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a  b  s  t  r  a  c  t

Polygalacturonase  is one  of  the  important  enzymes  used  in  various  industries  such  as  food,  detergent,
pharmaceutical,  textile,  pulp and  paper.  A novel  liquid/liquid  extraction  process  composed  of  surfac-
tant  and  acetonitrile  was  employed  for the first  time  to  purify  polygalacturonase  from  Durio  zibethinus.
The  influences  of  different  parameters  such  as  type  and  concentration  of  surfactants,  concentrations  of
acetonitrile  and  composition  of  surfactant/acetonitrile  on  partitioning  behavior  and  recovery  of  polyga-
lacturonase  was investigated.  Moreover,  the  effect  of pH  of  system  and  crude  load  on  purification  fold  and
yield  of  purified  polygalacturonase  were  studied.  The  results  of the experiment  indicated  the  polygalac-
turonase  was  partitioned  into  surfactant  top rich  phase  with  impurities  being  partitioned  into  acetonitrile
bottom  rich  phase  in  the  novel  method  of liquid/liquid  process  composed  of  23%  (w/w)  Triton  X-100  and
19%  (w/w)  acetonitrile,  at 55.6%  of  TLL (tie line  length)  crude  load  of  25%  (w/w)  at  pH  6.0.  Recovery  and
recycling  of components  also was  measured  in  each  successive  step  of liquid/liquid  extraction  process.

The  enzyme  was  successfully  recovered  by the  method  with  a  high  purification  factor  of  14.3  and  yield
of  97.3%  while  phase  components  were  also  recovered  and  recycled  above  95%.  This  study  demonstrated
that  the  novel  method  of  liquid/liquid  extraction  process  can  be  used  as  an  efficient  and  economical
extraction  method  rather  than  the  traditional  methods  of extraction  for  the  purification  and  recovery  of
the valuable  enzyme.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction
Extraction process is traditionally based on a polymer/salt sys-
em, such as PEG/potassium phosphate, or a polymer/polymer
ystem, including polyethylene glycol (PEG)/dextran [1]. The slow

Abbreviations: BSA, bovine serum albumin; DNS, dinitrosalicylic acid; DTAB,
odecyltrimethylammonium bromide; DMRT, Duncan’s multiple range test;
NOVA, one-way analysis of variance; PEG, polyethylene glycol; PF, purification

old; SA, specific activity; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
lectrophoresis; TLL, tile line length.
∗ Corresponding author at: Department of Food Technology, Faculty of Food
cience and Technology, University Putra Malaysia (UPM), UPM, 43400 Serdang,
elangor, Malaysia. Tel.: +60 03 8946 8413; fax: +60 03 8948 5970.

E-mail addresses: Mehrnoush@upm.edu.my, mehrnoush amid@yahoo.com
M.  Amid).

ttp://dx.doi.org/10.1016/j.jchromb.2015.04.034
570-0232/© 2015 Elsevier B.V. All rights reserved.
segregation [2], the high cost of the polymers [3] and complications
in isolating the purified bio-molecules from the polymer [4] phase
are the main disadvantages of traditional methods of aqueous two
phase systems that employs a polymer/polymer or polymer/salt
mixture. In addition, the main drawbacks of the traditional methods
of aqueous two phase system are the fact that the phase-forming
chemicals cannot be recycled effectively, which results in large
consumption of chemical/polymers and high production costs [5].
It has also been widely reported that additional, tedious opera-
tions, such as ultra-filtration, diafiltration and crystallization, are
needed to remove the phase-forming chemicals/polymers from
the desired proteins recovered from these traditional ATPS [6]. To

improve the traditional aqueous two  phase system, a more eco-
nomical and environmental friendly aqueous two phase system
with the ability to retain the biological activity of enzymes is prefer-
able compared to other conventional aqueous two phase system.

dx.doi.org/10.1016/j.jchromb.2015.04.034
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jchromb.2015.04.034&domain=pdf
mailto:Mehrnoush@upm.edu.my
mailto:mehrnoush_amid@yahoo.com
dx.doi.org/10.1016/j.jchromb.2015.04.034
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 novel liquid/liquid extraction process composed of a surfactant
nd acetonitrile overcomes this drawback of the traditional ATPS
ethod. This system makes it possible to create two  phases and

he surfactant rich top phase and acetonitrile bottom phase can
e recycled with high recovery of purified enzyme [7]. The acetoni-
rile, CH3CN is a polar organic solvent has an ability to dissolve with
ater in any concentrations [8]. Acetonitrile has been widely used

n many industries such as solvent in manufacture of pharmaceu-
ical [9], used in molding the plastic materials [10], used to extract
atty acids from animal and vegetable oils [11], as a chemical inter-

ediate in perfume production [12], and also as a mobile phase in
igh-performance liquid chromatography [13]. Thus, the improved
liquid/liquid extraction process) can minimize the overall cost and
he separation process of target proteins from phase solution will
e simplified. Furthermore, recycling the solution components can
inimize environmental pollution. Polygalacturonase is pectin-

egrading enzyme complex that is the most abundant among all
f the pectinolytic enzymes. It acts as a hydrolytic depolymeriz-
ng group that hydrolyzes polygalacturonic acid chains by water
ddition [14]. It has been reported that the enzyme accounts for
5% of the global food enzyme sales [15]. Polygalacturonase shave
een used in many industrial and biotechnological processes, such
s fruit and beverage juice clarification, coffee and tea fermenta-
ion, oil extraction, wastewater treatment, textile and plant fiber
rocessing and paper making [16]. Durian (Durio zibethinus)  is one
f the important tropical commercial fruits in the world and pro-
uction of the fruit is increasing due to high demand for durian as a
ealthy and nutritive table fruit [17]. Durian is typically eaten fresh;
owever, only one-third of durian is consumable, whereas the
eeds (20–25%) and shell are commonly considered waste [18,19].

hile, durian seed can be used as a valuable, economical and
bundant media source to produce natural enzymes such as poly-
alacturonase. There are some researches to report of employing of
cetonitrile for sample separation [20,21,22]. However, to the best
nowledge of the researchers, there is no information regarding the
ecovery of polygalacturonase from durian seed using liquid/liquid
xtraction process composed surfactant and acetonitrile up to date.
n this study, the feasibility of recovering polygalacturonase by
ecycling the phase components in a novel liquid/liquid extraction
rocess for the first time was investigated. The partitioning effi-
iency of polygalacturonase in the liquid/liquid extraction process
nd the effects of the type and concentration of surfactants, concen-
ration of acetonitrile, composition of surfactants/acetonitrile and
rude load and pH were investigated to achieve a high purifica-
ion factor and yield of the polygalacturonase enzyme. Moreover,
he recycling recovery of the surfactant and acetonitrile at each
ecycling step was also investigated.

. Material and methods

.1. Materials

All chemicals and reagent were analytical grade. Bradford
eagent, 3,5-dinitrosalicylic acid (DNS), bovine serum albumin
BSA) and polygalacturonic acid were obtained from Sigma
hemical Co. (St. Louis, MO,  USA). Triton X-100, Tween 80,
odecyltrimethylammonium bromide (DTAB), sodium dodecyle

ulphate (SDS), acetic acid, sodium citrate, citric acid, d-
alacturonic acid, sodium potassium tartrate (NaKC4H4O6·4H2O)
ere obtained from Merck (Darmstadt, Germany). Durian (Durio

ibethinus) fruits were purchased from local market (Selangor,

alaysia). Ripened durian fruits free of visual defects were selected

ased on the size uniformity at the same stage of ripening. The fruits
ere stored in a cold room at 4 ◦C until used for the extraction
rocedure.
 B 993–994 (2015) 1–8

2.2. Extraction of polygalacturonase

Durian fruits (Durio zibethinus,  2 kg) were cleaned and rinsed
thoroughly with sterile distilled water and dried with tissue paper.
The fruit was de-husked, by cutting along the suture on the back
of the lobules. Durian seeds were washed and chopped, then
quickly blended for 5 min  at 1:6 g/ml sample to solvent ratio
(Model 32BL80, Dynamic Corporation of America, New Hartford,
CT, USA) with Tris–HCl buffer (pH 6.0) at room temperature. The
blended sample was  filtered through chessecloth (0.6 mm)  and
then centrifuged for 10 min  at 4 ◦C [23]. The feedstock was  kept
in a refrigerator at 4 ◦C until use for liquid/liquid extraction process
experiment.

2.3. Liquid/liquid extraction process composed of non-ionic
surfactants and acetonitrile

The systems for purification of polygalacturonase from durian
seed were prepared in graduated glass centrifuge tubes, weigh-
ing the appropriate amounts of each surfactant, acetonitrile and
crude feedstock with concentration of 25% (w/w) in the system.
Deionised water was added to the mixture to achieve the final mass
of 10 g. After the complete mixing of all components for a given
mixture composition, each system was centrifuged at 4000 × g for
10 min. After the two phases had become clear and transparent,
and the interface was  well defined, the bottom phase was carefully
removed using a long needle syringe and a pipette for remov-
ing the top phase. The volumes of both top and bottom phases
were recorded. Subsequently, the samples were then analyzed by
polygalacturonase activity assay and the quantification of protein
was carried out based on the Bradford analysis. Another tube with
the same phase-forming components but without feedstock was
prepared as a blank to avoid interference. Acetonitrile was appro-
priately measured with its appropriate dosage and concentration
and all the experiments were carried out at temperature below than
0 ◦C.

2.4. Phase diagram

The binodal curve, as determined by the cloud-point method
described by Albertsson [24], separates the one-phase and two-
phase areas. Several liquid/liquid extraction process was prepared
by mixing surfactant and acetonitrile solution in each tube. The
mixture was  initially turbid, indicating that two  phases would
eventually form. Distilled water was then added drop by drop,
and each drop was  followed by gentle mixing, until the turbidity
disappeared. The phase-transition points were approximated by
measuring the total weight of the added distilled water. The con-
centrations of the phase-forming components found in the final
system were calculated. The binodal curves were then plotted at
varying surfactant and acetonitrile concentrations. Tie line length
(TLL) describes the compositions of the two  phases, which are in
equilibrium and it was  calculated as follows:

TLL =
√

�P2 + �C2 (1)

where �P  and �C  are the difference between surfactant and
acetonitrile concentration, respectively, in the two phases. The
concentrations of surfactant and acetonitrile were analyzed by
refractive index and conductivity measurement, respectively.

2.5. Polygalacturonase activity assay and protein concentration

determination

Polygalacturonase activity was measured by determining
reduction groups released from polygalacturonic acid as substrate.
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Table 1
Effects of various phase compositions on the polygalacturonase activity of Durio
zibethinus.

Phase composition Concentration (%,w/w) Polygalacturonase activity

Triton X-100 20 100.1 ± 1.33 a

40 103.2 ± 0.01a

60 130.4 ± 0.21b

80 110.2 ± 0.00c

Tween 80 20 99.3 ± 0.11a

40 97.1 ± 0.21b

60 106.4 ± 0.22c

80 98.6 ± 0.57ab

DTAB 20 86.6 ± 0.10a

40 88.1 ± 0.07b

60 97.2 ± 0.12c

80 83.2 ± 0.52d

SDS 20 66.3 ± 0.32a

40 78.2 ± 1.42b

60 63.2 ± 0.09a

80 67.1 ± 0.32a

Acetonitrile 20 126.1 ± 0.07a

40 118.6 ± 1.10b

60 111 ± 0.22ab

80 98.2 ± 0.52c
M. Amid et al. / J. Chrom

he reaction mixture contained the enzyme (0.5 mL)  and polygalac-
uronic acid (0.5 mL)  which is dissolved in 100 mM solvent. The

ixture was incubated at 70 ◦C for 1 h in water bath. After incuba-
ion, DNS (1 mL)  was added to the mixture to stop the reaction
nd then the sample was boiled for 5 min. The released reduc-
ng sugar was  determined by spectrophotometry (BioMateTM-3,
hermo Scientific, Alpha Numerix, Webster, NY, USA) at 575 nm
sing galacturonic acid as standard reducing sugar. One unit (U)
f enzyme activity is defined as the amount of enzyme that catal-
ses the release of 1 �mol  polygalacturonic acid per minute [25].
he protein contents of samples were determined using dye bind-
ng method as described by Bradford [26] and BSA was  used as
tandard.

.6. Determination of the enzyme partitioning

The partition coefficient (K) of the polygalacturonase was calcu-
ated as the ratio of the polygalacturonase activity in the two phases
Eq. (2)):

 = AT

AB
(2)

here AT and AB are the polygalacturonase activities in units/ml in
he top phase and bottom phases, respectively.

The specific activity (SA) was defined as the ratio between the
nzyme activity (U) in the phase sample and the total protein con-
entration (mg) (Eq. (3)):

A (U/mg) = Enzyme activity (U)
[Protein] (mg)

(3)

The selectivity (S) was defined as the ratio of the lipase enzyme
artition coefficient (Ke) to the protein partition coefficient (Kp) (Eq.
4)):

 = Ke

Kp
(4)

The volume ratio (VR) was defined as the ratio of volume in the
op phase (VT) to that in the bottom phase (VB) (Eq. (5)):

R = VT

VB
(5)

The purification fold (PFT) was calculated as the ratio of the lipase
pecific activity in the top phase to the initial lipase specific activity
n the crude extract (Eq. (6)):

FT = SA of phase sample
SA of crude stock

(6)

Yield of lipase in top phase was determined using (Eq. (7)):

T (%) = 100
1 + (1/VR ∗ K)

(7)

here K is partition coefficient and VR is the volume ratio [27].

.7. Electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SDS-PAGE) with 6% stacking gel and 12% resolving gel were used
o analyze the samples from crude extract, top and bottom phase in
iquid/liquid extraction process. Samples were diluted in a sample
uffer and heated at 100 ◦C for 5 min. Electrophoresis was run at

0 V and 12 mA  for 1 h. The use of coomassie brilliant blue R-250
taining method followed by destaining in a solution containing
0% (v/v) methanol and 10% (v/v) acetic acid allowed the detection
nd observation of desired protein bands [28].
The sample sizes for all experiments were three. Mean values followed by different
letters (a–d) differ significantly (p < 0.05).

2.8. Statistical design and analysis

All the experiments were organized using a completely
randomized design with three replicates, repeated twice for repro-
ducibility. Mean values of triplicate data for all the parameters were
obtained and subjected to one-way analysis of variance (ANOVA).
The statistical significance was  accepted at p < 0.05 using Duncan’s
multiple range test (DMRT).

3. Result and discussion

3.1. The effect of surfactants and acetonitrile on
polygalacturonase activity

To determine the effect of each phase composition on the
polygalacturonase activity, crude feedstock polygalacturonase was
mixed with various compounds. Based on our preliminary stud-
ies, the enzyme is stable in the presence of Triton X-100, Tween
800, DTAB, SDS, and acetonitrile, which make the enzyme suitable
for partitioning in this novel method of liquid/liquid extraction
process. It is believed that surfactant promotes the availability
of reaction sites, which would increase the hydrolysis rate [29].
In addition, the surfactant could also increase the activity of the
enzyme and thus, reduce enzyme denaturation during the hydrol-
ysis [29,30]. It is also mentioned that the surfactant could increase
enzyme activity by affecting the enzyme-substrate interaction e.g.
adsorbed enzymes are prevented from inactivation by addition of
surfactant, which facilitates desorption of enzymes from substrate
[31–33]. The polygalacturonase was slightly activated by high con-
centration [60% (v/v)] of Triton X-100, Tween 80, DTAB, though
SDS partially inactivated the polygalacturonase activity (Table 1).
The phenomenon could be due to binding of ionic surfactant (SDS)
molecules to proteins, which can disrupt the native structure of
most globular proteins. Polygalacturonase activity was also deter-
mined for polygalacturonase mixed into different concentrations
of acetonitrile. It should be considered that the polygalacturonase

showed the high enzyme stability in the presence of acetonitrile.
It could be probably due to help of acetonitrile to maintain the
enzyme’s open conformation by exposing the active site crevice
and thereby stimulating polygalacturonase activity [34]. The result
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Table 2A
Partition behavior of polygalacturonase in different surfactant/acetonitrile systems.

System Concentration of surfactant/acetonitrile (% w/w) TLL (%, w/w) Selectivity Purification factor

TritonX-100/acetonitrile 16/19 52.2 65.81 ± 0.2a 4.21 ± 1.1a

21/23 55.6 82.14 ± 1.3b 9.11 ± 0.5b

25/26 56.0 51.04 ± 0.1c 7.55 ± 0.3c

30/28 63.8 26.01 ± 2.1d 5.84 ± 0.2d

Tween-80/acetonitrile 18/16 33.9 32.20 ± 2.1e 6.33 ± 1.3ab

21/20 37.0 33.82 ± 0.5e 4.32 ± 2.1e

23/23 44.1 28.15 ± 0.2ed 3.81 ± 0.1d

28/24 46.1 23.41 ± 0.3e 4.62 ± 0.3e

DTAB/acetonitrile 17/15 38.4 18.02 ± 0.3f 3.41 ± 0.3c

23/21 43.2 19.62 ± 1.1g 2.14 ± 0.2c

24/20 41.6 11.11 ± 0.4h 1.03 ± 1.1a

32/30 47.5 12.04 ± 2.1i 1.95 ± 0.3cd

SDS/acetonitrile 14/12 33.6 5.23 ± 1.2j 0.12 ± 0.4g
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tions, which preferentially begins with the formation of strong ionic
bonds between the surfactant polar groups, especially the charged
sites on the protein surface [42]. Therefore, it could decrease the
proper partitioning of the enzyme in the system, thus, reducing

Table 2B
Partition of polygalacturonase in different concentrations of Tritonx-
100/acetonitrile systems.

Triton X-100 (%, w/w) Acetonitrile (%,
w/w)

Purification
factor

Yield (%)

21 19 3.11 ± 0.5a 65.3 ± 0.5a

21 21 4.21 ± 1.1b 68.6 ± 0.2b

21 23 2.55 ± 0.3c 70.4 ± 1.1c

21 25 5.64 ± 0.2d 66.3 ± 0.3ab

21 28 5.58 ± 1.1e 78.3 ± 0.5d

23 19 10.71 ± 0.3f 87.6 ± 0.2e

23 21 8.83 ± 1.3g 84.4 ± 1.1f

23 23 8.42 ± 2.1g 78.3 ± 0.3g

23 25 7.61 ± 0.1h 79.3 ± 0.5g

23 28 6.72 ± 0.3b 77.6 ± 0.2e

25 19 3.83 ± 1.1ab 63.4 ± 1.1f

25 21 2.68 ± 1.3i 61.3 ± 0.3g

25 23 2.31 ± 0.3i 67.3 ± 0.5h

25 25 2.12 ± 0.2i 60.6 ± 0.2i

25 28 1.03 ± 1.1i 57.4 ± 1.1j

30 19 1.95 ± 0.3j 52.3 ± 0.3k

30 21 2.31 ± 0.2i 51.3 ± 0.5jk

30 23 1.82 ± 1.1k 53.6 ± 0.2j
19/17 

23/20 

28/24 

Table 1) showed that the higher concentration of the acetonitrile
60%, w/v) reduces the enzyme activity compared to the polygalac-
uronase activity observed in 20% (w/v) acetonitrile solutions. It is
ecause of denaturation of the enzyme in a higher concentration of
he acetonitrile.

.2. Phase diagram of surfactants and acetonitrile

The phase diagrams of the different surfactants (Triton X-
00, Tween 80, DTAB and SDS) with the acetonitrile are shown

n Fig. 1. The experimental phase diagrams for each surfactant
nd acetonitrile were determined at 298 K and atmospheric pres-
ure. The binodal curves associated with the Triton X-100 and
ween 80 were further from the origin than DTAB/acetonitrile
nd SDS/acetonitrile curves, indicating that non-ionic surfactants
mproved the overall solubility and miscibility in the system.
mongst the nonionic/acetonitrile systems, the binodal curves
f the Triton X-100/acetonitrile systems were closer to the ori-
in than the binodal curves of Tween80/acetonitrile systems. This
henomenon was attributed to Tween’s higher hydrophobicity
35]. Higher hydrophobicity causes poor acetonitrile solubility and

iscibility; thus, a lower concentration of phase components (sur-
actant and acetonitrile) is needed to form the two-phase system.
t should be noted that the aggregation number of micelles in Tri-
on X-100-rich phase is twice that in Tween 80-rich phase and the

icelle size of Triton X-100 is slightly bigger [36] than that of Tween
0 based on their micelle molecular weight.

.3. Selection of the optimal surfactants/aceronytryl liquid/liquid
xtraction process for the enzyme partitioning

Selectivity and purification factors of polygalacturonase in vari-
us surfactants and acetonitrile systems are presented in Table 2A.
t should be noted that the effect of surfactants on the enzyme
artitioning is dependent on the chemically selective interactions
etween the molecules, which may  be influenced by the enzyme
tructure and chemical property of the surfactant. Based on the
esults, the selectivity and purification factor of the polygalacturo-
ase in non-ionic surfactant/acetonitril system was significantly
p < 0.05) higher compared to ionic and cationic surfactants liq-
id/liquid extraction process (Table 2A). It could be because the
ctive site of enzyme in ‘closed’ form is shielded from the sur-

ace by protective amino acids surface loops called the ‘lid’ [37,38].
n the presence of non-ionic surfactants, the lid undergoes a con-
ormational rearrangement exposing the active site and creating
he active, open form of the enzyme [39]. Such a conformational
35.4 3.15 ± 1.3 0.09 ± 0.2
46.5 3.05 ± 0.2k 0.16 ± 0.3i

56.3 2.42 ± 0.4jk 0.08 ± 1.1j

change may  also be responsible for the observed higher activity
and partitioning of the enzyme in the presence of non-ionic sur-
factants. It should be considered that in this case, Triton X-100
increased the enzyme partitioning more than in Tween 80. The par-
titioning of the enzyme was  decreased in the presence of cationic
surfactant (DTAB). In fact, cationic surfactants are able to electro-
statically bind to negatively charged amino acid residues (acidic
amino acids), those involved in the active site interacting within
the protein, and can also disrupt the enzyme native conforma-
tion through hydrophobic interaction by their non-polar tail [40].
SDS, an anionic surfactant had the lowest efficient effect on par-
titioning of the enzyme. As mentioned earlier, it seems that the
binding of ionic surfactant molecules to proteins could be inter-
rupting the tertiary structure of proteins. It could be explained that
ionic surfactants interact with proteins through a combination of
electrostatic and hydrophobic forces [41], thus, the surfactant head
group will play a determining role in protein–surfactant interac-
30 25 0.11 ± 0.4l 48.4 ± 1.1l

30 28 0.08 ± 0.2m 32.3 ± 0.3m

The sample sizes for all experiments were three. Mean values followed by different
letters (a–m) differ significantly (p < 0.05).
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Fig. 1. The binodal curves for Triton X-100 (�), Tween

he enzyme purification factor. Based on the result the maximum
electivity (82.14) and purification factor (9.11) was  achieved in the
riton X-100/acetonytril system, hence, this system was selected
or future optimization of the surfactant/acetonitrile liquid/liquid
xtraction process.

To optimize the polygalacturonase partition efficiency in a
riton X-100/acetonytril system, 20 systems were evaluated.
hese systems systematically varied the Triton-100/acetonytril
oncentrations. According to Table 2B the optimal condition for
artitioning polygalacturonase was observed in the Triton X-100
3% (w/w) and acetonitrile 19% (w/w) system, which had a purifi-
ation factor of 10.71 and a yield of 87.6%. The results indicated
hat the polygalacturonase partitioning is better at low concentra-
ion of surfactants and acetonitrile. It should be noted that the high
oncentration of surfactants could negatively affect the amount of
olubilized enzyme and its catalytic actions. A similar trend was
bserved when the acetonitrile concentration was increased. This
as due to the gradual dehydration of the bottom phase as the
o-ionic surfactant concentration in the top phase increased, thus
ausing an imbalance that did not favor the polygalacturonase
etention in the top phase [43].

.4. The effect of crude feedstock concentration and total volume
f aqueous phase

An increment in crude load would be advantageous in the recov-
ry process of larger feed volumes by the liquid/liquid extraction
rocess. The impact of the loaded mass on the partition of enzymes

s important, as the loaded feed stock can alter the phase vol-
me  ratio [44] and the partition behavior of target protein [45].
he increasing amounts of both polygalacturonase and contami-
ants in the systems could result in a decrease of the liquid/liquid
xtraction process performance. Liquid/liquid extraction process
xperiments were carried out by varying the crude load up to 45%
w/w). Fig. 2 illustrates the effect of crude load on top polygalac-
uronase recovery. Based on the results, crude load of 25% (w/w) is
he maximum capacity on the basis of 10 g liquid/liquid extrac-
ion process. The selectivity and yield for the 25% (w/w) crude
oad liquid/liquid extraction process was 86.4 and 93.6%, respec-
ively. A higher amount of the sample loading into the liquid/liquid
xtraction process will decrease the volume ratio and affect the

omposition of the process. It appeared that the components in
he crude stock had changed the properties of the liquid/liquid
xtraction process; hence the process was not optimum for purifi-
ation of polygalacturonase. Such behavior can be explained by the
entration  (%,w/w) 

), DTAB (�), SDS (�) were plotted against acetonitrile.

increasing accumulation of precipitate at the interface, showing the
loss of polygalacturonases together with other contaminants in the
purification. Therefore, it is clear that a 25% of sample loading would
be feasible for the maximum top phase recovery of polygalacturo-
nase from the crude extract.

3.5. The effect of system pH on polygalacturonase partitioning

The partitioning of polygalacturonase in liquid/liquid extrac-
tion process at different pH value was  shown in Fig. 3. It is
well known that biomolecules partition in liquid/liquid extrac-
tion process is obviously influenced by pH of the system and
generally system pH affects the partitioning behavior of protein
by changing the charge of the target protein itself. In fact, the
manipulation of pH in liquid/liquid extraction process correlated
with electrochemical interactions between protein and solvent
in the system. These electrochemical interactions play an impor-
tant role in partition behavior of enzymes [46]. Polygalacturonase
has a (isoelectric point) pI about 5.9, so at pH 6.0 the polygalac-
turonase is slightly negatively charged and the partitioning will
mostly depend on the surface properties rather than the net charge.
Polygalacturonase, being a negatively charged molecule prefers to
partition to the hydrophobic phase. However, partitioning direc-
tion changed for the target enzyme, and it partitioned to the more
hydrophobic surfactant enriched top phase. This change of the
partition behavior of polygalacturonase was caused by the influ-
ence of the protein charge. Notably, the purification factor and
yield of the enzyme were decreased at pHs above 6.0. This phe-
nomenon could be due to the decreased enzyme activity at pHs
above 6.0 because the enzyme is active and stable at acidic pH,
and the activity may have decreased in the presence of natu-
ral/alkaline pH. Thus, the maximum purification factor (14.3) and
yield (97.3%) were obtained at pH 6.0. This phenomenon was
reported by Shahbaz and Omidinia [47], who purified recombi-
nant phenylalanine dehydrogenase by an liquid/liquid extraction
process. Thus, pH 6.0 was selected as the optimal pH in this
study.

3.6. Recycling of phase components

The very important advantage for this novel liquid/liquid extrac-

tion process was  that both phase-forming components could be
recycled with high recovery and more than 95% recoveries still
could be achieved at the fifth recycle relating to initial run (Table 3).
As shown in Table 3, there is only minor loss of the surfactant
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Table 3
The recycles recovery of surfactant and acetonitrile systems.

System Initial Recycle systems

First Second Third Forth Fifth

Recovery of surfactant (%) 99.6 99.2 ± 0.02 98.1 ± 0.2 97.7 ± 0.11 97.5 ± 0.03 97.3 ± 0.02
.8 ± 0

a
s
i
g
p
m
t
e
p
r
t
p

F
l

F
z

Recovery of acetonitrile (%) 98.9 98.2 ± 0.01 97

nd acetonitrile in the recycling steps whereas the recovery of the
urfactant could still be maintained at over 97% after five cycles
n relation to the initial amount. This could be explained by the
ood ability of the surfactant to take desirable protein into the top
hase after being reused several times. The surfactant reached its
aximum capacity to accommodate the negatively-charged pro-

ein; therefore the protein newly dispensed into the liquid/liquid
xtraction process could be partitioned into the surfactant-rich top

hase. The result also exhibited that almost 95% of acetonitrile was
ecovered in the recycling procedure, which makes the new sys-
em economical and suitable for application in industry as well as
rotecting the environment.
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ibethinus were calculated according equations 5 and 6, respectively.
.3 97.3 ± 0.02 95.2 ± 0.13 95.0 ± 0.01

3.7. Polygalacturonase recovery

The optimum condition of polygalacturonase recovery was
obtained in liquid/liquid extraction process comprising Triton X-
100/acetonitrile with TLL of 55.6% (w/w), 25% (w/w) crude load at
pH 6.0. The purity of the polygalacturonase from durian seed was
investigated employing 12% SDS-PAGE (Fig. 4). As shown in Fig. 4,
Lane 1 was identified as crude feedstock with lots of impurity bands.

Line 2 contained the sample of the aqueous phase, which indicates
lesser, and fainter bands than crude feedstock. The sample recov-
ered from the top phase indicated just one dark band at 34.4 kDa
(Lane 3). As such, this SDS-PAGE result indicated the efficacy of the
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Fig. 4. The purity of the partitioned polygalacturonase was assessed by 12% SDS-
P
M
t

p
o

4

c
w
p
c
a
m
1
o
t
p
e
b
s
r
c
l

A

t
t
M
W
S
t
i

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

AGE analysis. Molecular weight of standard protein marker ranged 6.5–42.7 kDa.
:  protein molecular marker; Lane 1: crude feedstock, Lane 2: liquid/liquid extrac-

ion process bottom phase; Lane 3: liquid/liquid extraction process top phase.

urification technique in this study which gives maximum recovery
f polygalacturonase from Durio zibethinus.

. Conclusion

In this study, the effect of type and concentration of surfactants,
oncentration of acetonitrile, TLL, crude load feedstock, and pH
as evaluated due to optimization of novel liquid/liquid extraction
rocess employed for future recycling experiments. The optimum
ondition was obtained at 23% (w/w) Triton X-100 and 19% (w/w)
cetonitrile with 55.6%TLL, 25% crude load at pH 6.0. In the opti-
ized condition, a high yield of 97.3% and a purification fold of

4.3 of purified polygalacturonase were obtained. More than 95%
f phase components were recycled from the liquid/liquid extrac-
ion process based on surfactant/acetonitrile. The direct recovery of
olygalacturonase from durian waste employing the liquid/liquid
xtraction process based on surfactant/acetonitrile was shown to
e a successful method for purification of the enzyme from fruit
ource. This study also indicated that the phase components can be
ecycled and reused, resulting in this procedure being more effi-
ient, economical and providing a mild environment especially for
arge scale production of the enzyme from fruit waste.
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