH 3.2 4.0 6.0 8.0 8.8
Temperature (°C) 37.6 50 80 110 122.4

Table 2
Factor levels of the 23 full factorial design to study the partitioning of bacteriocin in an
aqueous two-phase system (ATPS).

Factors Coded levels

Lower (−1) Center (0) Higher (+1)

PEG (g/mol) 2,000 6,000 10,000
PEG (wt%) 8 12 16
NaPA 8,000 (wt%) 8 12 16
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allow the evaluation of several assay combinations with a reduced
number of experiments; therefore, the effects of pH (3.2–8.8), and
temperature (37.6–122.4 °C) on bacteriocin activity after 1 h of in-
cubation were determined employing factorial design (Table 1). The
choice of main variable values was based on the literature describing
the pH tolerance and thermoresistance of bacteriocins [35], and, in
view of the possible application of bacteriocins as food preservatives,
the usual levels during the processing operations (for both variables).

The Pareto chart (Fig. 1) shows an estimative effect of the variables
and their interactions on the response variable. Therefore, each bar
length is proportional to the standardized effect and the vertical line
shows the statistically significant variables (p-value > 0.05) [36]. As
can be seen in Fig. 1, the temperature effect was greater than the pH
effect, because the bar length for the first variable was longer for both
the linear and quadratic levels. However, linear and quadratic tem-
perature effects, as well as the linear effect of pH were significant at
95% confidence limit (p-value < 0.05) on bacteriocin activity. A sy-
nergistic effect between temperature and pH remained within the limit,
considering the 95% confidence limit, and showed a lower effect on
bacteriocin activity. The quadratic pH effect was not significant at the
95% confidence limit. The temperature variable (both linear and
quadratic effects) showed a negative effect on bacteriocin activity,
within the range evaluated. This negative effect of temperature means
that lower temperatures would increase and/or maintain the peptide’s
activity. According to these results, we considered that the synergistic
effect between temperature and pH did not have a pronounced effect on
the bacteriocin activity, and the change in the temperature is more
important than the change in pH, within the range evaluated.

Our results showed that temperatures lower than 122.4 °C promote
bacteriocin stability. The lowest stability was observed at pH 6.0 and
122.4 °C, indicating that extreme conditions of heat lead to a loss of
bacteriocin activity. To demonstrate the effect of temperature on bac-
teriocin activity, considering the pH 6.0 and keeping this variable at
37.6–80 °C (run 7 and central point) the activity was 79.59 and 75.98
AU/mL, respectively. Similar results were achieved at the others pHs
evaluated. The fitted surface presented in Fig. 2 shows that bacteriocin
is more stable at temperatures from 50 to 80 °C in the pH range of
3.0–8.0. According to Fig. 2, a higher bacteriocin activity would be
achieved at a pH of 6.0 and 60–70 °C, which would theoretically result
in an activity higher than 70 AU/mL.

Some researchers have demonstrated that the overall initial bac-
teriocin activity was significantly retained at temperatures up to 90 °C,
low pH (around 5.0), and short incubation times (around 10 min) [35].
Guerra et al. [37] found similar results for the effect of pH/temperature
on the stability of pediocin and nisin produced by Pediococcus acid-
ilactici NRRLB5627 and Lactococcus lactis subsp. lactis CECT 539,

respectively. Thermal stability in slightly acidic media has been de-
scribed for most bacteriocins [33,37]. According to the literature, the
optimal pH range for bacteriocin production is around 4.5–5.5 [35,38].
This behavior is attributed to their high content of glycine and to the
formation, at a molecular level, of globular structures and strong hy-
drophobic interactions in the bacteriocin molecule [39].

The results reported in the present work are in agreement with the
ones achieved by Todorov et al. [33], using the same bacteriocin-pro-
ducing strain (i.e. Lactobacillus plantarum ST16Pa), in which bacteriocin
was not affected by pH in a range from 2.0 to 10.0 after 24 h of ex-
posure. Hu et al. [40] also showed that the antimicrobial activity of
bacteriocin produced by L. alimentarius FM-MM4 increased at acidic pH
while it decreased at pH higher than 8.0. Here we did not evaluated pH
values higher than 8.0. However, according to Yi et al. [41], under
extreme pH conditions instability or dissociation of amino and carboxyl
groups is observed, resulting in protein denaturation.

Anyway, our results also suggested that the bacteriocin evaluated
here can tolerate the conditions normally encountered in food proces-
sing and would particularly be useful in medium acid fermented food
products, including a number of fermented and ripened dairy and meat
products.

Additional studies were conducted to evaluate the stability of bac-
teriocin in the presence of the ATPS components. We investigated the
effect of electrolytes Na2SO4 and [Ch]Cl at four different concentrations
(0.2, 0.35, 0.5, and 0.9 M), for two different periods of time (1 h and
24 h) (Fig. 3). Based on the results for 1 h, the influence of both salts on
the percentage of bacteriocin activity (%ABact) was relatively low under
the conditions evaluated. In the presence of Na2SO4, the %ABact varied
between 95.1% (at 0.2 M) and 89.7% (at 0.9 M). In the case of [Ch]Cl,
the %ABact varied between 92.6% (at 0.2 M) and 86.8% (at 0.9 M).

The same bacteriocin behavior was observed after 24 h of exposure
to the ATPS components. The %ABact slightly decreased with the in-
crease in electrolytes concentration. For Na2SO4, the %ABact values
varied between 91.3% (at 0.2 M) and 86.6% (at 0.9 M). Regarding
[Ch]Cl, at the same two electrolyte concentrations, %ABact was 91.4%
and 84.0%, respectively. In general, the assays for 1 h and 24 h showed
similar results for the %ABact in the presence of both electrolytes, and
only a small activity loss occurred at high electrolyte concentrations
(0.9 M).

The effect of the polymers on bacteriocin stability was also in-
vestigated. In this case, we evaluated PEG at a higher molecular weight
than that used in the above-mentioned experiments (10,000 g/mol) and
NaPA 8,000 g/mol, both at two different concentrations: 10 and 20 wt
% (Fig. 4). Bacteriocin was found to be stable in the presence of PEG
10,000, with %ABact values above 91% even after 24 h of exposure. By
contrast, bacteriocin presented a significant loss of activity in the pre-
sence of NaPA. The %ABact values were 91.1% (10 wt% NaPA) and
88.3% (20 wt% NaPA) after 1 h, and 76.0% (10 wt% NaPA) and 47.5%
(20% NaPA) after 24 h. The NaPA polymer is strongly negatively
charged [16] and can interact with oppositely charged sites of biomo-
lecules through electrostatic interactions, destabilizing or changing
their molecular structure and causing loss of activity.

Although experiments at pH 5.0 were not performed, from the re-
sults achieved and Fig. 2 we can consider that at this pH bacteriocin
presents great stability and even the presence of Na2SO4, [Ch]Cl and
PEG do not interfere with its stability under the conditions evaluated.

3.2. Bacteriocin partitioning in PEG/NaPA/Na2SO4 systems

An ATPS comprising PEG/NaPA and Na2SO4 under different con-
ditions was investigated using a 23 full factorial design. This ATPS is of
particular interest because these polymers are nontoxic, biodegradable,
and approved by the Food and Drug Administration (FDA).
Furthermore, they have been used to solubilize and stabilize pharma-
ceutical and biomedical products [42]. Table 3 presents the experi-
ments of the factorial design with the response-variable partition

Fig. 1. Pareto chart for the effects of pH (1) and temperature (2) on bacteriocin stability
according to a 22 central composite design. The number in front of each bar corresponds
to the magnitude of the level that could improve the variable response.
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Fig. 2. Fitted surface showing the simultaneous effect of pH (from 3.2 to
8.8) and temperature (from 37.6 to 122.4 °C) on bacteriocin stability ac-
cording to a 22 central composite design (Table 1). The deeper the red
color, the greater the bacteriocin activity obtained. (For interpretation of
the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 3. Bacteriocin activity (%ABact) in the presence of different electrolyte
(Na2SO4 and [Ch]Cl) concentrations: 0.2, 0.35, 0.5, and 0.9 M for 1 h (a)
and 24 h (b). The error bars represent the 95% confidence levels for the
measurements.
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coefficient (KBact), as well as the experimentally obtained values for the
activity balance (%ABBact) and bacteriocin recovery at both phases of
the system (%RECtop and %RECbot).

From the data presented in Table 3, the bacteriocin partition coef-
ficient was> 1 for all the conditions investigated, indicating that it
preferentially partitions to the top (PEG-rich) phase of PEG/NaPA
systems. The partition coefficient values varied between
10.3 < KBact < 23.5. The Pareto chart (Fig. 5) shows that the main
variables, NaPA concentration and PEG concentrations, had a statisti-
cally significant (p-value < 0.05) effect on KBac. In addition, the in-
teractions between PEG concentration and molecular weight (1 by 2)
and between PEG and NaPA concentration (1 by 3) also had statistically

significant (p-value < 0.05) effects. According this analysis, in an
ATPS formed using PEG/NaPA/Na2SO4, the polymer could be used at a
lower molecular weight to achieve similar partitioning results. Con-
sidering the experimental results, keeping the concentrations of PEG
and NaPA constant at 16 wt% and increasing the molecular weight of
PEG from 2,000 to 10,000 helped in achieving a KBac of 20.8 and 20.3,
respectively, illustrating the low influence of PEG molecular weight on
bacteriocin stability. Furthermore, the factorial design showed that
higher concentrations of NaPA (positive level in the Pareto chart) and
lower concentration of PEG (negative level in the Pareto chart) could
increase peptide partitioning. The highest KBact value was obtained with
PEG 10,000 g/mol at the lower concentration (8 wt%) and a higher

Fig. 4. Bacteriocin activity (%ABact) in the presence of different polymer
(polyethylene glycol (PEG) 10,000 g/mol and sodium polyacrylate (NaPA)
8,000 g/mol) concentrations: 10 and 20 wt% by 1 h (a) and 24 h (b). The
error bars represent the 95% confidence levels for the measurements.

Table 3
Results of the 23 full factorial design to study the partitioning parameters of bacteriocin in polyethylene glycol (PEG)/sodium polyacrylate (NaPA)/Na2SO4 systems.

Experiments KBact %ABBact %RECtop %RECbot

16%PEG 2,000/16%NaPA 20.8 93 82 11
8%PEG 2,000/16%NaPA 13.4 98 81 17
8%PEG 2,000/8%NaPA 18.7 102 88 13
16%PEG 2,000/8%NaPA 11.5 68 44 24
a12%PEG 6,000/12%NaPA 10.3 ± 0.37 81.9 ± 8.1 59.4 ± 7.2 22.5 ± 1.1
16%PEG 10,000/8%NaPA 18.3 45 32 14
16%PEG 10,000/16%NaPA 20.3 91 79 12
8%PEG 10,000/8%NaPA 21.3 72 61 11
8%PEG 10,000/16%NaPA 23.5 112 104 9

a The central point of full factorial design was repeated three times.
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concentration of NaPA (16 wt%).
NaPA is negatively charged; therefore, it can create repulsive or

attractive interactions with the target biomolecule according to its
charge. In this sense, previous studies demonstrated the influence of
NaPA on the extraction of biomolecules such as clavulanic acid in PEG/
NaPA systems, which partitions preferentially to the PEG-rich phase
because of electrostatic repulsion [12]. Additionally, previous studies
with hemoglobin [16] and green fluorescent protein [15] showed that
electrolytes favor the partition of these negatively charged proteins to
the PEG-rich phase; this behavior was more pronounced with Na2SO4

than with NaCl. Bacteriocin was strongly excluded from the bottom
(NaPA-rich) phase; therefore, we hypothesized that it is negatively
charged at pH 5.0, at which the ATPSs were performed. Similarly,
pediocin PD-1 was also found to be hydrophobic and negatively
charged, with an isoelectric point (pI) of approximately 3.5 and mole-
cular mass of approximately 3.5 kDa [43]. Additionally, bacteriocin is
approximately the same size as pediocin PD-1, based on electrophoresis
analysis (data not shown). These features support the view that the
bacteriocin studied in this work could be classified as a pediocin-like
bacteriocin, although studies on the amino acid sequence need to be
performed to confirm this hypothesis [5].

Based on in these considerations, the partitioning of bacteriocin in
the ATPS probably results from a combination of electrostatic repulsion
by the negatively charged bottom (NaPA-rich) phase and hydrophobic
interactions with the polymeric top (PEG-rich) phase (with a molecular
weight of 10,000 g/mol, the most hydrophobic PEG tested).

The activity balance (%ABBact) of bacteriocin was close to 100% for
all the conditions studied, except for 16 wt% PEG 10,000/8 wt% NaPA
(%ABBact = 45%). Under these conditions, the concentration of PEG

10,000 together with the effect of the presence or combination of all
ATPS components led to a denaturing effect on the molecule. The re-
covery of the target molecule in the PEG-rich phase (%RECtop) was
greater than 60% for most of the conditions investigated, which con-
firmed that the molecule preferentially partitioned into the top (PEG-
rich) phase. The highest value of 104% was observed using the 8 wt%
PEG 10,000/16 wt% NaPA system. As expected, the %RECbot showed

Fig. 5. Pareto chart of ANOVA to identify the variables and interactions that exhibited
significant effects on bacteriocin partition coefficient (KBact) in polyethylene glycol
(PEG)/sodium polyacrylate (NaPA)/Na2SO4 systems. The length of each bar is related to
the standardized effect or interaction, and the vertical line corresponds to the significant
effect for a confidence interval of 95%.

Table 4
Factor levels used in the 23 full factorial designs to study the partitioning parameters of bacteriocin in polyethylene glycol (PEG)/sodium polyacrylate (NaPA)/choline chloride ([Ch]Cl)
systems.

Assays KBact PBact %ABBact %RECtop %RECbot

16%PEG 2,000/16%NaPA 26.9 1.3 99 94 5
8%PEG 2,000/16%NaPA 19.3 1.4 66 56 10
8%PEG 2,000/8%NaPA 29.1 1.5 82 76 5
16%PEG 2,000/8%NaPA 20.6 1.8 113 108 5
a12%PEG 6,000/12%NaPA 9.2 ± 0.39 0.9 ± 0.05 99.5 ± 3.5 82.2 ± 3.5 17.3 ± 0.0
16%PEG 10,000/8%NaPA 28.7 1.5 121 116 4
16%PEG 10,000/16%NaPA 29.5 1.4 89 83 6
8%PEG 10,000/8%NaPA 29.3 1.3 97.12 91.21 5.91
8%PEG 10,000/16%NaPA 30.2 1.2 53.94 46.94 7.00

a The central point of full factorial design was repeated three times.

Fig. 6. Pareto chart of analysis of variance (ANOVA) applied to identify the variables and
interactions with significant effect on the activity balance (%ABBact) in polyethylene
glycol (PEG)/sodium polyacrylate (NaPA)/choline chloride ([Ch]Cl) systems. The length
of each bar is related to the standardized effect or interaction, and the vertical line cor-
responds to the significant effect for a confidence interval of 95%.

Fig. 7. Pareto chart of ANOVA applied to identify the variables and interactions with
significant effects on the recovery of bacteriocin (%RECtop) in polyethylene glycol (PEG)/
sodium polyacrylate (NaPA)/choline chloride ([Ch]Cl) systems. The length of each bar is
related to the standardized effect or interaction, and the vertical line corresponds to the
significant effect for a confidence interval of 95%.
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lower values (< 24%) in the condition of the central point (12 wt% PEG
6,000/12 wt% NaPA system) of the 23 factorial designs.

Given the promising results with PEG/NaPA/Na2SO4, we also
evaluated a new PEG/NaPA system comprising a choline-based salt in
an attempt to increase the partitioning parameters of bacteriocin from
the fermentation broth.

3.3. Bacteriocin partitioning in PEG/NaPA/[Ch]Cl systems

Table 4 shows that, in general, higher KBact were observed in PEG/
NaPA systems in the presence of [Ch]Cl compared with those obtained
using Na2SO4. The electrolyte nature affects bacteriocin partitioning to
the PEG phase and, in this sense, [Ch]Cl boosted partitioning towards
the upper phase. We believe the electrostatic forces involved in systems
using choline-based salts are more pronounced than those in the pre-
sence of Na2SO4, as [Ch]Cl may have a more pronounced screening
effect on NaPA charge (see the electrical conductivity studies below).

We also calculated the relative partitioning of bacteriocin between

the two ATPS (PBact), according to Eq. (6). Except for the central point,
for all conditions evaluated, the PBact was> 1, which was expected
based on the higher partition coefficients in the presence of [Ch]Cl.

Overall, %ABBact values closer to 100% were obtained in the pre-
sence of [Ch]Cl, with only two values being less than 75% under the
following conditions: 8 wt% PEG 2,000/16 wt% NaPA with %ABBact

= 66%; and 8 wt% PEG 10,000/16 wt% NaPA with %ABBact = 54%. In
terms of bacteriocin recovery in the PEG-rich phase, high values (above
75%) were obtained, except for the conditions at which the %ABBact

was low, probably indicating bacteriocin denaturation at this PEG (top-
phase) concentration. Values of %RECtop of approximately 100% were
observed with 16 wt% PEG 2,000 or 10,000/8 wt% NaPA systems.

The parameters %ABBact and %RECtopwere also analyzed as re-
sponse variables for the PEG/NaPA/choline-based salt. The statistical
analysis for %ABBact and %RECtop are presented in Figs. 6 and 7, re-
spectively. The factorial design showed that in an ATPS comprising
PEG/NaPA and [Ch]Cl as electrolyte, the main variables that were
statistically significant (p-value<0.05) for %ABBact and %RECtop were
the PEG concentration (wt%) and molecular size (g/mol). The NaPA
concentration and the interactions among the main variables were not
statistically significant under the conditions evaluated. This set of ex-
periments demonstrated that the type of electrolyte used to produce an
ATPS has a marked influence on bacteriocin recovery. ANOVA for these
parameters was performed (Tables 5 and 6), and the PEG concentration
and molecular weight were significant for the bacteriocin partitioning
in an ATPS.

Overall, the best results for bacteriocin partitioning were obtained
with higher concentrations of both polymers. For both polymeric aqu-
eous systems, the volume ratio was< 1, indicating that the PEG phase
had a smaller volume compared with the NaPA phase. For the PEG/
NaPA/Na2SO4 systems, the response variables (%ABBact and %RECtop)
were also analyzed, but no statistically significant differences were
found.

3.4. Comparison between the PEG/NaPA systems

Analyzing the values of KBact for both systems, the bacteriocin
partitioning followed the trend: [Ch]Cl > Na2SO4. According to
Pereira et al. [12], for clavulanic acid partitioning in PEG/NaPA/
Na2SO4, the entropic driving force cannot play an important role be-
cause this molecule partitions to the PEG-rich phase, despite this phase
having a higher polymer concentration. Bacteriocin is a small peptide,
with a molecular size of approximately 3.5 kDa; therefore, it is only
weakly affected by the entropic exclusion effect. To understand the
forces that drive bacteriocin partitioning, the conductivity and pH of
each phase after separation were analyzed (Table 7).

Based on the conductivity measurements, we observed that the
electrostatic potential difference between top and bottom phases is
higher in the presence of [Ch]Cl (3.72 mS/cm) than in the presence of
Na2SO4 (2.78 mS/cm) and, therefore, electrostatic interactions play a

Table 5
Analysis of variance (ANOVA) for the dependent variable the activity balance (%ABBact)
of bacteriocin partitioning in polyethylene glycol (PEG)/sodium polyacrylate (NaPA)/
choline chloride ([Ch]Cl) systems.

Source SS df MS F p

(1) PEG (wt%) 2032.55 1 2032.55 165.09 *0.006
(2) PEG (g/mol) 904.36 1 904.36 73.45 *0.013
(3) NaPA (wt%) 2.98 1 2.98 0.24 0.671
1 by 2 6.20 1 6.12 0.50 0.552
1 by 3 0.00 1 0.00 0.00 0.999
2 by 3 203.20 1 203.20 16.50 0.056
Pure Error 24.62 2 12.31
Total SS 3721.77 10

* Significant level p < 0.05; R2 = 85%. SS= Sum of squares; df= degrees of
freedom; MS = Mean squares; F = F-test.

Table 6
Analysis of variance (ANOVA) for the dependent variable the recovery of bacteriocin (%
RECtop) during bacteriocin partitioning in polyethylene glycol (PEG)/sodium polyacrylate
(NaPA)/choline chloride ([Ch]Cl) systems.

Source SS df MS F p

(1) PEG (wt%) 2095.03 1 2095.03 170.17 *0.006
(2) PEG (g/mol) 1523.29 1 1523.29 123.73 *0.008
(3) NaPA (wt%) 1.07 1 1.07 0.09 0.796
1 by 2 34.47 1 34.47 2.80 0.236
1 by 3 8.14 1 8.14 0.66 0.502
2 by 3 239.02 1 239.02 19.41 *0.048
Pure Error 24.62 2 12.31 24.62
Total SS 3986.79 10

* Significant level p < 0.05; R2 = 95%. SS= Sum of squares; df= degrees of
freedom; MS = Mean squares; F = F-test.

Table 7
Experimental values for conductivity and pH of top (polyethylene glycol (PEG)-rich) phase (TP) and bottom (sodium polyacrylate (NaPA)-rich) phase (BP) after separation. The
partitioning parameters of bacteriocin in PEG/NaPA/salt systems, prepared in sodium acetate buffer at pH 5.0 and 25 °C, are also presented.

8%PEG 10,000/8%NaPA/salt systems Phases Conductivity (mS/cm) pH KBact %ABBact %RECtop %RECbot

0.35 M of Na2SO4 TP 0.46 5.45 21.3* 71.66* 60.65* 11.01*
BP 3.2 5.65

0.35 M of [Ch]Cl TP 0.38 5.45 29.3** 97.12** 91.21** 5.91**
BP 4.1 5.75

Additional PEG/NaPA/[Ch]Cl systems evaluated
0.2 M of [Ch]Cl TP 0.41 5.50 25.0 95.85 89.64 6.21

BP 3.6 5.55
0.5 M of [Ch]Cl TP 0.3 5.45 32.0 99.21 93.36 5.85

BP 4.7 5.80

* And ** results were already showed in Tables 1 and 2, respectively.

S.d.S. Sabo et al. Process Biochemistry 66 (2018) 212–221

219



major role in bacteriocin partitioning to the PEG-rich phase. To confirm
this behavior, a new series of experiments were performed using the
PEG/NaPA/[Ch]Cl system at the optimal conditions (8 wt% PEG
10,000/8 wt% NaPA/[Ch]Cl), but varying electrolyte concentration
(0.2 and 0.5 M). It is clear from the results shown in Table 7 that the
electrostatic potential difference between the top and bottom phases
increases with [Ch]Cl concentration (3.19 mS/cm for 0.2 M, 3.72 mS/
cm for 0.35 M, and 4.4 mS/cm for 0.5 M), consequently increasing the
partitioning of bacteriocin into the top (PEG-rich) phase.

Bacteriocin extraction was previously evaluated in PEG/salt-based
ATPSs. To improve our discussion, we summarized the main results
obtained using ATPSs in Table 8.

Despite the interesting results found using ATPSs to purify bacter-
iocin from different microorganisms, the main disadvantages were the
high PEG and salt concentrations used in the ATPS, in some cases more
than double that used in our experiments. In addition, the results pre-
sented by other groups showed lower values for all partitioning para-
meters compared with those presented in our data. PEG/NaPA is one of
the most promising combinations for ATPSs with electrolytes. The PEG/
NaPA/salts systems resulted in high recovery yields, and are a rapid
(only 1 h), and convenient method for bacteriocin extraction from
fermented medium. When both polymers are mixed together, they
phase separate at quite low polymer concentrations and at low salt
concentrations [14]. Another positive aspect is the possibility of re-
cycling the polymers, i.e. PEG, through salting-out, and NaPA via pre-
cipitation at a pH below 3.

To evaluate the purification of bacteriocin with respect to the total
proteins in the fermented broth, the partition coefficient of total pro-
teins was also calculated for the optimal ATPS, i.e. 8 wt% PEG 10,000/
8 wt% NaPA with 0.5 M of [Ch]Cl (Table 7). The protein partition
coefficient (Kprot = 0.51 ± 0.07) showed that the proteins present in
the fermented broth are preferentially concentrated in the bottom
(NaPA-rich) phase, achieving a selectivity (S) of 62.7. Thus, our results
are very promising, because ideally, in a purification process, proteins
should partition oppositely to the target molecule, in our case, bacter-
iocin, which partitioned preferentially to the top (PEG-rich) phase.

In addition, the salts used in this study, a neutral salt (Na2SO4) and a
choline-based salt ([Ch]Cl), were very mild for the target molecule.
Furthermore, for the [Ch]Cl salt when applied in an ATPS, traces of
[Ch]Cl in the bacteriocin extracted by the PEG/NaPA/[Ch]Cl ATPS
would not be a concern because choline has been widely used as a feed
additive for decades [44], as well as for the bacteriocins produced by
lactic acid bacteria.

4. Conclusions

The stability and partitioning of bacteriocin from the fermented
broth of L. plantarum ST16Pa in PEG/NaPA/electrolytes aqueous two-
phase systems was studied. Bacteriocin showed high stability after 1 h
in temperatures from 50 °C to 80 °C and at a pH ranging from 3.0 to 8.0,

as well as in the presence of ATPS components, with exception of NaPA.
Bacteriocin lost up to 47.5% of its activity after 24 h in the presence of
20 wt% NaPA as a result of the electrostatic interactions with the ne-
gatively-charged polymer. Additionally, the synergistic effect of pH and
temperature on the bacteriocin stability was not statistically significant
under the conditions evaluated. All the partitioning studies showed that
the bacteriocin partitions preferentially to the top (PEG-rich) phase
(KBact > 9.2), demonstrating that hydrophobic and electrostatic in-
teractions are the major driving forces of partitioning. The highest
partition coefficient (KBact = 32) was obtained with 8 wt% PEG
10,000/8 wt% NaPA/0.5 M [Ch]Cl. At the same time, total proteins
were removed into the bottom (NaPA-rich) phase (Kprot = 0.51). The
factorial design showed that the presence of different electrolytes had a
marked influence on bacteriocin partitioning. In the systems comprising
PEG/NaPA/Na2SO4 the NaPA concentration was the main variable and
the interaction among some variables influenced bacteriocin parti-
tioning statistically, while in the systems comprising PEG/NaPA/
[Ch]Cl, only the PEG concentration and molecular size were statisti-
cally significant. Our results show the potential of ATPSs using choline-
based salt as an initial step for bacteriocin recovery and purification, by
applying a low-cost (low polymer content) and ecologically friendly
(mild conditions) PEG/NaPA/[Ch]Cl system. Complementary studies
on chromatographic processes after bacteriocin recovery in an ATPS are
being conducted for high-resolution bacteriocin purification, aiming at
its complete characterization.
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