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Abstract  -  The concern about the effective use of agro-industrial residues from the food industry has increased. 
Bromelain is an enzyme mainly obtained from the pineapple plant (A. comosus), including its parts normally 
considered as waste. It is a high value-added product with a wide variety of applications such as in food, cosmetic 
and pharmaceutical industries. Many approaches have been used to purify this enzyme, but an efficient method to 
produce highly active and pure bromelain is still highly desirable. The investigated methods include ion exchange 
chromatography, precipitation, an aqueous two-phase system as well as affinity and filtration membranes. This 
paper gives an overview about the advantages and limitations of each one. Chronologic results and advances for 
these separation processes are also shown. The major tendency is the use of combined processes, such as hybrid 
or integrated ones.
Keywords: Agro-industrial waste; Aqueous two-phase system; Ion exchange chromatography; Membrane; 
Precipitation.

INTRODUCTION

The concern about the effective use of agro-
residues, such as peels, seeds and other materials from 
the food industry has been increasing (Silvestre et al., 
2012). The utilization of such waste is considered an 
important challenge for all governments that seek for 
sustainability (Gil and Maupoey, 2018).

Pineapple is the most popular of all tropical fruits 
and it is an important ingredient in the food industry 
such as in juice concentrates, jams, jellies, essence, 
and pickles (Chaurasiya and Hebbar, 2013). However, 
of this fruit only 25% of it can be used as a marketable 
product, while 75% (leaves, crown, stem and bark) is 
treated as agricultural waste (Tap et al., 2016). Costa 
Rica, Brazil and the Philippines are responsible for 
one third of total pineapple production (Martins et al., 
2014; Dossa and Fuchs, 2017).

The progressive increase of pineapple production 
has led to higher amounts of its waste. The correct 
disposal of such residue represents a growing problem 
since it is usually prone to microbial spoilage. The reuse 

of pineapple waste would be an innovation to deal with 
this environmental problem (Ketnawa et al., 2012). In 
fact, pineapple waste has been identified as a potential 
source of proteases, such as bromelain (Nor et al., 2015).

Bromelain extraction and purification processes 
have been studied, but there are some restrictions 
related to the laboratory-scale character of most 
techniques, which increase the production costs 
(Coelho et al., 2014).

Purifying bromelain with high activity is also 
desirable, so effective and economically viable 
techniques need to be developed (Nadzirah et al., 
2013). The goal of this review is to present potential 
methods to separate and purify bromelain.

Bromelain
Bromelain is a protein-digesting enzyme 

categorized as a protease, although it includes non-
proteases as well. Protease refers to the group of 
enzymes which catalyse the hydrolysis of the peptide 
bonds of proteins (Tap et al., 2016). Its function is 
similar to papain and ficin (Amid et al., 2011). 
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Among the family of Bromeliaceae, pineapple 
(Ananas comosus), one of the most popular fruits in 
the world (Nor et al., 2015), is the best-known source 
of bromelain (Silvestre et al., 2012). It is naturally 
extracted from pineapple and can be obtained even 
from its inedible parts which are normally considered 
as waste in industry (Nor et al., 2016). 

Pineapple is a unique fruit. It contains high 
concentrations of proteases in the mature stage and 
this is one of the reasons to use pineapple proteases 
compared with other natural sources. Bromelain 
is not present during the premature stage of fruit 
development, but its level increases fast and remains 
high until ripening, when its content diminishes 
slightly (Silvestre et al., 2012).

Bromelain is composed of a complex mixture of 
proteases and non-proteases, which include stem 
bromelain (80%), fruit bromelain (10%), ananain 
(5%) and other components (Nadzirah et al., 2013), as 
shown in Figure 1, and is soluble in water but insoluble 
in organic solvents (Wan et al., 2016). 

Stem bromelain (EC 3.4.22.32), more important 
from an industrial application point of view as it shows 
activity over wide range of pH, is the most studied 
cysteine proteinase within bromelain preparations 
derived from pineapple stem. On the other hand, 
fruit bromelain (EC 3.4.22.33) is a glucoprotein 
proteinase present in pineapple juice (Corso et al., 
2012; Bernela et al., 2016). Among the non-protease 
components, bromelain is composed of phosphatases, 
glucosidases, peroxidases, cellulases, glycoproteins 
and carbohydrates (Silvestre et al., 2012). 

Stem bromelain is constituted by a single 
polypeptide chain with 212 amino acids folded into 
two structural domains stabilized by disulphide bridges 
and numerous hydrogen bonds (Soares et al., 2012), its 
molecular mass is 24.5 kDa, with a pI value of 9.55 
and diffusion coefficient of 7.77 x 10-7 cm2/s (Murachi 
and Takahashi, 1969). Fruit bromelain presents an 
isoelectric point at 4.6 (Nadzirah et al., 2013) and 
molecular mass of 31 kDa (Souza et al., 2005). All 
commercially available bromelain is derived from the 
stem (Bala et al., 2013).

Stem bromelain is also very stable, sustaining its 
activity at temperatures between 40 and 60 ºC, in 
which most enzymes are denatured (Coelho et al., 

2014). From pH 5.5 to 8.0, the enzymatic activity 
of bromelain is kept (Pavan et al., 2012), but this 
enzyme is usually unstable and sensitive under stress 
conditions in the presence of elevated temperature, 
organic solvents and chemicals, which may result in 
a decrease in its function (Soares et al., 2012). Thus, 
bromelain activity greatly depends on its biochemical 
and pharmacological properties. 

Applications of bromelain
Bromelain enzyme has useful functions for the 

food, pharmaceutical, cosmetics and textile industries 
(Nor et al., 2016; Wu et al., 2017) and, because of this 
wide range of applications, commercial bromelain 
must be highly pure (Ketnawa et al., 2012; Arumugam 
and Ponnusami, 2013).

In the food industry bromelain has been used for 
meat tenderization, brewing, baking (Ketnawa et al., 
2012; Amid et al, 2011), prevention of browning of 
apple juice (Bernela et al., 2016), clarification of beer 
and as a food supplement (Bala et al., 2013). During the 
process of tenderization, bromelain promote softening 
of meat by breaking the fibrous material (Coelho et 
al., 2014). In the baking industry, bromelain improves 
dough relaxation, allowing it to rise evenly and 
produce hypoallergenic flour that is suitable for wheat-
allergic patients (Arshad et al., 2014). Bromelain has 
been used in this kind of industry because its ideal 
temperature range of 50-70ºC is suitable for a food 
processing application (Amid et al, 2011). 

Bromelain has extensive applications as an active 
ingredient in tooth-whitening dentifrices and skin 
products to treat acne, wrinkles, and dry skin, reduce 
post-injection bruising and swelling (Arshad et al., 
2014). It is used as an active ingredient to provide mild 
peeling effects (Bala et al., 2013) and as a cleansing 
agent (Chaurasiya and Hebbar, 2013).

This enzyme is widely used in the pharmaceutical 
industry as a drug for treatment of inflammatory 
ailments, intestinal disorders, blood-coagulation 
related diseases, improved absorption of antibiotics 
(Nor et al., 2015), as wound debridement agent, as a 
fibrinolytic agent (Chaurasiya and Hebbar, 2013), oral 
treatment for third degree burns (Bernela et al., 2016), 
therapeutic application for antibodies (Tap et al., 2016) 
and for mucolytic action (Costa et al., 2014).

It has also been applied for anticancer activity, in the 
immunization of influenza virus and in the treatment 
of allergic airway disease (Lopes et al., 2009). The 
explanation of bromelain anticancer activity is that this 
enzyme may exert its antitumor effects by inducing 
cytokine production (Amid et al., 2011).

Another range of therapeutic benefits has been 
claimed for bromelain, such as reversible inhibition 
of platelet aggregation, sinusitis, surgical traumas, 
thrombophlebitis, pyelonephritis angina pectoris 

Figure 1. Bromelain distribution and some 
physicochemical characteristics.
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(Pavan et al., 2012) and relief from bronchitis (Amid 
et al., 2011).

Due to a lack of side effects and its effectiveness 
after oral administration, bromelain earned growing 
acceptance as an herbal drug and may be found as 
tablets and capsules (Coelho et al., 2014). In fact, 
bromelain is only poorly absorbed when administered 
orally, generating plasma levels of less than 10 ng/mL 
in humans given 4 g/day (Hale et al., 2005). 

In textile industries, bromelain is incorporated in 
leather processing (Wu et al., 2017) and it is also used 
for improving the dyeing qualities of protein fibers, 
decomposing or partially solubilizing protein fiber 
from silk and wool (Bala et al., 2013).

Other applications for bromelain are production 
of protein hydrolysates, hair removal (Ketnawa et al., 
2012), as a fiber softener in detergent (Wu et al., 2017) 
and alcohol production (Tap et al., 2016).

The importance of determining a viable extraction 
and purification method for this enzyme is increasing 
with the broad range of its applications (Costa et al., 
2014), and the most common processes are presented 
next.

SEPARATION PROCESS

The commercial production of bromelain from 
pineapple consists of several steps such as extraction, 
purification, drying and packing in the powder form 
(Nor et al, 2015). The isolation and purification stages 
require the most expensive materials and operations or 
are exceedingly laborious (Amid et al., 2011). In fact, 
considering both economic and technical aspects, the 
purification step corresponds to 70-90% of the total 
production cost (Soares et al., 2012).

It is desirable that the purification is cost-effective, 
rapid, high-yielding and robust. Moreover, it should 
allow continuous product recovery, with a high 
capacity and selectivity for the desired products (Bala 
et al., 2012). Many approaches have been used to 
increase the purity and activity of bromelain enzyme 
preparations (Amid et al., 2011) and these strategies 
include ion exchange chromatography, ammonium 
sulphate fractionation, aqueous two-phase systems, 
as well as membrane filtration processes (Nor et al., 
2015).

In downstream processing, it is difficult and 
expensive to selectively recover a targeted enzyme from 
a crude extract due to the low protein concentration 
among various contaminants and the similarity of their 
physical properties (Soares et al., 2012). In bromelain 
separation, for instance, there are other compounds 
such as phosphatases, glucosidases, peroxidases, 
cellulases, glycoproteins and carbohydrates (Silvestre 
et al., 2012) that may decrease the yield of purification.

Considering the increase of biotechnology, novel 
purification technologies are demanded to improve the 

overall enzyme yields and reduce the number of steps 
involved in the production of a specific one (Wu et al., 
2017), as well as produce highly active biocatalysts 
(Amid et al., 2011). Thus, the study of both purification 
and alternative extraction methods is of great interest, 
aiming to obtain more economically feasible processes 
(Leite et al., 2012).

Aqueous two-phase extraction (ATPE)
Liquid-liquid extraction has awakened interest 

to be used as a step which replaces more expensive 
separation methods or decreases the number of stages 
required for the process (Ferreira et al., 2011). It has 
been widely used in bioseparation (Bala et al., 2012) 
since it provides an efficient method for fractionation 
of mixtures containing proteins, removing undesirable 
by-products such as polysaccharides, pigments and 
interfering proteins that decrease the activity of an 
enzyme (Babu et al., 2008). 

ATPE is typically formed by mixing two 
hydrophilic polymers such as PEG (polyethylene 
glycol) and dextran or a polymer and a salt, such 
as PEG and potassium phosphate, in which phase 
separation occurs spontaneously apart from the critical 
concentrations of phase components (Silva et al., 2017; 
Ferreira et al., 2011). Under favorable conditions, 
the target protein tends to be partitioned into the top 
phase, which is less dense, less polar, for example, the 
PEG phase, while contaminant proteins are found in 
the denser, more polar and hydrophilic one, i.e., the 
dextran or salty phase, and can be removed through 
centrifugation (Arshad et al., 2014). These aqueous 
milieus are the convenient and suitable medium for 
the extraction of substances of biological origin, since 
the major constituent of the phases is water (70-90%), 
which provides a pleasant medium for the work, 
with biologically active compounds, preserving their 
molecular stability and allowing, thus, their processing 
(Ferreira et al., 2011).

The distribution of enzyme molecules in ATPE 
is caused by two groups of factors. One of them 
comprehends those factors inherent to the system 
itself, including molecular weight and concentration 
of phase-forming polymers, type and concentration 
of salt, pH, ionic strength and temperature. The 
other includes those factors which depend on the 
characteristics of the partitioned molecule: molecular 
weight, pI and surface properties. Separation of a 
target molecule from other components in a complex 
mixture is achieved by manipulating the partitioning 
behaviour by altering the average molecular weight 
of the polymers, the type of ions in the system, the 
ionic strength of the salt phase and the pH. Therefore, 
the application of the technique requires hit-or-miss 
experimentation to design an adequate phase system 
for optimal partitioning of a protein (Rocha and Nerli, 
2013; Arshad et al., 2014).
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Compared to other separation and purification 
methods, ATPE has many advantages such as low 
cost, ease of scale-up (Babu et al., 2008), scope for 
continuous operation (Nadzirah et al., 2013), volume 
reduction (Rabelo et al., 2004) and can be used in the 
early purification stages (Bala et al., 2012). Also, ATPE, 
featuring low interfacial tension, high biocompatibility 
and non-toxic, is attractive for recovery of enzymes 
from plants sources due to the low materials cost, 
minimal energy and time consumptions, and relatively 
high capacity that result in high yield (Wu et al., 
2017), making it an attractive alternative for isolation 
of biomolecules (Ketnawa et al., 2010).

Despite these favorable features, ATPE have not 
been extensively adopted in either industrial processes 
or commercial applications. The main reason for 
this could be attributed to the poor knowledge 
about the mechanisms involved in the partitioning 
equilibrium of macromolecules and, consequently, 
the lack of a comprehensive theory able to predict the 
experimental trends (Rocha and Nerli, 2013). Also, 
high concentrations of salts in wastewater are known 
to cause environmental problems (Silva et al., 2017).

Rabelo et al. (2004) studied the purification 
of bromelain using an ATPE system formed by 
thermoseparating copolymers: PEO (polyethylene 
oxide)- PPO (polypropylene oxide)- PEO (polyethylene 
oxide) and the best result (purification factor of 1.25) 
was achieved when using the conditions: copolymer 
with 10% EO (m/m) and molecular mass of 2000 g/
mol, copolymer concentration of 5% (m/m) and 
temperature 5ºC above the cloud point (25 ºC in this 
case), pH 6.0 and salt concentration of 15 mM. 

Babu et al. (2008) used 18% PEG 1500 and 14% 
potassium phosphate at pH 7 for purification of 
bromelain and they obtained a purification factor of 
4.0-fold. On the other hand, Ketnawa et al. (2010) 
purified bromelain from pineapple peel and reported 
a purification factor of 2.14-fold with 15% PEG 2000 
and 17% MgSO4.

Ferreira et al. (2011) studied the application of the 
system PEG 400 (16.23%) and potassium phosphate 
(13.5%) at pH 7 to purify bromelain from “curauá” 
(Ananas erectifolius LB Smith), a plant typical of 
northern and central-western Brazil, and they found 
a purification factor of 3.34. Rocha and Nerli (2013) 
evaluated the performance of PEG/sodium citrate in 
purifying bromelain at pH 5.20. They reported that 
PEG of higher molecular weights, particularly PEG 
8000, was the appropriate agent to recover most of the 
proteins in the salt-phase without affecting enzymatic 
activity. Wu et al. (2017) studied the purification of 
bromelain by a single step of polymer/salt aqueous 
biphasic system and reported that PEG 4000/phosphate 
with 17% (w/w) of PEG 4000 and 14% (w/w) of 
phosphate salt at pH of 8.0 showed a bromelain yield 
of 55.6% with a purification factor of 16.3.

Ion exchange chromatography (IEC)
Chromatography involves separating the 

components of a mixture based on the rates at which 
they are carried through a stationary phase by a 
mobile phase, which may be liquid or gas (Novaes 
et al., 2016). Chromatographic techniques have been 
developed to separate bromelain from pineapple; 
including affinity membrane chromatography, 
capillary electrochromatography and ion exchange 
chromatography (Yin et al., 2011). The last one is 
an established technique used in the separation of 
charged molecules across a breadth of applications 
and industries (Levison, 2003).

Although the purification of therapeutic proteins, 
such as bromelain, is usually performed using at least 
an affinity chromatography step, it has been proposed 
that the level of purity required for pharmaceutical 
applications may also be obtained with non-affinity 
techniques such as ion exchange chromatography, 
which exhibits a large optimization margin compared 
to conventional processes (Salvalaglio et al., 2015).

The principle of ion exchange chromatography is 
that a charged analyte, in this case a protein, is bound to 
the stationary phase by means of electrostatic attraction 
(Nadzirah et al., 2013) and it happens because proteins 
have ionisable chemical portions which render them 
susceptible to charge enhancement or reversion as a 
function of pH (Levison, 2003).

There are basically two types of ion exchange 
chromatography: anion (AEC) and cation exchange 
chromatography (CEC). Anion, cation and mixed 
(anion and cation) columns are commonly used for 
protein purification, as proteins are complex ampholytes 
that have both positive and negative charges (Ramli et 
al., 2017). Positively charged molecules are separated 
using CEC columns, typically packed with 3–10 µm 
particles and containing negatively charged acidic 
functional groups. These columns bind cationic species 
such as protonated bases through ionic interaction. In 
AEC mode, the stationary phase carries positively 
charged basic functional groups that are capable of 
binding anions (e.g., ionized carboxylic acids) (Fekete 
et al., 2015).

Although chromatography has been successfully 
used to separate bromelain from pineapple, it 
exhibits low separation efficiency and recovery and 
small sample loading capacity (Yin et al., 2011). 
Chromatographic steps and the products obtained by 
liquid chromatography are very expensive and have 
high added value due to the cost of the materials 
used in the production process (Costa et al., 2014). 
In addition, the separation performance is governed 
by various operating and column variables in a 
complicated manner; it is not easy to optimize the 
separation. The mobile phase properties such as pH 
and salt concentration very often affect the retention 
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and the resolution of proteins significantly (Yamamoto 
and Ishihara, 1999).

The most often applied pH range for proteins in ion 
exchange chromatography separations is between 5.5 
and 7.0. However, in some cases low pH around 3.5 is 
required to reach appropriate selectivity and retention 
(Fekete et al., 2015).

Devakate et al. (2009) obtained 3 times purer 
bromelain using ion exchange chromatography as 
compared to the ammonium sulfate precipitation 
method. The bromelain was found to be as much as 10-
fold purer with 84.5% enzyme recovery using cation 
exchange chromatography with an elution efficiency 
of 97.6%.

Gautam et al. (2010) studied the purification of 
bromelain-containing juice extracted from pineapple 
by a centrifugation technique at different rotational 
speed and DEAE (diethylaminoethyl) cellulose bed-
based ion exchange chromatography. A GDU (gelatin 
digestion unit) was used to quantify the activity of the 
extract. They found that the process with ion exchange 
chromatography showed an activity of 14.87 GDU/g, 
higher than the extract after centrifugation, equal to 
3.50 GDU/g.

Bresolin et al. (2013) purified bromelain 
from pineapple peel and they used ion exchange 
chromatography on DEAE- Sephafore as one of the 
steeps for separation in a way to increase the bromelain 
specific activity. The highest enrichment factor in 
terms of activity was achieved in the chromatography 
performed using potassium phosphate at pH 7.0. They 
reported that the eluted bromelain was recovered with 
just 2.3 % of polysaccharide, which means an increase 
in specific activity. In fact, it increased from 0.52 U/ 
mg to 1.11 U/mg. 

Costa et al. (2014) employed two liquid 
chromatography steps: ion exchange chromatography 
(carboxymethylcellulose), followed by gel filtration 
chromatography for purification of bromelain and 
this method yielded a proteolytic value of 89% and 
purification factor of 16.93.

Precipitation
Among the practical methods being applied for the 

large-scale recovery and purification of proteins from 
dilute solution, protein precipitation is considered as 
a key operational process, which is used during the 
early stages of the downstream processing (Silva et al., 
2006). In this process, precipitation is usually induced 
by addition of a salt, an organic solvent, a non-ionic 
polymer, a metal, or by changing the pH to alter the 
nature of the solution (Novaes et al., 2016). 

Organic solvents such as ethanol, ketones, 
methanol, propanol, and other alcohols have been 
widely employed in protein precipitation (Novaes et 
al., 2016). Among the salts, ammonium sulphate is 

the most commonly used to precipitate proteins in a 
partially purified form (Nadzirah et al., 2013). This is 
due to its high solubility, which allows for solutions of 
very high ionic strength, low price, and availability of 
pure material. Additionally, NH4

+ and SO4
2- have been 

shown to stabilize protein structure (Duong-Ly and 
Gabelli, 2014).

The traditional methods for bromelain isolation 
by means of chemical precipitation usually comprise 
ammonium sulphate at 50%, acetone 80% and ethanol 
60%. In these methods, the recovery of bromelain 
activity is around 85% with a purification factor 3-4.90 
(Campos et al., 2017). However, when ethanol is used, 
there are some issues related to temperature increase 
when ethanol is added that require more complex 
control methods, and therefore makes this option 
unattractive (Coelho et al., 2014).

Precipitation methods have a lot of advantages 
such as low energy needed, efficiency to remove 
trace contaminants (Arshad et al., 2014), highly 
concentrated product, easy to apply at different scales, 
continuous operation viability at acceptable prices 
(Silvestre et al., 2012), simple equipment and many 
alternative precipitants, some of them inexpensive 
(Silva et al., 2006). 

On the other hand, the main problem of these 
methods is the use of high concentrations of salt or 
solvents that in most cases cannot be discarded in the 
environment, so they must be recovered at the end 
of the process (Campos et al., 2017). It also implies 
that further purification steps are needed to separate 
proteins from the contaminants (Duong-Ly and 
Gabelli, 2014), such as dialysis (Arshad et al., 2014). 
In the case of ammonium sulphate, the recovery of this 
high soluble salt is difficult, so an increase in the cost 
of the total process is implicit (Campos et al., 2017).

An important property in the precipitation process 
is temperature. Low temperature is favorable to avoid 
denaturation during precipitation (Arshad et al., 2014). 
This is because, at low temperature, the flexibility 
of biomolecules is less, reducing the penetration 
capability of the solvent and minimizing the loss of 
activity (Soares et al., 2012).

Silva et al. (2006) recovered bromelain from 
triturated pineapple stem by a precipitation process with 
99.5% alcohol at low temperature (5ºC) in a fed-batch 
stirred tank. They were concerned about designing a 
temperature controller for the experimental apparatus, 
so they did not discuss the yield of enzymatic activity.

Devakate et al. (2009) carried out the precipitation 
of bromelain by slow addition of ammonium sulfate 
at 4ºC, under constant stirring. They found that the 
fractions collected at 40-60% and 60-80% (w/v) salt 
saturation had the highest specific protease activity 
and protein content as compared to other saturation 
levels. More specifically, it was observed that the 
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40-70% (w/v) (NH4)2SO4 fraction contained 68% 
of the protease activity and an approximately 3-fold 
increase in specific activity compared to the crude 
fruit juice, showing that about 80% of bromelain from 
the pineapple was recovered. Bresolin et al. (2013), 
using almost the same range of saturation, 40-80%, 
recovered 75% of bromelain. 

Soares et al. (2012) purified bromelain from 
pineapple wastes by ethanol precipitation using 
different concentrations of this alcohol (20-90%) at 
0ºC. Their results showed that bromelain was recovered 
in the range of 30 to 70%, in which a purification factor 
of 2.28-fold was achieved, keeping more than 98% of 
the total enzymatic activity.

Silvestre et al. (2012) used pineapple peel to 
obtain enzymatic extracts that were purified by three 
precipitation routes: one with ammonium sulphate, 
an isoelectric one and another with ethanol. They 
observed that the ethanolic route gave the highest 
specific activity (10.7 U/mg protein), at an optimum 
pH of 7.0 and 70ºC.

Chaurasya and Hebbar (2013) studied the separation 
of bromelain by ammonium sulphate and acetone 
precipitation. The results with ammonium sulphate 
showed that the activity recovery and purification 
increased as the concentration of the salt increased up 
to 50% saturation, when the protein content as well as 
activity recovery decreased. At the 50% of saturation 
level, higher values of protein and bromelain activity, 
recovery and purification (28.13%, 86.26% and 
3.07-fold, respectively) were obtained. For acetone 
purification, the maximum precipitation (5.56) was 
obtained at 60% concentration, but the activity 
recovery was low (45.11%) compared to 85.97% 
obtained at 80% concentration with a purification of 
4.9-fold. 

Martins et al. (2014) purified bromelain from 
pineapple stem, bark and leaves by ethanol fractional 
precipitation at 4ºC. The results showed that bromelain 
was precipitated successfully in the 30-70% ethanol 
fraction, with a purification factor of 2.07-fold and 
yielded over 98% of enzyme recovery. Campos et 
al. (2017) isolated bromelain by precipitation with 
carrageenan, which is a polysaccharide. With fixed 
concentration of bromelain (3 mg/mL) at pH 4.6 and 
25ºC, the minimum concentration of carrageenan 
necessary to precipitate bromelain was around 0.005% 
w/v, very low compared to other traditional protein 
precipitation methods. They noted that bromelain 
maintained its biological activity, with a yield of 80%.

Membranes
Membrane technology and its equipment have 

become one of the most important techniques in 
industry. It has important economic and technical 
values and is therefore developing at high speed 

(Zhang et al., 2010). Micro and ultrafiltration have 
been recently gaining popularity in the bioseparation 
industries (Bala et al., 2012). In terms of protein 
separation, membrane filtration is one of the most 
common methods used due to the good results. Thus, it 
has been extensively used both in laboratory and large-
scale processes (Novaes et al., 2016). 

The membrane is a barrier that restricts totally or 
partially the transport of one or more chemical species 
present in the feed stream (Habert et al., 2006). In the 
case of ultrafiltration, the separation process is mainly 
based on molecular size differences (Bala et al., 2012) 
and the mass transfer rate during membrane filtration 
is governed by the pressure difference on both sides of 
the film (Novaes et al., 2016).

Bromelain can be purified from crude pineapple 
extract using membrane processes. In fact, membrane 
processes are considered the most attractive purification 
technology since they offers major advantages such 
as high throughput of product, scale up facilities due 
to the modular character, environmentally friendly, 
cost effective (Nor et al., 2016). Besides this, the 
processes are easy to operate, selective, can be applied 
in separation of thermolabile substances (Lima et al., 
2009) and produce less waste during purification (Nor 
et al., 2015). A study of bromelain production cost by 
introducing membrane processes reported a substantial 
cost reduction, from 6.5 to 8.5 times, compared to 
liquid-liquid extraction (Nor et al., 2017a).

Recently, many studies have been conducted 
into the development of novel membrane materials, 
optimization of membrane fabrication procedures, and 
understanding membrane transport mechanisms (Shi 
et al., 2017).

Ultrafiltration (UF)
UF is an attractive method for separation and 

concentration of proteins and has been widely used on 
laboratory and commercial scales. Such membranes 
have molecular weight cut-offs ranging from 3 to 100 
kDa (Ramli et al., 2017) and the permeate or retentate 
containing the protein of interest is further recycled 
until the desired concentration is achieved (Arshad et 
al., 2014).

Regarding bromelain purification, the required 
membrane pressure difference is between 0.5 to 4 bar, 
temperature range from 10 to 30ºC, pH may vary from 
4 to 8.5, with no corrosive compounds or chemicals 
involved (Nor et al., 2017a).

Some disadvantages of ultrafiltration are a long 
separation process and fouling (Arshad et al., 2014). 
Complex sugars such as polysaccharides in the 
pineapple extract affect membrane performance due 
to the agglomeration of these polymers with proteins 
under different physicochemical conditions, leading 
to severe fouling and significative flux decline (Nor 
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et al., 2015). Aiming to minimize this problem, UF 
membranes are frequently operated in crossflow mode 
to improve the hydrodynamics by decreasing the mass 
boundary layer, which may decrease the time intervals 
to recover the flux (Saeki et al., 2017). 

It has also been reported that additional steps of 
microfiltration, RME (reverse micellar extraction) and 
ATPS (aqueous two-phase system) before UF cause a 
significant increase in activity recovery (Arshad et al., 
2014).

Doko et al. (1991) purified bromelain from 
pineapple juice using an integrated process formed 
by a membrane stage (including microfiltration in 
an 8 µm mineral membrane and ultrafiltration in a 
polymeric film with molecular weight cut-off of 10 
kDa), followed by ammonium sulphate precipitation, 
ultracentrifugation and freeze drying. They reported 
a product with 98% of protein and increment of 2.8-
fold in bromelain content, but the losses in bromelain 
content and in its enzymatic activity were attributed to 
the adsorption of the protein on the organic membrane.

Lopes et al. (2009) recovered bromelain extracted 
from juice pineapple using microfiltration (polyvinyl 
fluoride, pore diameter of 0.1 µm) followed by UF 
(Millipore kit, 10 kDa, 4°C, 7000 rpm, 20 minutes). 
They previously filtered the juice through cotton and 
then studied the influence of pH (7.0 and 7.5) and 
membrane pressure difference (0.05 and 0.15 bar) on 
the activity recovery in a crossflow microfiltration 
process. They reported that pH 7.0 or 7.5, at 0.05 
bar, were best for the activity recovery of bromelain 
enzyme (approximately 90%). Moreover, UF produced 
a 10-fold concentrated bromelain extract.

Hebbar et al. (2012) studied the purification of 
bromelain from an aqueous extract of pineapple stem 
employing an integrated process of reverse micellar 
system and UF (membrane of cellulose acetate 5 kDa, 
1 bar). They reported an activity recovery of 95.8% 
and purification of 8.9-fold.

Nor et al. (2015) studied the physicochemical 
and rheological properties of pineapple crude waste 
mixture, CWM, (57% peel, 28% crown and 15% 
core) and related the results to membrane separation 
processes, aiming at the determination of the best 
operational conditions. The authors suggested the 
removal of pectin prior to UF due to the interaction 
of this polysaccharide with proteins and the polymeric 
membrane, as well as the increase in solution 
viscosity, which may increase the effects of fouling 
and, consequently, a flux decline of the process. They 
showed the Herschel-Bulkley rheological behaviour 
of different extracts and the effects of temperature 
and pH on the adjusted model. According to them, 
the membrane should have a molecular weight cut-off 
above 30 kDa or below 10 kDa for protein selectivity 
as permeate or as retentate, respectively, operating at 
20-25ºC and pH 7.

In another paper, the same group employed a two-
stage ultrafiltration with ceramic membranes of 75 and 
10 kDa to perform bromelain separation from CWM 
in crossflow mode. They reported an enzyme recovery 
of 96.8% in the first UF stage, with 11.6 kg/m2h, while 
the increment of enzyme specific activity was 2.5-fold 
in the second stage, with permeate flux of 6.2 kg/m2h. 
The highest flux was obtained when the pH of the feed 
was adjusted to 7, near the membrane isoelectric point 
(Nor et al., 2016).

Recently, they varied the membrane pressure 
difference from 1 to 2 bar and the crossflow 
velocity, from 0.16 to 0.30 m/s in the same two-
stage ultrafiltration ceramic membranes (75 and 10 
kDa, respectively). The fouling mechanisms were 
controlled by cake layer formation in stages 1 and 2, 
while the effect of pore blocking was also observed 
in the second membrane, probably due to the smaller 
pore diameter. The best bromelain recovery in stage 1 
was 96.1%, when the system operated at 2.0 bar and 
0.30 m/s. On the other hand, the highest enzyme purity 
(1.7-fold) was observed when stage 2 was conducted 
at 1.0 bar and 0.16 m/s (Nor et al., 2017b).

Gil and Maupoey (2018) investigated pineapple 
valorisation by means of bromelain extraction and 
bioethanol production in an integrated process. 
Simultaneous saccharification and fermentation 
showed an increased bioethanol yield (0.425 
gethanol/gglucose) compared to direct fermentation and 
saccharification and fermentation of the solid waste 
(0.375 gethanol/gglucose). Regarding bromelain extraction, 
the authors reported a 2-fold increase in enzyme 
concentration, with recovery of 53%. Proteolytic 
activity of the freeze-dried product ranged from 340 to 
805 GDU (gelatine digestion units). 

Affinity membranes (AM)
Affinity membranes have been used to separate 

protein such as the ones from whey, beverages and 
egg (Zhang et al., 2010). The idea is that AM might 
combine the outstanding selectivity of affinity resins 
with the high productivity associated with filtration 
membranes (Klein, 2000).

Basically, the surface of a membrane is chemically 
modified with ligands to impart biospecific separation 
selectivity at the molecular level, based on specific 
interaction between the ligands and the target molecules 
through the adsorption process (Honjo et al., 2013). 
Adsorption can be defined as the binding of a dissolved 
solute to a solid adsorbent. The use of adsorption with a 
wide variety of adsorbents is becoming more common 
in bromelain preparations (Arshad et al., 2014). In fact, 
the integration of membrane and adsorption seems to 
be more suitable for bioseparation because of its high 
selectivity (Ogata et al., 2013).

The advantages of AM over traditional purification 
are better removal of macromolecules, microorganisms, 
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and compounds that participate in fouling and improved 
quality of final product (Zhang et al., 2010), but the 
control of the degree and uniformity of modification is 
an issue to be pursued (Honjo et al., 2013).

The main reference about using an affinity 
membrane to separate bromelain is Zhang et al. (2010). 
They prepared a novel affinity membrane chemically 
modified with chitosan as a composite bilayer 
membrane, which in turn was covalently attached to 
Cibacron Blue, a stain specific to bromelain. It showed 
high bromelain adsorption capacity, 161.6 mg/g, and 
concentration of 2.5-fold regarding the feed stream. 
The experimental equilibrium data fitted the Freundlich 
isotherm. They also reported that the membrane was 
recovered and utilized for three times without losing 
its adsorption capacity.

PROCESS COMPARISON

Table 1 summarizes the advantages and limitations 
of each process, as well as some remarkable results. 
It is worth noting that the direct comparison of the 
published data is a difficult task due to the variety of 
bromelain sources and test conditions. In addition to 
it, the responses are not on the same basis, which may 
lead to huge discrepancies. However, it seems that the 
purification factor and activity recovery are quite usual 
and they are reported here as the main results of the 
literature.

ATPE showed the highest purification factor, 
although the activity of bromelain showed a 
remarkable decrease. One of the main disadvantages 
of this process is the high salt concentration, which is 
hard to recover aiming at reuse. This also leads to low 
purity of the product.

Precipitation also presents the same inconvenience 
of high precipitant content, which makes it unattractive 

regarding the environment. However, the good results 
together with low cost makes this process one of 
the most used nowadays, especially for commercial 
applications.

IEC is the most expensive technique due to the low 
separation efficiency, low recovery and small sample 
loading capacity. The higher purification obtained 
by combining IEC and gel filtration chromatography 
reported by Costa et al. (2014) should also be noted. 
This is an indication that the combination of process 
may lead to better results, which can be an interesting 
solution for the problem.

UF membranes seem to be a promising alternative 
to large-scale operation, since the fouling is controlled 
by means of crossflow modes, together with good pre-
treatment processes and periodic backflush. AM are 
still incipient and deserve more studies to be compared 
to the former processes.

As a matter of fact, the most common tendency is 
the combination of processes, such as microfiltration 
prior of ultrafiltration (Nor et al., 2017b), integration of 
reverse micellar systems with UF (Hebbar et al., 2012) 
and the use of pineapple extract as the source of other 
biochemicals in the process to make it economically 
viable (Gil and Maupoey, 2018).

CONCLUSION

Bromelain is of high interest in many fields and its 
recovery from wastes is potentially economical. The 
main separation and concentration techniques were 
presented in this review aiming at a comparison of the 
pros and cons of each one of them: precipitation, aqueous 
two-phase extraction, ion exchange chromatography 
and membrane filtration. Although the literature shows 
different aspects of the separation, such as enzymatic 
activity, bromelain concentration or purification of the 

Table 1. Comparison between the separation methods: advantages, limitations and remarkable results reported.
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product, it was possible to infer that the choice of a 
route should be done depending on the final application. 

Ion exchange chromatography is one of the most 
expensive methods, due to the small sample loading 
capacity combined with the high cost of materials 
used in this process. Precipitation and aqueous two-
phase extraction have the disadvantage of dealing with 
high salt concentration streams, which are difficult 
to discharge and recover. Membranes have been 
investigated to surpass the limitation of fouling by 
means of studying the effects of polysaccharides and 
other macromolecules on the flux decrease. The search 
for the effect of the conditions on the final product 
quality is of utmost importance and the use of hybrid 
processes may be a technical and economic solution. 
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