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Research Article

Extractive disruption process integration using
ultrasonication and an aqueous two-phase
system for protein recovery from Chlorella
sorokiniana

Microalgae emerge as the most promising protein sources for aquaculture indus-
try. However, the commercial proteins production at low cost remains a challenge.
The process of harnessing microalgal proteins involves several steps such as cell dis-
ruption, isolation and extraction. The discrete processes are generally complicated,
time-consuming and costly. To date, the notion of integrating microalgal cell dis-
ruption and proteins recovery process into one step is yet to explore. Hence, this
study aimed to investigate the feasibility of applying methanol/potassium ATPS in
the integrated process for proteins recovery from Chlorella sorokiniana. Parameters
such as salt types, salt concentrations, methanol concentrations, NaCl addition were
optimized. The possibility of upscaling and the effectiveness of recycling the phase
components were also studied. The results showed that ATPS formed by 30% (w/w)
K5;PO, and 20% (w/w) methanol with 3% (w/w) NaCl addition was optimum for
proteins recovery. In this system, the partition coefficient and yield were 7.28 and
84.23%, respectively. There were no significant differences in the partition coefficient
and yield when the integrated process was upscaled to 100-fold. The recovered phase
components can still be recycled effectively at fifth cycle. In conclusions, this method
is simple, rapid, environmental friendly and could be implemented at large scale.
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mand has caused an inevitable increase in the price of fish-
meal [1,4], and this could ultimately impede the sustainability
of aquaculture sector [7]. The other alternative protein source to

Fishmeal is an excellent foundation of aquaculture feed for-
mulation [1] due to high quality and high digestibility of pro-
teins [2, 3]. Nonetheless, the growing demand for protein feed
sources in aquaculture industry greatly affects the supply and
price of fishmeal [4-6]. The imbalance between supply and de-
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replace fishmeal is soybean crops [2, 6,8]. However, soybean is
not an ideal fishmeal replacer for cultured fish due to a few lim-
itations. These include the low digestibility of protein [5,9] and
the existence of anti-nutritional factors. Furthermore, deficiency
in certain essential amino acids such as methionine, lysine and
cysteine will cause significant changes in the nutritional quality
of the cultured fish and thus additional investments for the addi-
tion of synthetic amino acids is required [10,11]. In view of this,
it is crucial to look for a new protein sources that could supply
comparable nutritional value in a sustainable and economical
way for aquaculture industry [4]. Recent literature reported that
there is an increasing popularity of using microalgae as the most
promising alternative to conventional protein sources for fish
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farming [1, 12-15]. This is mainly due to their high protein
content [16-18] and nutritional quality [5] with adequate bal-
ance of essential amino acids [19]. Studies on various microalgae
revealed that besides lipid and carbohydrate [20], protein is also
one of the major constituents of the microalgae biomass [17] and
is higher than the most widely-cultivated soybean crops [21].
Microalgae can be cultivated in indoor and outdoor environ-
ments [22], whereby the indoor cultivation of microalgae is
unaffected by seasonal variations [23, 24]. Microalgae are tiny
in size compared to the other higher plants but possess a num-
ber of attractive attributes which offer several advantages over
conventional crops [14,25]. These include high photosynthetic
efficiency [18,26], high growth rate [27-29] and amenable to
mass culture with minimum land space requirement [30].

Nonetheless, the mass production of microalgal proteins
presents a significant challenge especially in the downstream
processing. The process of proteins recovery from microalgae
includes the isolation and extraction of proteins after being ex-
posed to cell disruption [31]. The conventional discrete pro-
cesses are generally time-consuming, tedious, complicated, re-
quire high energy input and would lead to difficulty for a smooth
operation [32]. The use of traditional separation techniques
such as chromatography involves high cost, batch operation, low
throughput and complex scale-up [33], whereas the elimination
of cell debris by high-speed centrifugation or cross-flow mem-
brane filtration may be difficult to achieve at large scale [31].
Furthermore, a higher number of processing steps would result
in higher product loss due to the loss of some quantity of target
biomolecules in each operational step [32,34].

It has been reported that most of these limitations can be
overcome by using aqueous two-phase systems (ATPS) in the
downstream processing [32,35]. A number of operational steps
involved the use of conventional techniques can be replaced
by ATPS, making the whole process more cost effective [36].
ATPS enable the extraction and isolation of target product from
cell debris by concentrating them into one of the phases [37].
There are many other advantages of using this well-established
method in downstream processing. These include simplicity in
operation, high effectiveness, low cost [32, 38, 39], rapid mass
transfer and phase equilibrium, gentle due to the presence of
high water content in both phases, low interfacial tension of
phases [38], rapid separation with little denaturation, high se-
lectivity, biocompatibility, low energy requirement and potential
for upscaling [32,40]. Previous studies reported that ATPS able
to separate intracellular proteins from cell debris [33] or other
soluble cell components [34,41]. In the process of extracting pa-
pain from wet Carica papaya latex, ATPS showed higher recov-
ery (88%) with a much shorter processing time than traditional
procedure involving a two-step salt precipitation (49%) [42].
The purification of selective proteins namely photosynthetic
pigment C-phycocyanin [43] or non-chlorophyll accessory pig-
ments such as fucoxanthin [44] from microalgae using ATPS have
also been studied recently. The efficiency of biomolecules parti-
tioning in ATPS can be manipulated and improved significantly
by altering various parameters, such as the concentration of the
phase component, biomolecule size, affinity of the molecules
for the phase-forming component, pH [38] and system
temperature [32,45,46]. Various compounds such as polyethy-
lene glycol (PEG), dextran, salts, and ionic liquids can be used
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for the formation of ATPS. ATPS formed by alcohol and salt
is simple, low-cost, characterized by low viscosity, short phase-
separation time and high polarity [47]. Additionally, the phase-
forming components can be recovered easily for reuse after aque-
ous two-phase extraction [47]. Alcohol can be recovered using
evaporation method whilst salt can be recycled by dilution crys-
tallization method [48,49]. These characteristics contribute to
the easy upscaling of alcohol/salt ATPS for industrial scale [48].
However, extensive research concerning the recycling of the phase
components from this type of ATPS is still limited.

In the recent years, the notion to implement process inte-
gration into the industrial scale of bioproducts recovery process
is of great practical and economic interest [50,51]. Previous
study demonstrated that the attempt to recover intracellular
proteins from bakers’ yeast using process integration wherein
cell disruption and ATPS were integrated into one single step
was realizable [31]. Integrated method offers considerable po-
tential benefit for the recovery of intracellular proteins. Studies
showed that the direct integration of cell disruption with pri-
mary recovery unit operations enable faster processing with less
opportunity for target modification or degradation. This could
enhance both the yield and molecular quality of protein prod-
ucts [31,52]. Besides reducing the number of operational steps,
this method could also lessen waste, reduce energy consumption
and consequently decrease the overall cost [38,39].

Due to the growing significance of protein sources for aqua-
culture sector, the effort to commercially harness proteins from
microalgae at large scale with minimum processing cost is gar-
nering worldwide attention. Process integration is a promising
approach towards reducing overall production cost by simplify-
ing the total number of unit operations in downstream process-
ing. An interesting review written by Benavides et al. in 2008 has
provided comprehensive information on the potential achieve-
ment of process integration based upon ATPS strategies [50].
They expressed concerns about the restricted development of
ATPS-based bioprocess, which is due to poor understanding
and characterization of the effects of ATPS influential param-
eters on the partitioning of a particular compound [50]. In
view of this, this study aimed to investigate the feasibility of
using methanol/potassium salt ATPS in the integrated process of
cell disruption and proteins recovery from protein-rich strain of
Chlorella sorokiniana. The effects of different ATPS variables such
as types of salt, the concentrations of methanol and potassium
salt, the addition of sodium chloride (NaCl) on the partition-
ing behaviour of proteins were determined to obtain maximum
proteins yield from microalgae under optimum conditions. In
addition, the possibility of upscaling and the effectiveness of us-
ing the recycled phase components at each recycling step were
also investigated.

2 Materials and methods
2.1 Materials
The bicinchoninic acid (BCA) protein test kit with bovine serum

albumin (BSA) standards included in (71285-3) was purchased
from Merck. Chemicals such as methanol, NaCl, tripotassium
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phosphate (K5;PO,) and dipotassium phosphate (K,HPO,) were
purchased from Sigma Aldrich.

2.2 Microalgae

C. sorokiniana, which belongs to the division of Chlorophyta and
Trebouxiophyceae class, was provided by National Cheng Kung
University, Taiwan for this study. The microalgae were cultivated
in a laboratory-scale photobioreactor to produce maximum
biomass. Next, the frozen paste of crude microalgal biomass was
freeze dried for 48 h using freeze dryer. After that, the biomass
was manually ground into fine powder using a mortar for the
subsequent studies of cell disruption and proteins recovery in
the process integration. This freeze drying process mainly served
to dry the microalgal biomass and was not part of the extractive
disruption integrated process. Freeze drying is broadly used for
dewatering of microalgal biomass. It is a gentle processing tech-
nique which enables the preservation of all the cell constituents
without causing damage to the cell wall [53-55]. Besides ease of
storage, the microalgal stocks were prepared and used in dried
biomass form throughout the study. This was to standardize the
starting materials and avoid measurement errors associated with
liquid carry-over in microalgae fresh weight [56]. As all sam-
ples were being treated equally, this shall normalize the effect of
freeze drying, hence the results would be strictly depends on the
subsequent differential treatments for comparison.

2.3 Phase diagram

The phase diagrams for 10-55% (w/w) methanol/ 4-40%
(w/w) K;HPO, and 10-60% (w/w) methanol/ 4-40% (w/w)
K;PO, were constructed according to the turbidometric titration
method which has been described in detail by Albertsson [57].
In this experiment, a mixture of methanol and potassium salt
of known amount was titrated drop-wise with the appropriate
amount of distilled water until the mixture turned clear. This
indicated the formation of one phase. Drop-wise titrations were
carried out on an electrical balance. The mixture was mixed con-
stantly after each droplet. The total weight of water added was
measured and the resultant compositions of methanol and potas-
sium salt at the point of transition were calculated. The above
procedures were repeated to obtain sufficient binodal points.
Phase diagrams were then plotted at varying methanol and salt
concentrations based on the binodal points.

2.4 Process integration of ultrasonication-assisted
disruption and aqueous two-phase extraction for
microalgal proteins recovery

This section describes the procedures of process integration in
which both ultrasound-assisted disruption and aqueous two-
phase extraction were integrated into one process and carried
out simultaneously. Appropriate amounts of potassium salt, wa-
ter and methanol were weighed into a 15 mL centrifuge tube.
Subsequently, 0.2% (w/w) or 0.02 g of dry microalgal biomass
was added to each system to obtain a final total weight of 10 g.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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All components of the system were measured by weight. After
thorough mixing by a vortex mixer, each mixture was exposed
to ultrasonication for 20 min. Subsequently, the mixture was
centrifuged at 4000 rpm for 5 min for the complete formation of
biphasic system. The volume ratio of each system was recorded
and protein concentrations in the top and bottom layer of ATPS
were estimated, respectively, by BCA assay. All experiments were
carried out at room temperature for at least three independent
trials.

2.5 Optimization of ATPS

Optimization of ATPS was performed based on four parameters
to achieve maximum protein recovery from microalgae. Param-
eters such as types of salt (K;HPO, and K;PO,), salt concen-
trations, methanol concentrations and NaCl addition (0-5%)
(w/w) were investigated in this study. The concentration of the
salt and methanol were selected based on the phase diagram
(above the binodal curve) constructed in Section 2.3, in which
the mixture of both components able to form two immiscible
aqueous phases. The volume ratio of each system was recorded
and protein concentrations in the top and bottom layer of ATPS
were estimated, respectively, by BCA assay. All experiments were
carried out at room temperature for at least three independent
trials.

2.6 Upscaling of ATPS

After optimization, the chosen system was scaled up to a final
total weight of 1000g which composed of appropriate amount
of potassium salt, methanol, water and microalgae. The sam-
ple preparation steps were carried out similar to the procedures
mentioned in Section 2.5. The volume ratio of each system was
recorded and protein concentrations in the top and bottom layer
of ATPS were estimated, respectively, by BCA assay. All exper-
iments were carried out at room temperature for at least three
independent trials.

2.7 Morphological observation of microalgae cells

Microscope slides of microalgal cells before and after subjected
to process integration were prepared for microscopy observa-
tion. A drop of water containing microalgal cells was placed
onto a microscope slide and checked under a light microscope.
Images were captured to evaluate the morphological changes of
the treated cells compared with the untreated cells (control).

2.8 Recycling of phase components

The effectiveness of using recovered phase components of the
integrated process was evaluated in this section. After centrifu-
gation, the methanol-rich top phase which was separated from
the salt-rich bottom phase was then subjected to evaporation
for recycling. The recycled methanol was then mixed with the
bottom phase recovered from the primary system to form a
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secondary two-phase system. Separation of cell debris was per-
formed between cycles. Appropriate amounts of fresh methanol,
water and potassium salt were added in to account for phase
components losses from the system, when deemed necessary.
Five successive recovery operations were performed by repeat-
ing the same procedures. The volume ratio of each system was
recorded and protein concentrations in the top and bottom layer
of ATPS were estimated, respectively, by BCA assay. All exper-
iments were carried out at room temperature for at least three
independent trials.

2.9 Protein analysis using colorimetric method: BCA
assay

The total protein concentrations were estimated by the BCA pro-
tein assay according to the user manual of Merck protein assay
kit. A total of 25 uL of sample was mixed with 200 L of the
working reagent in a 96-well plate and subsequently incubated
for 30 min at 37°C. The absorbance was measured at 562 nm
using microplate absorbance reader. BSA was used as a protein
standard to construct a calibration curve. To eliminate interfer-
ence from the phase components, samples were analyzed against
a set of blanks containing the identical phase system without
microalgae. All the protein content estimations were carried out
in triplicate. The spectrophotometric absorbance readings were
converted to protein concentrations (;1g/mL) using an equation
generated from the BSA standard curve.

2.10 Calculation

The partition coefficient (K) of the proteins is defined as the
ratio of the proteins concentration in the two phases:

K =A1/Ag (1)

where Ar and Ay represent the equilibrium concentration of
the partitioned proteins (;g/mL) in the top phase and bottom
phase, respectively.

The volume ratio ( Vr) was calculated according to the follow-
ing equation:

Vi =V /Vg (2)
where Vi symbolizes the volume of top phase; Vi denotes the
volume of bottom phase

Yield of soluble proteins in top phase was determined to
evaluate the recovery performance:

100
YO o] v

where Vris the volume ratio; K is the partition coefficient

2.11 Statistical analysis
Results were expressed as the mean £ SD of three replicates. Data

were statistically analyzed at a 95% confidence level either using
one-way analysis of variance (ANOVA) or two-sample #-test.
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3 Results and discussion
3.1 Phase diagram

ATPS is a liquid-liquid fractionation method [32] which is com-
posed of two liquid phases of structurally different components
that are immiscible when the limiting concentrations are ex-
ceeded [36]. Reliable phase diagram are beneficial to the selection
of an appropriate ratio of the phase composition when designing
an ATPS. Information about concentration of phase-forming
components required to form two phases, the salting-out and
phase-separation abilities as well as the ratio of phase volumes
can be extrapolated from the phase diagram [58]. The distinct
boundary of the phase separation presented on the diagram (Fig.
1A and B) is known as a binodal curve. It divides a region of com-
ponent concentrations that will form two immiscible aqueous
phases (beyond the curve) from those that will form one phase (at
and below the curve) [36]. Exclusion of hydrophilic solvents and
salts crystallization are the two common phenomena resulted
from the mutual competition between hydrophilic solvent and
salt for water molecules [58].

The two systems considered in this study were two aque-
ous phases of different natures: a predominant hydrophobic top
phase constituted mainly of methanol and a more hydrophilic
salt-rich bottom phase. The aqueous solutions of different types
of phosphate salt confer different pH values for each system, with
pH range approximately 10.4-10.8 and 12.8-13.6 for K,HPO,
and K;PO,, respectively (Fig. 1A and B). Previous studies re-
vealed that the alkaline solution was effective in serving the dual
purpose of disrupting cell wall and solubilizing proteins from mi-
croalgae [59, 60]. Alkaline treatment could act in synergy with
the mechanical characteristics of the microalgal cell envelope,
resulting in a significant increase of the protein release in the
aqueous phase [13,61]. Also, the alkaline solution could im-
prove the solubility of proteins by inducing net electrical charges
on the amino acid residues [62].

By referring to the phase diagrams illustrated in Fig. 1A and
B, the appropriate concentrations of methanol and potassium
salt (above the binodal curve) that can induce phase separation
to yield two phases were chosen for the optimization of proteins
recovery from microalgae in this study. The influences of potas-
sium salt types, salt concentrations, methanol concentrations,
NaCl addition, the effectiveness of reusing the recycled phase
components and the possibility of upscaling were investigated
by means of partition coefficient and proteins yield.

3.1.1  Effect of salt types

Water-miscible methanol has the ability to form ATPS with the
kosmotropics salts, namely K,HPO, and K3PO, [63]. The multi-
valent anions PO4°~ and HPO4* have a great influence in induc-
ing phase separation. These strong salting-out inducing anions
tend to create ion-hydration complexes by excluding water from
the alcohol-rich phase, favouring the formation of ATPS [64].
The selection of the best phase-separation salt with a high salting-
out ability is the primary step in designing ATPS for efficient
proteins recovery from microalgae. Figure 2A and B showed that
the proteins partitioning behaviour in ATPS was influenced by

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Phase diagrams of (A)
methanol/dipotassium  phos-
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phate ATPS with approximate
pH range 10.4-10.8; and (B)
methanol/tripotassium  phos-
phate ATPS with approximate

the type of potassium salts, resulting in varying partition coeffi-
cients and yields. The influence of different salt types on proteins
partitioning can be explained by the nature of the salt ions and
the system’s net charges [65]. The non-uniform distribution of
the salt ions between two phases and the difference in the electric
potential were reported to have great impacts on the movement
of proteins to the other phase through electrostatic repulsion or
attraction [65].

Sample with higher partition coefficient value suggested that
majority of the proteins were concentrated in the methanol-rich
top phase. Overall, it was found that better proteins partitioning
was achieved with ATPS composed of K3PO,, whereas the pro-
teins partition efficiency was lower in the system with K,HPO,
salt (Fig. 2A and B). For example, when comparing both salts at
the same concentration of 25% (w/w), the partition coefficient
of K;PO, (5.47) was noticeably higher than K,HPO, (4.46) (Fig.
2A and B). This phenomenon can be explained by the Hofmeis-
ter series which describes the classification of ions based on their
salting-out ability and phase separation influence in aqueous

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pH range 12.8-13.6.

media. The relative effectiveness of salt types in promoting phase
separation in this study was seen to follow the Hofmeister series:
K;PO, > K,HPO, [66,67]. As such, ATPS formed by K; PO, was
chosen for the subsequent studies.

3.1.2  Effect of salt concentration

Besides the salt types, salt concentrations also have strong effect
in controlling the distribution of proteins in ATPS. Figure 2B
showed that the partition coefficient was enhanced significantly
from 4.34 to 6.05 (p < 0.05) when the salt concentrations of
K;PO, were increased from 20% (w/w) to 30% (w/w), while
the methanol concentration remained constant at 30% (w/w).
The increase in partition coefficient value could be due to the
hydrophobic interaction and net charge effect which may have
strong contributions to the preferential migration of proteins
in ATPS [68]. However, when the K;PO, concentration of the
system was increased above 35% (w/w), the bottom phase of the
system was found to have incompatible issue with BCA protein
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Figure 2. Effect of (A) dipotas-
sium phosphate concentration;
and (B) tripotassium phos-
phate concentration on parti-
tioning and yield of proteins.
The optimization of the system
was performed by varying the
potassium salt concentration.
Above dipotassium phosphate
concentration of 37% (w/w) and
tripotassium phosphate concen-
tration of 35% (w/w), respec-
tively, white insoluble complex
was formed upon the addition
of BCA working reagent into the
sample and blocked absorbance
measurement. Partition coeffi-
cient and yield were calculated

partition coefficient (K)

20 25 30

15

Tripotassium Phosphate Content (%, w/w)

using Egs. (1), and (2), (3), re-
spectively. The results were ex-
pressed as the means of tripli-

35

assay (Fig. 2B). The formation of insoluble white complex was
clearly seen upon the addition of BCA working reagent into
the sample. The same incompatible issue was also observed in
the ATPS containing 38% (w/w) K;HPO, and above (Fig. 2A).
Based on the results illustrated in Fig. 2B, ATPS formed by 30%
(w/w) of K3PO, and 30% (w/w) of methanol showed the highest
partition coefficient of 6.05 (p < 0.05) and was thus selected for
the subsequent studies.

A similar trend had also been reported in an experiment to
partition fish proteins from fish processing industrial effluent
using ATPS formed by 15% of PEG2000 (w/w) with increasing
salt concentrations. It was explained that at higher salt con-
centration, the ions decreased the solubility of proteins in the
salt-rich bottom phase (salting-out effect), with decreasing free
water available in the bottom phase for the protein dissolu-
tion. The salting-out effect of the salt over proteins increased
the hydrophobic interaction between the proteins and polymer
phase, leading to the partitioning of the proteins to top phase
[65].

362

cate readings (mean =+ SD).

3.1.3  Effect of methanol concentration

The influence of methanol concentrations on proteins partition-
ing was carried out with varying concentrations, while main-
taining the concentration of K;PO, at 30% (w/w). It should be
noted that according to the phase diagram of K;PO,, the mini-
mum limit of methanol capable of forming two phases should be
above 16% (w/w). Therefore, the concentrations of the methanol
selected in this study were from 20% (w/w) to 40% (w/w). How-
ever, the bottom phase of the system containing 30% (w/w)
K;PO, and 40% (w/w) methanol formed insoluble white com-
plex when reacted with the BCA working reagent.

Contrary to what was observed with the potassium salt con-
centration effect, decrease in the concentration of methanol led
to higher partition coefficient of proteins (Fig. 3). This was a good
phenomenon because the decrease in the amount of methanol
can efficiently save the cost of separation [69] and proteins which
preferentially partitioned to the methanol-rich top phase can
be concentrated with lower volume ratio. Similar observations
were reported in the previous studies using alcohol/salt system

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to recover lipase [49] and human interferon alpha-2b [70], re-
spectively. The decrease in the partition efficiency was due to
the gradual dehydration of the bottom phase when the alcohol
concentration was increased in the top phase, causing an imbal-
ance of partitioning which was not conducive for the retention
of target biomolecules in the alcohol-rich top phase [49, 70].
It was found that ATPS formed by 30% (w/w) K;PO, and 20%
(w/w) methanol exhibited the maximum partitioning coefficient
0f6.72 (p < 0.05) and the yield of the extraction was 80.77 % (p <
0.05) (Fig. 3). Hence, this system was chosen for the subsequent
optimization studies.

3.1.4  Effect of NaCl addition

The addition of NaCl into the system could alter the proteins par-
titioning. In this study, the ATPS formed by 30% (w/w) of K;PO,
and 20% (w/w) of methanol was used to investigate the effect of
different NaCl concentrations ranging from 0 to 5% (w/w) on
the partitioning of proteins. The effect of NaCl salt on proteins
partitioning expressed in partition coefficient and proteins yield

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Effect of methanol con-
centration on partitioning and yield
of proteins. The optimization of
the methanol/tripotassium phos-
phate system was performed by vary-
ing the methanol concentration from
20-40% (w/w), while the concentra-
tion of K3PO, was maintained at 30%
(w/w). Above methanol concentra-
tion of 40% (w/w), white insoluble
complex was formed upon the addi-
tion of BCA working reagent into the
sample and blocked absorbance mea-
surement. Partition coefficient and
yield were calculated using Egs. (1),
and (2), (3), respectively. The results
were expressed as the means of trip-
licate readings (mean =+ SD).

partition coefficient (K)

Figure 4. Effect of sodium
chloride (NaCl) concentration
on partitioning and yield of
proteins. The optimization of
the methanol/tripotassium
phosphate system was per-
formed by varying the NaCl
concentration  from  0-5%
(w/w). However, precipitation
at the bottom phase was ob-
served due to salt saturation
when the concentration of NaCl
was added above 3.5% (w/w).
Partition coefficient and yield
were calculated using Egs. (1),
and (2), (3), respectively. The
results were expressed as the
means of triplicate readings
(mean £ SD).

[N . . B = TN B e o]

partition coefficient (K)

[

is shown in Fig. 4. Based on the results, the partition coefficient of
the ATPS was generally improved with increasing NaCl concen-
trations. However, further addition of NaCl salt from 3.5% (w/w)
onwards would lead to the salt precipitation at the bottom phase.
This was because the solution has reached its saturation point
and can no longer dissolve any more NaCl salt. As illustrated in
Fig. 4, system that contained 3% (w/w) of NaCl addition showed
the highest partition coefficient (7.28) and yield (84.23%), which
suggested that most of the hydrophobic proteins were migrated
to the methanol-rich top phase. Even though ANOVA analysis
showed that NaCl was not statistically significant in influencing
the partition behaviour of the integrated system, it was observed
in this experiment that the speed of phase separation of ATPS was
found to be accelerated upon the addition of NaCl and was par-
ticularly obvious at 3% (w/w). This phenomenon is favourable
in the large scale process which implied that phase separation of
the system is possible to be achieved without requiring the aid of
centrifugation which is relatively energy-intensive. By consider-
ing these two factors, system that contained 3% (w/w) of NaCl
addition was chosen for the next experimental step.
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Table 1. ATPS integrated system containing 30% of K3PO,, 20%
methanol with 3% of NaCl addition was scaled up to a final total
weight of 1000 g. Partition coefficient, volume ratio and yield were
calculated using Eqgs. (1), (2) and (3), respectively. The results
were expressed as the means of triplicate readings (mean % SD)

Integrated system Small scale Big scale
Final total weight (g) 10 1000

Volume ratio (V,) 0.7440.03 0.74 £0.03
Partition coefficient (K) 7.28 +0.22 6.88 +0.13
Yield (%) 84.23 £0.22 84.26 £ 0.30
Total recovered proteins (mg) 3.60 £ 0.18 347.07 4+ 3.38

These findings were in agreement with several previously
published literatures. Researchers agreed that ATPS added with
NaCl could speed up the phase separation by affecting the phase
potential and improve the hydrophobic resolution of the system
due to the generation of difference in electrical potential between
the two phases [36,37,71]. In addition, specific interactions be-
tween salts and proteins were believed to be responsible for pro-
teins partitioning efficiency [72]. In the ATPS composed of PEG
and poly(acrylic acid) (PAA), the partition coefficient of BSA
increased from 2.75 to 6.4 with increasing NaCl concentrations
(from 0 to 1M), indicating that the addition of NaCl promoted
the migration of BSA to the PEG-rich top phase [72]. This can be
explained by the electrostatic interaction and repulsion between
two charged phases generated by the non-uniform distribution
of chloride ions [72]. Another research team also reported about
the preferred migration of proteins to the PEG-rich top phase in
ATPS containing PEG and potassium citrate [73].

3.2 Scale up of integrated process

The ATPS integrated process could be an attractive alternative
to the traditional discrete process attributed to several advan-
tages such as simple, rapid and cost-effective [31,38,39,52]. The
integrated process allowed the operation of cell disruption and
proteins recovery to be carried simultaneously. Therefore, the
possibility of scaling up the integrated process is undoubtedly
one of the most exciting topics among researchers to determine
its feasibility and applicability at commercial level. In this study,
a 100-fold increment in the total weight of ATPS was upscaled
to determine the effectiveness of implementing the integrated
process at larger scale. The difference between the small scale
and big scale of the integrated system was analyzed statistically
using t-test. Based on the results, the values of the test statistic
for both partition coefficient (-3.182 < -2.637 < 3.182) and
yield (-2.777 < 0.0502 < 2.777) did not fall in the rejection
region. This implied that there were no significant differences in
terms of partition coefficient and yield compared to the small
scale (Table 1). When the system was scaled up to 100-fold, the
partition coefficient and yield obtained from the large scale inte-
grated process were 6.88 and 84.26%, respectively. These findings
suggested that the efficiency of the integrated process can be ex-
trapolated from the small scale system without compromising
the efficiency of proteins partition and yield. Application of this
process in downstream processing is thus possible.
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In addition to partition coefficient, phase volume ratio is
another important factor in determining the effectiveness of ex-
traction [74]. ATPS was found to be capable of concentrating
target proteins into one of the phases [39]. Based on the result
obtained from this study, the top phase volume of the chosen
system was lower than the bottom phase volume, with volume
ratio not more than 0.80. Lower phase volume ratio is favourable
because it could reduce the volume to be handled in subsequent
purification steps [74]. It has been reported that large scale of
biomass separation using centrifugation and cross-flow mem-
brane filtration involves high energy demand, high capital in-
vestment and operating costs [75]. This technical difficulty can
be overcome by ATPS integrated process, attributed to its rapid
phase separation characteristic. In this study, it was observed that
cell debris with higher density was trapped in the lower phase
whereas proteins were partitioned into the top phase, exhibited
the high partition coefficient value. Similar observation was also
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Figure 5. Light microscopy image of (A) untreated C. sorokini-
ana (control) (1000x); and (B) C. sorokiniana after treated with
integrated process (1000x).
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reported previously in the process of extracting animal proteins
via ATPS [76].

3.3 Microscopy observation: Cell disruption of
microalgae in integrated process

Cell disruption treatment is essential prior to proteins recovery
[60] as the release of proteins from microalgae is restricted by the
multiple layers of recalcitrant cell wall [77,78]. The addition of
both potassium salts created the alkaline medium [67,79] which
favoured the cell disruption process by inducing the hydrolysis
of cell envelope and proteins solubilization process [80,81]. To
further enhance the proteins release and solubility, the system
was exposed to ultrasonic vibration which could result in the
greater penetration of solvent into cellular components [82].
The microscopy image revealed that these microalgal cells
were spherical in shape and their intracellular compartments
were densely packed before treated with integrated process

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

protein assay. The results were
expressed as the means of tripli-
cate readings (mean =+ SD).

(Fig. 5A). In contrast, microalgal cells treated with integrated
process led to the loss of the intracellular components and the
cytoplasm appeared hollow (Fig. 5B). This suggested that the
integrated process was capable of disrupting the microalgal cell
walls without fragmentizing them into very fine pieces. This
method is favourable in the large scale process whereby the
cell debris can be removed easily in the subsequent purification
process.

3.4 Recycling of phase components

Phase-forming chemicals can be a considerable proportion of
the cost of the ATPS integrated process. Waste disposal of those
materials would also incur some costs. In the recent decades,
study on the recycling of phase-forming materials has caught
the attention of researchers. This is because an effective recycling
of the phase components could lower the production costs, min-
imize waste generation and environmental pollution [83,84].
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The possibility of recycling both top and bottom phases were
investigated in this study. As stated in the methodology, the
methanol from the top phase was evaporated to be recycled back
and reused in the secondary system. Methanol is the cheap-
est and has low boiling point compare to other alcohols with
longer hydrocarbon chain. This can be explained by the fact that
the boiling point of alcohols increases as the length of hydro-
carbon chain increases. Methanol cannot form azeotrope with
water, thus it can be separated via evaporation easily for recy-
cling in the integrated process. As a result, the energy demand
and cost for methanol recycling were relatively low compare to
other longer chain alcohols [69].

The recycling of the bottom phase was expected to increase
the process yield by minimizing proteins loss in which some of
the proteins that were retained in the bottom phase could be
partitioned back into the top phase in the next recycling process.
This observation was supported by the experimental evidence
that the protein concentration in the top phase were gener-
ally showing a slight upward trend compared to the primary
system (Fig. 6B). However, Fig. 6A showed that the partition
coefficient and yield were decreasing gradually with increasing
numbers of recycling cycle. This may be due to the increasingly
saturation of cell debris and other contaminants in the bot-
tom phase from each previous recycling process, resulting in a
gradual decrease of the salting out effect by potassium salt after
being recycled repetitively. Nonetheless, the partition coefficient
and yield of the proteins obtained from the 5" recycling cycle
were relatively satisfactory, with the value of 5.19 and 76.45%,
respectively.

4 Concluding remarks

In this study, an integrated process using ATPS in disrupting
cell wall and recovering proteins from microalgae simultane-
ously was adopted. The partitioning behaviour of proteins in
the process can be manipulated by a few influential parame-
ters such as types of salt, the concentrations of methanol and
potassium salt as well as the addition of NaCl salt. It was con-
cluded that ATPS composed 0of 30% (w/w) K;PO, and 20% (w/w)
methanol with the addition of 3% (w/w) NaCl showed the best
capability of recovering proteins from microalgae. In this sys-
tem, the partition coefficient was 7.28 and its proteins yield was
84.23%.

There were no significant differences in terms of the parti-
tion coefficient and proteins yield when the proposed integrated
process was scaled up to 100-fold. In addition, it is also less en-
vironmentally polluting whereby the phase components can still
be recycled and reused effectively at the 5™ cycle. Taken together,
the results suggested that the ATPS-based integrated process was
simple, rapid and environmental friendly. Undoubtedly, this is
a logical approach towards reducing overall cost by simplifying
several downstream processing steps such as disruption, isola-
tion, extraction and concentration and thus opens promising
perspective for the application of this method at large scale. For
that reason, assessing its general applicability to recover a wide
range of intracellular compounds such as carbohydrate, lipid,
and chlorophyll from microalgae could be an interesting topic
for further study.
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Practical application

The commercial production of protein sources from mi-
croalgae at low cost remains an uphill battle because the
downstream processing generally involve several opera-
tional steps and are thus complicated, time-consuming
and costly. This obstacle could be overcome by adopting
the ATPS-based integrated process, which allows the pro-
cess of cell disruption, isolation and extraction to be in-
tegrated and carried out simultaneously. Attributed to its
rapid phase separation characteristic, the integrated pro-
cess enables the separation of target proteins from cell
debris to be accomplished with ease. The environmental
pollution and production cost can also be minimized by
recycling the phase components of the ATPS integrated
process for reuse. Overall, the study suggested that this
method is simple, rapid, environmental friendly, scalable
and therefore opens promising perspective for large scale
application.
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