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Abstract

Bromelain is an enzymatic complex obtained from pineapple (Ananas comosus) fruits and stem. Thermoseparation of bromelain by
poly(ethylene oxide) (PEO)– poly(propylene oxide) (PPO)– poly(ethylene oxide) (PEO) block copolymers aqueous solutions was studied.
Triblock copolymers with different EO percentages and different molecular mass were evaluated. Copolymer solutions at different pH values,
buffer concentrations and copolymer concentrations were investigated. It was found that cloud point temperature increases as a function of
%EO and decreases with copolymer molecular mass, copolymer concentration and buffer concentration. The results showed that all the studied
factors influenced enzyme partition. The best conditions were copolymer with 10% EO and molecular mass of 2000 g/mol, temperature of
25◦C, copolymer concentration of 5% (w/w), pH 6.0 and salt concentration of 15 mM. Enzyme activity recovery around 79.5%, purification
factor around 1.25 and activity partition coefficient around 1.4 were obtained.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Aqueous two-phase systems are widely used for separa-
tion and purification of biomolecules[1,2]. These systems
are suitable for purification of biological material as the
phases contain 70–90% water, thus reducing the denatu-
ration of labile molecules[3]. The advantages of aque-
ous two-phase extraction compared to other purification
methods lie in volume reduction, high capacity and short
processing times.

Recently, thermoseparating copolymers properties and
their application in aqueous two-phase systems have been
investigated, due to the possibility of utilization of these
systems for solubilizing labile biological molecules, such as
proteins[4–7]. When thermoseparating polymers are heated
above a critical temperature, known as cloud point, the sol-
ubility of the polymer will decrease and a system composed
of two phases (water and polymer phases) is formed. The
cloud point is characteristic of each polymer and can be de-
termined by the solution turbidity. The temperature induced
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phase separation makes it possible to partition a protein
between the phases and consequently easily recycle the
polymers in aqueous two-phase systems. Examples of ther-
moseparating polymers are random, diblock and triblock
copolymers of hydrophobic poly(propylene oxide) (PPO)
and hydrophilic poly(ethylene oxide) (PEO). Polymer hy-
drophobicity increases with increasing content of PO. The
polymers behavior in solution depends on the percentage
of PEO and PPO polymers, molecular mass, PEO and PPO
block sizes. PEO and PPO content can be expressed in mass
percentage, molar percentage or polymers block size. The
dissolution rate decreases as the copolymer molecular mass
increases for copolymer groups with the same PPO/PEO
composition ratio. This is probably a result of the degree
of hydrogen bonding between the copolymer molecules,
and is also reflected in the physical form of the copolymers
(liquid for low molecular mass, low PEO content; solid
for high molecular mass, high PEO content copolymers)
[8].

PEO–PPO–PEO are commercially available non-ionic
polymeric surfactants. These polymers are dissolved as
unimers at low temperatures, where water is a good sol-
vent for both PEO and PPO. Water becomes a poor
solvent for the PPO block at higher temperatures, and

1570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2004.03.029



62 A.P.B. Rabelo et al. / J. Chromatogr. B 807 (2004) 61–68

micelles are formed with a core of PPO chains and a
water-swollen mantle of PEO chains[9]. At higher tem-
peratures, polymers aggregate and form aqueous two-phase
systems.

By using the thermoseparating polymers it has been
possible to combine partition in aqueous two-phase sys-
tems with temperature-induced phase separations. Some
examples of systems used are PEO–PPO–PEO/dextran
and PEO–PPO–PEO/hydroxyopropyl starch, where in both
cases the top phase polymer was PEO–PPO–PEO copoly-
mer. Target proteins can be partitioned to the copolymer top
phase. A water/PEO–PPO–PEO two-phase system is formed
when the temperature is increased above the cloud point of
the copolymer. Proteins have been found to be partitioned
to the water-rich phase. Another possibility is the cloud
point extraction, that consists of dissolving a thermosepa-
rating copolymer in protein extract and heating the solution
above the copolymer cloud point temperature; when this
aqueous solution separates into two phases, a top water-rich
phase and a bottom copolymer-rich phase are formed.
The protein is partitioned to one of them, usually the top
phase.

Many authors presented good results for biomolecules ex-
traction using aqueous two-phase systems formed by ther-
moseparating copolymers[3,4,10–13]. These works show
an easy copolymer recovery and phase separation, plus good
results in partition of biomolecules. The influence of many
variables, such as copolymer molecular mass, copolymer
concentration, PEO percentage in copolymer and presence
of cosolutes, like salts and surfactants, on biomolecules par-
tition was studied.

The target enzyme in this work was fruit bromelain.
Bromelain is obtained from various species ofBromeliaceae,
and is found in the fruit and stem ofAnanas comosus(L.)
Merr, known as pineapple. Stem bromelain (EC 3.4.22.4)
presents isoelectric point at 9.5[14] and fruit bromelain
(EC 3.4.22.5) presents isoelectric point at 4.6[15]. Thermal
denaturation of stem bromelain was studied using circular
dichroism and differential scanning calorimetry[16]. The
authors showed that the denaturation process is irreversible
and seems to follow a simple two state mechanism. They
also reported that native enzyme fraction is zero in 50 min
at 46.1◦C at pH 3.4.

The aim of this work is to study the bromelain partitioning
and purification using aqueous two-phase systems formed
by thermoseparating copolymers (cloud point extraction).
The influences of thermoseparation temperature, copolymer
molecular mass, copolymer concentration, pH and salt con-
centration on fruit bromelain partition were determined. In
the evaluation of enzyme partition, the following parame-
ters were analyzed: partition coefficient of enzyme activity,
purification factor and percentage of enzyme activity recov-
ery. In order to select a suitable system for enzyme partition,
the cloud point temperatures for different PEO–PPO–PEO
block copolymers were determined as well as their depen-
dence on various factors.

Table 1
PEO–PPO–PEO block copolymers evaluated

%EO Molecular mass (g/mol) Physical form

10 1100 Liquid
10 2000 Liquid
10 2800 Liquid
30 4400 Liquid
30 5800 Solid (paste)
40 2900 Liquid
50 1900 Liquid
80 8400 Solid

2. Materials and methods

2.1. Chemicals

PEO–PPO–PEO block copolymers (Table 1) were pur-
chased from Aldrich (Milwaukee, WI, USA) and all other
chemicals of analytical grade were obtained from Synth (Di-
adema, SP, Brazil). Distilled water was used to prepare the
solutions. No chemicals were further purified before being
used.

In this work, mass percentage of poly(ethylene oxide)
in PEO–PPO–PEO copolymer is represented by %EO or
%PEO.

2.2. Enzyme

Fruit bromelain (EC 3.4.22.5) were obtained from fruit
extract of pineapple, species Perola.

2.3. Cloud point determination

2.3.1. Sample preparation
All copolymer concentrations were calculated as %

(m/m). Copolymer solutions were weighed out and mixed
with buffer of varying pH and salt concentration. The total
mass of the systems was 2 g. The systems were carefully
mixed and kept under controlled temperature for 2 h in
the water bath (Nova Etica, Model 521 D, Vargem Grande
Paulista, SP, Brazil).

Systems of different pH values (6.0, 7.0 and 8.0),
copolymer concentrations (5, 10, 15, 20, 25 and 30%,
m/m) and salt concentrations (15, 45 and 100 mM) were
evaluated.

2.3.2. Cloud point measurements
The cloud points of copolymer solutions were determined

at different pH values, concentration of the copolymer (%,
m/m), in the presence of varying salt concentrations (mM)
and pH values by gently heating solutions in thin glass tubes
immersed in a thermostated water bath and the temperature
was raised slowly, 0.5◦C/min, until turbidity was noted in
the tube. The temperature at which turbidity was observed
first was taken as the cloud point.
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When measuring the cloud point of copolymers at dif-
ferent pH values, the pH was measured in the solution at
room temperature before the samples were placed in the
thermostated water bath.

All cloud point measurements were performed three
times.

2.4. Measurements of fruit bromelain partition in
two-phase aqueous systems

Polymer solutions and enzyme extract were weighed out
and mixed with buffer of varying pH values (6.0, 7.0 and
8.0) and salt concentrations (15, 45 and 100 mM). The total
mass of the system was 2 g, including the enzyme extract
that represented 20% (m/m) of total mass. All partition ex-
periments were performed three times. The systems were
carefully mixed and the separation took place at tempera-
tures 5 and 10◦C above the cloud point temperature of the
copolymer. The thermoseparation was performed during 2 h.
This resulted in formation of a two-phase system consisting
of an upper water-rich phase and a lower copolymer-rich
phase.

Partition of total proteins and enzymes between the phases
was determined by removing appropriate amounts of each
phase and assaying for total protein and enzyme activity.

For enzymes, the activity partition coefficient,Ka, is de-
fined as

Ka = At

Ab
(1)

whereAt andAb are the enzyme activity in units/l in the top
and bottom phases, respectively.

Purification factor (PF) for the top phase is defined as

PF= At/Ct

Ai/Ci
(2)

whereAt and Ai are the enzyme activity in units per liter
in the top phase and in the initial extract (before partition),
respectively andCt andCi are total protein concentration in
grams per liter of the top phase and the initial extract (before
partition), respectively.

Percentage of activity recovery after partition (%Ra) is
defined as

%Ra =
(

A

Ai

)
× 100 (3)

whereA and Ai are the enzyme activity in units/l in both
phases after extraction and initial (before extraction), respec-
tively.

2.5. Total protein assay

Protein was determined using Coomassie Brilliant Blue
G and measured at 595 nm with bovine serum albumin as
standard[17].

2.6. Bromelain sample preparation

Pineapple fruit was triturated and filtered. The filtrate,
named as extract or pineapple juice, contained the enzyme
bromelain. Samples containing 10 g of pineapple juice were
frozen[18].

2.7. Enzyme activity assay

Enzyme activity was determined by casein method, mea-
suring the absorbance at 280 nm with tirosine as standard
[15,19]. Spectrophotometer UV-Vis GBC Model 911 A
(Victoria, Australia) was used for total protein and enzyme
activity determination.

3. Results and discussion

3.1. Cloud point determination

For a fixed copolymer concentration, the increase in tem-
perature results in thermoseparation of copolymer solutions
in a water-rich phase and a copolymer-rich phase. It is possi-
ble to manipulate the cloud point of a copolymer solution by
addition of salt, by changing the copolymer molecular mass,
by changing the ratio between ethylene oxide to propylene
oxide or by changing copolymer concentration.

Cloud point temperatures measured have an accuracy of
0.5◦C in all experiments, except those of copolymer with
50% EO (%, m/m) and molecular mass of 1900 g/mol, when
the accuracy was 1.0◦C.

The gellification was observed in some conditions, usu-
ally in copolymers with high EO content and high copoly-
mer concentration. The gellification tendency increases with
increasing in EO (%, m/m) of copolymer, increasing in
copolymer molecular mass and in copolymer concentra-
tion [20]. In this work, gellification was observed in solu-
tions formed by copolymers containing 50% EO and 80%
EO (m/m).

Cloud point temperatures of copolymer with 30% EO
(m/m) and molecular mass of 5800 g/mol and copolymer
with 80% EO (m/m) and molecular mass of 8400 g/mol were
higher than 85◦C, that was the highest temperature reached
in experiments.

3.1.1. Influence of copolymer concentration on cloud point
temperature

As can be seen inFig. 1, the increase in copolymer con-
centration resulted in lower cloud point temperatures. For
example, when the copolymer concentration varied from 5
to 30% (m/m), the cloud point temperature changed from 32
to 18◦C, respectively, for solutions containing copolymer
with 10% EO and molecular mass of 1100 g/mol. The high
number of copolymer molecules increases the interactions,
and easily aggregate, resulting in phase separation at lower
temperatures.
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Fig. 1. Influence of copolymer concentration, and copolymer molecular
mass on cloud point temperature. Results were obtained at pH 6, salt
concentration 15 mM and copolymers with 10% EO (m/m) and molecular
mass of 1100 g/mol (�), molecular mass of 2000 g/mol (�) and molecular
mass of 2800 g/mol (�).

For polymers that should be used in aqueous two-phase
systems for the purification of biomolecules, it is important
to observe that the cloud point temperature cannot be too
high as this could lead to protein denaturation.

As can be seen inFig. 2, the cloud point temperature of
the solution containing copolymer with 50% EO was not
influenced significantly by the copolymer concentration,
unlike what was observed in the solution containing copoly-
mer with 10% EO. The solutions with 50% EO have pre-
sented a cloud point temperature of 65◦C. For solutions
containing copolymer with 10% EO and molecular mass of
2000 g/mol, the cloud point temperatures varied from 18 to
5◦C, as copolymer concentration changed from 5 to 30%
(m/m), respectively. This is probably a result of the degree
of hydrogen bonding between copolymer molecules. As
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Fig. 2. Influence of %EO of copolymer on cloud point temperature. Results
obtained at pH 7.0, salt concentration of 100 mM, copolymer with 10%
EO and molecular mass of 2000 g/mol (�) and copolymer with 50% EO
and molecular mass of 1900 g/mol (�).

PEO molecules are the hydrophilic or polar blocks in the
copolymer, they are important for hydrogen bonding and
the influence of copolymer concentration is not significant.

3.1.2. Influence of copolymer molecular mass on cloud
point temperature

The influence of copolymer molecular mass on cloud
point temperature can be seen inFig. 1. It was observed that
the cloud point temperature of copolymers with molecular
mass of 2800 g/mol is lower than the cloud point of copoly-
mers with molecular masses of 2000 and 1100 g/mol and
the same %EO. For example, at copolymer concentration of
5% (m/m), cloud point temperatures for solutions containing
copolymer of 10% EO and molecular mass of 1100, 2000
and 2800 g/mol were 32, 21 and 17◦C. All other solution
conditions are the same. The higher the copolymer molecu-
lar mass the more hydrophobic the copolymer, because they
aggregate easily at lower temperatures. As these copolymers
are large, the number of hydrophilic and hydrophobic inter-
actions is higher.

3.1.3. Influence of copolymer PEO content on cloud point
temperature

As can be seen inFig. 2, the cloud point temperature of
solutions containing copolymer with 50% EO is higher than
for solutions containing copolymer with 10% EO and similar
molecular mass. InFig. 2, it can be seen that at the copoly-
mer concentration of 5% (m/m), the cloud point tempera-
ture for solutions containing copolymer with 50% EO and
molecular mass of 1900 g/mol was 65◦C and for solutions
containing copolymer with 10% EO and molecular mass of
2000 g/mol, it was 18◦C. The copolymer PEO–PPO–PEO is
formed by PEO and PPO blocks. PPO blocks are hydropho-
bic and PEO blocks are hydrophilic, therefore copolymer
with higher PEO content is more hydrophilic, thus dissolv-
ing easily in water. This is probably a result of the degree
of hydrogen bonding between the copolymer molecules. At
higher temperatures, water is a worse solvent for copoly-
mers than at low temperatures. Therefore, thermoseparation
is observed at higher temperatures.

The same behavior was observed when comparing cloud
point of solutions containing copolymer formed by 10%
EO (m/m) with molecular mass of 2800 g/mol and solutions
of copolymer formed by 40% EO and molecular mass of
2900 g/mol.

3.1.4. Influence of salt concentration on cloud point
temperature

As can be seen inFig. 3, the cloud point temperature
is dependent on salt concentration. The cloud point tem-
perature of solutions containing 100 mM of phosphate
salts is lower than those of solutions containing 45 and
15 mM of phosphate salts. In conditions presented inFig. 3,
cloud point temperatures in solutions containing copoly-
mer with 30% EO (m/m), molecular mass of 4400 g/mol
and copolymer concentration of 5% (m/m) were 12, 10
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Fig. 3. Influence of pH and salt concentration on cloud point temperature.
Results obtained with solutions containing 5% (m/m) of copolymer 30%
EO (m/m) with molecular mass of 4400 g/mol and pH 6.0 (�), pH 7.0
(�) and pH 8.0 (�).

and 9◦C at phosphate salt concentrations of 15, 45 and
100 mM, respectively. This behavior can be a reflection of
the “salting out” effect of phosphate salts. However, in the
range of phosphate salt concentration evaluated (15, 45 and
100 mM), a small variation on cloud point temperature was
observed.

The addition of electrolytes, having cations and anions of
different sizes and polarizabilities, resulted in an increase or
a decrease in cloud point[8]. The effect of salts was dis-
cussed in terms of “salting in” and “salting out” and fol-
lowed the Hofmeister series. Phosphate salts are hydrophilic
and present a “salting out” effect.

The results had been corroborated by Cunha et al.[13].
The authors found that the variation in salt concentration
(0–50 mM) had not caused any significant change in cloud
point temperature, however at phosphate salt concentrations
above 50 mM, the cloud point temperature decreased with
the increase in salt concentration.

3.1.5. Influence of pH on cloud point temperature
As PEO–PPO–PEO copolymers are non-ionic molecules,

the cloud point temperature is not dependent on pH, as can
be seen inFig. 3, for the pH values evaluated here (pH=
6.0, 7.0, and 8.0).

3.2. Fruit bromelain partitioning

In this work, the target enzyme was fruit bromelain. Some
partition experiments using bromelain obtained from stem
were carried out but enzyme activity recovery was very low,
15% at most. The authors concluded that conditions used
caused the inhibition of enzyme activity or denaturation of
enzymes obtained from stem.

All results presented are refereed to fruit bromelain
because this enzyme presented a better activity recovery
than stem bromelain. Enzyme activity recovery was around
79.5% for fruit bromelain under the best conditions.

The aqueous systems for bromelain partitioning were cho-
sen according to the results obtained in experiments of cloud
point determination. It is important to evaluate the viscosity,
and volume of the phases as well as the cloud point tempera-
ture, which should not be high to avoid enzyme denaturation.

The following systems were used for enzyme partition
studies: copolymer with 10% EO (m/m) and molecular mass
of 2000 and 2800 g/mol in concentrations of 5, 20 and 30%
(m/m), different pH values (6.0, 7.0 and 8.0) and differ-
ent salt concentrations (15, 45 and 100 mM). Aqueous sys-
tems of other copolymers studied were not used because the
phases viscosities and time for phase separation were too
high, e.g. phase separation time longer than three hours.

The results presented here are the average taken of three
experiments where the maximum error admitted was 20%.

3.2.1. Activity enzyme (bromelain) recovery (%Ra)
All the factors evaluated influenced the activity enzyme

recovery (%Ra), although the most important were copoly-
mer concentration, thermoseparation temperature and pH,
at the conditions studied. %Ra is low at higher copolymer
concentration, as can be seen inFig. 4. For example, so-
lutions containing 15 mM of phosphate salts and copoly-
mer concentration of 5% (m/m) presented %Ra = 39%,
whereas solutions with copolymer concentration of 20 and
30% presented %Ra = 18% in the conditions described in
Fig. 4. High copolymer concentration seems to cause the
inactivation of fruit bromelain activity as a consequence of
the greater number of interactions between copolymer and
enzyme, at higher copolymer concentration. Inactivation of
this enzyme in concentrated and hydrophobic phases is pos-
sible. In phases virtually free of copolymer, enzyme activity
increases greatly resulting in a high yield[21]. Temperature
also influenced %Ra as observed inTable 2. At temperature
30◦C for 2 h, that is the thermoseparation time, the enzyme
activity recovery is lower than at 25◦C. At fixed conditions
and varying only the temperature, %Ra was 79.5 and 40.0%
at 25 and 30◦C, respectively. Therefore, %Ra was higher
at the lower thermoseparation temperature. This behavior
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Fig. 4. Influence of copolymer, and salt concentration in solution on
percentage of activity recovery in solutions containing copolymer 10% EO
with molecular mass 2000 g/mol at pH 8 and copolymer concentrations
(%, m/m) of 5% ( ), 20% (�) and 30% (�).
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Table 2
Influence of Temperature and pH on enzyme partition

pH Temperature (◦C) Ka PF %Ra

6 25 1.40± 0.18 1.25± 0.20 79.5± 4.5
30 0.85± 0.11 1.01± 0.20 45.3± 3.0

8 25 1.27± 0.18 0.57± 0.10 50.6± 5.0
30 0.94± 0.10 0.67± 0.10 38.8± 5.0

Results were obtained using copolymer formed by 10% EO (m/m) and
molecular mass of 2000 g/mol, copolymer concentration of 5% (mm) and
salt concentration of 15 mM.

showed that fruit bromelain is sensitive to temperature. In
Table 2, it can also be seen that %Ra is reduced as pH in-
creases from 6.0 to 8.0. At 25◦C, %Ra was 79.5% (pH 6.0)
and 45.0% (pH 8.0). Therefore, to obtain a high percentage
of bromelain activity recovery, it is adequate to operate at
low copolymer concentration (5%, m/m), low temperatures
(25◦C) and pH 6.0, according to the conditions evaluated.

3.2.2. Bromelain activity partitioning
Analogously to the behavior observed for the %Ra, all

factors studied have influenced bromelain (enzyme) activ-
ity partitioning coefficient (Ka), however, only the most im-
portant are commented below. Aqueous two-phase systems
formed by copolymer with 10% EO (m/m) and molecular
mass of 2000 and 2800 g/mol were used to evaluate the in-
fluence of copolymer molecular mass on enzyme partition.
In Fig. 6, it can be seen thatKa increases as the copoly-
mer molecular mass increases. For example, at fixed solu-
tion conditions,Ka was 0.8 in an aqueous two-phase systems
formed by copolymer with 10% EO and molecular mass of
2000 g/mol and 1.25 in aqueous two-phase systems formed
by copolymer with molecular 2800 g/mol. The difference in
the partition coefficient values observed reflects the “vol-
ume exclusion” effect, as molecules with molecular mass
of 2800 g/mol are larger than those with molecular mass
of 2000 g/mol. Therefore, enzyme molecules are “pushed”
from the bottom phase, the copolymer-rich phase, to the top
phase, rich in water. Although aqueous systems containing
copolymers with higher molecular mass presented a higher
Ka, there was a pronounced increase in phase viscosity and
the time required for phase separation. As a consequence,
aqueous systems formed by copolymers with high molecular
mass are worse for enzyme partition than others with lower
molecular mass and consequently, lower phase viscosity and
phase separation time.

As can be seen inTable 2, Ka is high at 25◦C, and was
the lowest thermoseparation temperature studied. In the con-
ditions shown inTable 2, at 25◦C Ka = 1.4 and at 30◦C
Ka = 0.75 in solutions of pH 6.0. This behavior is also re-
lated to higher enzyme activity recovery obtained at 25◦C.
According toFig. 5, Ka is higher at high salt concentrations,
although this effect was less significant for lower values of
Ka, in the conditions studied. In the conditions presented on
Fig. 5and for solutions containing copolymer with 10% EO
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Fig. 5. Influence of copolymer molecular mass, and salt concentration on
Ka. Results obtained with copolymer concentration of 5% (m/m), tem-
perature 10◦C above the cloud point temperature, pH 6.0 and copolymer
10% EO (m/m) with molecular mass of 2000 g/mol (�) and with molec-
ular mass of 2800 g/mol (�).

and molecular mass of 2800 g/mol,Ka was 1.25 at phos-
phate salt concentration of 15 mM andKa = 2.25 at phos-
phate salt concentration of 100 mM. Solutions containing
copolymer with 10% EO and molecular mass of 2000 g/mol
showed aKa value of 0.8 at phosphate salt concentration of
15 mM and 1.0 at phosphate salt concentration of 100 mM.

This behavior can be explained by the “salting out” effect
of phosphate salts, thus raisingKa. In addition, the greater
number of ions in solutions with high salt concentration
attract to the top phase more electrically charged protein
molecules, owing to the pH of solution.

Ka dependence on pH was of little significance, under the
conditions studied, as can be seen inTable 2. The values of
studied pH were 6.0, 7.0 and 8.0, and fruit bromelain pI is
4.6. Therefore, enzyme molecules were electrically charged
and this influenced the enzyme partition. However, the effect
of the electrical charges in enzyme molecules due to pH
variation is not clear in the conditions analyzed here.

3.2.3. Purification factor (PF)
This analysis was done only for the purification factor in

the top phase (PF), as the bottom phase PF was very low. In
Fig. 6, it is observed that PF decreased as phosphate salt and
copolymer concentration are increased. Probably, copoly-
mer molecules interact with enzyme molecules, mainly the
hydrophobic interactions, causing the inactivation of the
enzyme. Of the copolymers studied, the ones used in the

0

0,2

0,4

0,6

0,8

5% 20% 30%

Copolymer concentration (% w/w)

P
ur

ifi
ca

tio
n 

fa
ct

or
 (

P
F

)
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Table 3
Influence of studied conditions on bromelain partitioning and purification

Experimental conditions

Copolymer concentration Copolymer molecular
mass (g/mol)

Phosphate salt
concentration (mM)

Temperature (◦C) pH

5% (m/m) 30% (m/m) 2000 2800b 15 100 25 30 6.0 8.0

%Ra High Low a a a a High Low High Low
Ka

a a Low High Low High High Low a a

PF High Low Low High High Low High Low High Low

a Influence is not significant.
b Solutions containing this copolymer presented high viscosity and phase separation times.

partition experiments were the most hydrophobic among
copolymers studied. They were chosen due to their low
cloud point temperature and phase viscosities. Therefore,
lower copolymer concentration (5%, m/m) is more suitable
to enzyme partition and purification because PF and %Ra
were higher in this condition. Purification Factor in the top
phase decreased from 0.7 to 0.4 as phosphate salt concentra-
tion changed from 15 to 45 mM at copolymer concentration
of 5% (m/m), according toFig. 5. This can be explained
by the “salting out” effect, which causes the increase of
protein concentration in the top phase. PF reduction indi-
cates that proteins other than fruit bromelain were attracted
to the top phase. Consequently,Ka increased and PF de-
creased. At higher copolymer concentration PF was lower
and the salt concentration influence was not significant. The
reduction of the Purification Factor in the top phase can be
explained by the “volume exclusion” effect, at high copoly-
mer concentration. There many copolymer molecules in the
bottom phase, at high copolymer concentration, so copoly-
mer molecules “expel” protein molecules from the bottom
to the top phase. Therefore, despite the increase in brome-
lain (enzyme) concentration in the top phase, PF was lower
as total protein concentration also increased. Copolymer
molecular mass also influences PF. InFig. 7, it is seen that
PF was higher in solutions containing copolymer formed
by 10% EO and molecular mass of 2800 g/mol compared
to solutions containing copolymer formed by 10% EO

0
0,5

1
1,5

2
2,5

3

15 mM 45 mM 100 mM

Salt concentration (mM)

P
ur

ifi
ca

tio
n 

F
ac

to
r 

(F
P

)

Fig. 7. Influence of copolymer molecular mass, and salt concentration in
top phase purification factor. Results obtained with copolymer concentra-
tion of 5% (m/m), temperature 10◦C above the cloud point temperature,
pH 6.0 and copolymer 10% EO (m/m) with molecular mass of 2000 g/mol
(�) and with molecular mass of 2800 g/mol (�).

and molecular mass of 2000 g/mol. For example, PF was
2.8 and 1.0 in solutions of phosphate salt concentration
of 15 mM, containing copolymer of 2800 and 2000 g/mol,
respectively. This behavior can also be explained by the
“volume exclusion” effect, as it was described earlier.

In Table 2, the PF behavior in relation to thermoseparation
temperature can be observed. The PF in the top phase was
higher at 25◦C (1.25, at pH 6.0) than at 30◦C (0.9, at pH
6.0). This behavior can be an evidence that in the aqueous
systems studied, enzyme inactivation is reduced at lower
temperatures, as was the case forT = 25◦C.

The PF in the top phase was higher at pH 6.0 than at
pH 8.0, according toTable 2. At 25◦C, PF was 1.25 at pH
6.0 and 0.5 at pH 8.0. Therefore, pH 6.0 was more suitable
to bromelain purification in the aqueous two-phase systems
studied than pH 8.0.

3.2.4. Influence of experimental conditions on bromelain
partitioning

The influence of the factors studied on bromelain parti-
tioning and purification using aqueous two-phase systems
formed by thermoseparating copolymers is summarized in
Table 3. As can be seen, the best conditions for brome-
lain partitioning and purification were: Copolymer concen-
tration: 5% (m/m), copolymer molecular mass: 2000 g/mol,
phosphate salt concentration: 15 mM, thermoseparation tem-
perature: 25◦C and pH 6.0. In these conditions, the follow-
ing results were obtained: %Ra, 79.5%;Ka: 1.4 and PF, 1.25.

4. Conclusions

The composition and concentration of block copoly-
mer PEO–PPO–PEO and all the experimental conditions
evaluated, except the pH, influence significantly the cloud
point temperature. At the conditions defined here, the cloud
point changed from temperatures of approximately 3.0◦C
to values around 85.0◦C. Therefore, thermoseparating
copolymers PEO–PPO–PEO can be used for biomolecules
extraction and partitioning since suitable temperatures can
be reached using appropriate copolymers and conditions.
Cloud point temperature decreases as copolymer molecular
mass, copolymer concentration, percentage of PPO blocks
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and phosphate salt concentration increase. In the latter case,
the block copolymers can easily form aggregates, owing to
salting out effect caused by phosphate salts.

The fruit bromelain partition in aqueous two-phase sys-
tems formed by copolymers with 10% EO (m/m) and
molecular mass of 2000 g/mol and 2800 g/mol was studied.
A significant bromelain inactivation was observed for some
conditions, namely high copolymer concentration (20 and
30%, m/m) and higher temperatures (30◦C). Low copoly-
mer concentration and temperature avoid denaturation. High
molecular mass copolymers form rather viscous solutions,
in some conditions. The best results achieved in this work
were percentage of enzyme activity recovery of 79.5%, top
phase purification factor of 1.25 and enzyme activity parti-
tion coefficient of 1.4. These results were obtained using the
conditions: copolymer with 10% EO (m/m) and molecular
mass of 2000 g/mol, copolymer concentration of 5% (m/m)
and temperature 5◦C above the cloud point, that is 25◦C
in this case, pH 6.0 and salt concentration of 15 mM. Bet-
ter results were obtained in systems containing copolymer
with 10% EO and molecular mass of 2800 g/mol, but the
viscosity and time separation of the phases were too high.

The aqueous two-phase systems studied proved to be sim-
ple and consequently promising as an enzyme purification
method.
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