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Abstract Spirulina platensis is having high nutritive value
due to pigments such as chlorophyll-a, phycobiliproteins
(especially phycocyanins) and carotenoids. In our present
work, C-phycocyanin (C-PC) was extracted from dry bio-
mass of Spirulina platensis. C-PC being heat sensitive,
reiterates the need for additional protection during drying
(micro encapsulation). Accordingly, a novel method
employing aqueous two phase systems (ATPSs) as carrier
materials to achieve double encapsulation was studied for
the first time. PEG 4000/Potassium phosphate and PEG
6000/Dextran were used at already standardized tie line
length, at different volume ratios (by varying the total
phase composition). ATPS at each volume ratio acted as
different carrier materials offering varied degree of heat
protection during double encapsulation while maltodextrin,
being the conventional carrier material, was used for
comparison. The best results of spray dried powders using
PEG (4% w/w)/Potassium phosphate salt (18%, w/w) and
PEG (6%)/Dextran (10%, w/w) phase systems as carrier
materials were compared with conventional encapsulation
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(MDX as a carrier material) and freeze dying as control.
PEG/Dextran as a carrier material with volume ratio of
0.25 resulted in the highest retention of blue colour (b*-
value), purity (0.43) as well as yield (Ygp) of 94.99% w/w
of C-PC, which could be stored for 6 months without much
reduction from initial powder characteristics. From the
overall results, it can be concluded that ATPS can be used
as an effective carrier material for double encapsulation of
biomolecules such as C-PC with additional benefit of
enhancing the purity.

Keywords Aqueous biphasic system - Phycobiliproteins -
Freeze drying - Spray drying - Microencapsulation

Introduction

The study of spirulina has been gaining importance as it is
used as nutritional supplement in food, feed, pharmaceu-
tical and cosmetic industry. It contains many Phytonutri-
ents such as Phycocyanins, Beta-carotene, Chlorophylls,
Xanthophyl etc. Among them, phycocyanins (phycocyanin,
C-PC and Allo-phycocyanin, A-PC) are high value low
volume compounds, as they are reported to have a variety
of pharmacological properties such as anti-aging, antioxi-
dant, anti-inflammatory, neuroprotective and hepatopro-
tective properties (Sekar and Chandramohan 2008; Ge
et al. 2006; Romay et al. 2003; Reddy et al. 2003). The
phycocyanins (C-PC and A-PC) find applications in diag-
nostics (as florescent probes), cosmetics and also in food
processing as a natural food colourant, a substitute for
synthetic dyes (Minkova et al. 2003). The applications of
C-phycocyanin (C-PC) are dependent on its purity value,
C-PC with purity (ratio of the absorbance at 620 nm to that
at 280 nm, Agpo/Asgo) 0.7 is considered as food grade,
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purity of 3.9 reactive grade and greater than 4.0 is con-
sidered analytical grade (Rito-Palomares et al. 2001).

In the chain of unit operations of downstream processing
(DSP), drying of final product comes towards the end.
Drying is an important step as it extends the shelf life and
promotes ease of transportation, storage and end use of the
product. The challenge lies in the retention of bioactive
properties as drying is a thermal process and C-phyco-
cyanin (C-PC) is heat labile biomolecules. It was reported
that phycocyanin (C-PC) is highly unstable at 45 °C and
above (Sarada et al. 1999).

Spray drying by employing different carrier materials is
one of the most popular microencapsulation method for
extension of shelf life of biomolecules. Other methods for
encapsulation are freeze drying and cocrystallization
(Chandralekha et al. 2016; Dewi et al. 2016; Lopez-Cor-
doba et al. 2016). For drying of heat-sensitive materials
(like phycocyanins), freeze drying employing carrier
materials is the most suitable method (Dewi et al. 2017a, b,
Dewi et al. 2019). However, it is a cost-intensive and time
consuming unit operation. It may be noted that DSP con-
tributes about 50-80% of the total cost of the final product,
and often many processes do not see the light of the day
due to such high costs. Spray drying is one economically
attractive alternative for the encapsulation of bioactive
molecules (Desobry et al. 1997).

There are a few literature reports on spray drying of
C-phycocyanin (C-PC). It was reported that carrier material
plays an important role in encapsulation by spray drying in
case of yeast (Chandralekha et al. 2016) and on phyco-
cyanins (Dewi et al. 2016; Dewi et al. 2017a, b; Kurniasih
et al. 2018). However, spray drying has its own disad-
vantages. For instance, though spray drying takes place at
wet bulb temperature, heat damage occurs when the pow-
der remains in contact with hot air until it is separated in
the cyclone. Such damage is relatively more for thermo-
labile biomolecule like C-PC. A possible solution for
reducing thermal damage to C-PC is by providing extra
protection by double encapsulation during drying.

Accordingly, a novel concept of employing aqueous two
phase systems as a carrier material for achieving double
microencapsulation of C-phycocyanin (C-PC) during spray
drying was explored for the first time. The aim of using the
two phase system is to get the double layer protection
(additional protection) for C-phycocyanin (C-PC). Poly-
mer/polymer and polymer/salt type phase systems were
employed as carrier materials in spray and freeze drying.
Spray drying with MDX alone (single layer) as a carrier
material was used for comparison between the concepts of
single and double encapsulation. Freeze drying served as a
control for spray drying method. The dried powder was
analyzed for yield, purity, fluorescence, moisture content,

colour, flow properties and shelf life of C-phycocyanin (C-
PC).

Materials and method
Materials

The dry biomass of Spirulina platensis was purchased from
the Parry Nutraceuticals, Chennai, PEG 4000 and PEG
6000 from Himedia Laboratories, Mumbai, Potassium
phosphate salts (KH,PO, and K,HPO,) from Merck,
Mumbai, Maltodextrin (MDX) from Loba chemicals,
Mumbai and Dextran T70 from Pharmacosmos, Holbak.

All other chemicals used also were of analytical grade.

Methods
Extraction

Extraction was carried out at standardized conditions of
homogenization method from our earlier study (Tavanandi
et al. 2018). 1 gm of dry biomass was soaked in potassium
phosphate buffer (at 1:8 S/L ratio, w/v) for 120 min. The
suspension was subjected to homogenization (MICRA D-9,
Germany) at 15,000 RPM for 6 min and it was centrifuged
at 11,200 x g for 30 min at 4 °C. Supernatant was taken
for spectrophotometric analyses. The supernatant thus
obtained was used for encapsulation experiments and the
overall work plan is presented in Fig. 1.

Aqueous two phase system as a carrier material

Aqueous two phase system (ATPS) was employed as a
carrier material for double encapsulation of C-phycocyanin
(C-PC). PEG 4000/Potassium phosphate, PEG 6000/Dex-
tran and PEG 6000/MDX phase systems were used, which
offers additional benefit of purification (due to partitioning
between phases). Considering one tie line length, different
volume ratios (Vi by varying the total phase composition
along that tie line length) of each ATPS were studied. The
ATPSs were subjected to microencapsulation by different
drying methods.

Maltodextrin as a carrier material

Maltodextrin, which is the most used carrier material in
micro encapsulation, was used as a carrier material in order
to compare with ATPS as a carrier material. Feed was
prepared by adding 15% w/w MDX with crude extract and
it was subjected for spray drying.
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Fig. 1 Overall work plan |
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Double encapsulation

Freeze drying Freeze drying was used as control for
spray drying method. The feed was prepared by adding
predetermined weighed quantities of polymer/salt and
polymer/polymer from previous section. The phase system
was equilibrated for 2 h using magnetic stirrer and kept
overnight for phase formation.

After phase formation, the extracting phase containing
C-phycocyanin (C-PC) was subjected to freeze drying
(Martin Christ, Osterode am Harz, capacity of condenser
16 kg, temperature —20 °C to + 5 °C, maximum timing of
20 h). The samples were frozen at —20 °C for 24 h fol-
lowed by drying at —51 °C for 14 h under pressure less
than 0.12 mbar. The freeze dried powder was collected and
stored in polyethylene-terephthalate laminate pouches at
room temperature (27 £ 2 °C) in desiccator.

Spray drying The feed preparation of spray drying is
same as freeze drying. The spray dryer (LSR-48 Mini spray
drier, JISL, Mumbai) was used for spray drying experi-
ments at the following conditions, inlet air temperature

Conc. of the C - PC in the phase after drying x Vol. of the phase

Spectroscopy

The absorbance of C-phycocyanin (C-PC) was determined
using UV/Vis microplate spectrophotometer (Thermosci-
entific, multiskan sky, Waltham) by measuring the optical
density at 620 nm (A, for C-PC), 650 nm (A, for A-
PC) and 280 nm (A, for total protein). The concentration
and purity of C-PC were calculated by the following
equations (Marsac and Houmard, 1988; Bennett and
Bogorad 1973).

Ag20 — 0.7[Ass0)

C — PCconcentrtion(mg/ml) = 738

(1)

A
C — PC, Purity = /ﬁzz (2)

The yield in a given phase (top or bottom) of ATPS was
calculated by the following formula

Vol. of one of the phase x Conc. in the phase

Y =
(Yow /w) Crude extract vol x Conc. of the crude extract
x 100

(3)

~ Conc. of the C - PC in the phase before drying x Vol. of the phase

(4)

120 &+ 2 °C, outlet air temperature 60 + 2 °C and feed
flow rate of 2 mL/min while stirring continuously using
magnetic stirrer. The powder samples were collected and
stored at room temperature (27 & 2 °C) in desiccators.

@ Springer

where, ‘Y’ is the yield in the extracting phase before
drying (C-PC rich top or bottom phases).
“Ygp’ is the yield in the extracting phase of the resus-
pended powder.
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Colour measurement

In order to measure the colour intensity, the samples (feed,
dried powder as well as resuspended powder) were ana-
lyzed for color using a colorimeter (Konica Minolta CM-5,
Japan). The L*, a* and b* values were measured by using
illuminant D65 lamp.

The three values L*, a* and b* represents lightness,
redness or greenness and blue colour respectively. The L*
value which ranges from 0 to100 (black to white), between
red and green (a*, negative values indicate green while
positive values indicate red) and its position between yel-
low and blue (b*, negative values indicate blue and posi-
tive values indicate yellow).

Moisture content

The moisture content of dried samples was measured using
IR moisture analyzer (MA37, Sartorius, Gottingen). 2 g of
sample taken in an aluminum pan and subjected to tem-
perature of 80 + 2 °C until constant weight was recorded.
The results were expressed in terms of moisture content
(%) on dry basis (d.b) of the sample.

Particle size analysis

Particle size of dried powder was analyzed by using
Microtrac Turbo trac dry powder dispersion system
(Bluewave, USA) equipped with laser dispersion particle
size analyzer (S3500 series, USA). The particles over a
range of 0.25-3000 pm can be measured using the instru-
ment. For the analysis, 1 g of sample was loaded for each
measurement. All the measurements were carried out in
triplicates.

Flow properties

In order to measure the flowability of the dried (spray and
freeze dried) powder, tap density tester (Elector lab make,
ETD-1020) was used. Volume occupied by powder before
(bulk volume) and after tapping (tapped volume) was
recorded to calculate the Carr’s index (CI) and Hausner
ratio (HR) using the following equations (Carr 1965;
Hausner 1975)

Vg Vp

CI%) = -2
T

x 100 (3)
where ‘Vg’ is the bulk volume and ‘Vy’ is the tapped
volume of the dried powder

100

HR = ———
100 — CI

(6)

Fluorimetry analysis The fluorescence spectra of
C-phycocyanin (C-PC) dried powder samples were mea-
sured by using spectrofluorometer (Shimadzu, RF-5301Pc).
The samples were subjected to the excitation wavelength of
620 nm and emission wavelength range of 600-700 nm.

Storage studies The dried samples were stored in Alu-
minium polyethylene-terephthalate laminate pouches at
room temperature (27 £ 2 °C) in desiccators under sterile
conditions. C-phycocyanin (C-PC) purity, yield and pow-
der characteristics were checked in regular interval for
6 months. The results of the different analyses (Purity,
Yield, Color, Fluorescence etc.) performed vary signifi-
cantly with the change of state of the sample. That is, the
results of analyses observed for phase system samples will
not be same as that of dried powder samples, making it not
suitable for comparison. As a result the dried powders were
resuspended in buffer and allowed for phase separation so
as to compare with the initial readings before drying.

Results and discussion
Double encapsulation phenomenon

Primary extraction of C-PC was performed by homoge-
nization of dry biomass (pre-soaked) and the extract with
C-PC purity of 0.41 thus obtained was used for ATPS
based double encapsulation experiments. In order to find
out the effect of carrier material, polymer/salt (P/S) and
polymer/polymer (P/P) aqueous two phase systems were
examined for their suitability for double encapsulation.

In aqueous two phase system, the compound/biomole-
cule more preferentially partitions to one of the phases. On
stirring, the preferred phase containing biomolecule gets
dispersed into the other phase (polymer or salt). Depending
on the volume ratio, one of the phases forms dispersed
phase and the other forms continuous phase. This disper-
sion was subjected to spray drying while continuously
stirring (to prevent the phase demixing) results in double
encapsulation. This phenomenon is equally applicable for
both polymer/polymer and polymer/salt type aqueous two
phase systems.

For achieving effective double encapsulation, one of the
most important process parameters, that is, the phase vol-
ume ratio needs to be standardized by varying total phase
composition of ATPS on a selected tie line. This not only
determines the efficacy of double encapsulation but also
results in increased purity with good yield of C-PC during
the extraction using ATPSs. From earlier studies, the tie
line length of 33.53, 21.40 and 71% in case of PEG/Po-
tassium phosphate salt (Patil and Raghavarao 2007), PEG/

@ Springer
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Dextran (Zaslavsky 1995) and PEG/Maltodextran (Srinivas
et al. 2000) systems, respectively were selected for study-
ing the effect of volume ratio. The details of different phase
systems and volume ratios (VR) are described below in the
following sub sections.

Effect of phase volume ratio

Polymer/salt system In our earlier study (Patil and
Raghavarao 2007), 33.53% TLL was arrived as the most
suitable tie line (TL) for differential partitioning of C-PC in
PEG/Potassium phosphate salt phase system and hence the
same TL was considered for the present work. The effect of
volume ratio, by selecting different total phase composi-
tions on this %TLL (there by varying the volume ratio) was
studied and the results are presented in Table 1.

In the polymer/salt two phase system, C-PC partitioned
to the top phase (polymer rich) while the contaminant
proteins to the bottom phase (salt phase). Total phase
compositions on a given tie line affects significantly on
volume ratio and in turn the volume of the extracting
phase. This decides the differential partitioning of the C-PC
and contaminant proteins between the phases affecting the
yield and purity of C-PC in the extracting phase. The major
reason for the differential partitioning is determined by the
solubility of the desired biomolecule in one of the phases
and the volume exclusion effect of the phases towards
either desired biomolecule or contaminant proteins (Patil
and Raghavarao 2007).

It can be seen from the table that the yield increased
(25.05-93.11% w/w) with an increase in volume ratio
(0.09-0.8). On the other hand, purity followed the opposite
trend. Purity was found to be the lowest at the highest
volume ratio (0.8). The increase in yield can be attributed
to increase in volume of extracting phase. The low C-PC
purity at higher volume ratio could be due to partitioning of
contaminant proteins to the top phase with increasing
volume of extracting phase. Similar results were obtained
by Narayan and Raghavarao (2007) in extraction and
purification of C-phycocyanin employing ATPS (Narayan
and Raghavarao 2007).

In order to check the effect of different phase volume
ratio of PEG/Potassium phosphate salt system as a carrier
material for double encapsulation of C-PC, the phase sys-
tem with different volume ratios were subjected for spray
drying.

Polymer/polymer system For PEG/Dextran system, a tie
line (TLL 21.4%) was selected from the literature
(Zaslavsky 1995). The results at 3 volume ratios (with
corresponding total phase compositions) are presented in
Table 1. It can be seen from the table, that C-PC partitioned
relatively more selectively to the bottom phase. Further, the

@ Springer

purity and yield in the bottom phase decreased with an
increase in volume ratio, resulting in the highest purity of
0.55 and yield of 81.83% w/w and at the lowest volume
ratio (0.25). This can be attributed to high volume of
extracting phase (bottom phase).

In case of PEG/Maltodextin system, 71% TLL was
selected from the literature (Srinivas et al. 2000). The 2
volume ratios (with corresponding total phase composi-
tions given in Table 1) studied did not form phase.

Maltodextrin as a carrier material

In order to compare, MDX alone was used as a carrier
material for encapsulation (conventional encapsulation) of
C-PC and the results are presented in Table 1. It can be
seen from the table that the purity and yield of C-PC were
0.33 and 22.45 mg/g d.b, respectively, which are much
lower than purity and yield obtained in C-PC rich phase in
ATPS. The increased purity of C-PC in ATPS is a result of
purification achieved because of differential partitioning of
C-PC and contaminant proteins between the phases.

Freeze drying

Freeze drying of C-PC without carrier material Freeze
drying of C-PC without any carrier material was carried out
for the purpose of comparison with freeze dried sample
with carrier materials in order to understand the effect of
carrier material. Freeze drying of C-PC without any carrier
material resulted in C-PC purity of 0.41 and yield of
96.49% w/w. Low drying temperatures involved in this
type of drying resulted in higher retention of C-PC.

Freeze drying of C-PC with different carrier materi-
als Freeze drying was carried out as a control for spray
drying method. The phase system which resulted in the
highest C-PC purity and yield in both P/S and P/P phase
systems were subjected to freeze drying. The results are
consolidated in Fig. 2. It can be seen from the figure that
the increase in purity (0.86 and 0.54) as well as yield
(96.63 and 95.35% w/w) could be observed in freeze dried
C-PC with both PEG/Potassium phosphate salt and PEG/
Dextran phase systems as a carrier material, respectively.
This can be attributed to milder processing conditions
associated with freeze drying when compared to spray
drying. Increased purity in case of samples with ATPSs as
carrier materials is due the purification process taking place
before freeze drying which otherwise is not the case with
the samples without ATPSs.

Freeze drying is reported to be the best drying method
for heat sensitive biomolecules. Freeze drying of C-PC
with different carrier materials such as k-Carrageenan, Na-
alginate, maltodextrin and their combinations were
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Fig. 2 C-PC Yield and purity in
freeze dried encapsulated 1.2
powder samples
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reported where combination of carrier materials resulted in
better retention of blue colour in dried sample (Dewi et al.
2017). High cell survival rate in microorganisms (Wang
et al. 2004; Chandralekha et al. 2017) and retention of
enzyme activity (Jesus et al. 2014) were observed in freeze
dried powders however, it becomes economically unviable
for large-scale production.

Spray drying

Spray drying of C-PC without carrier materials Spray
drying was carried out without any carrier material in order
to find out the effect of carrier material. C-PC spray dried
without any carrier material resulted in a purity of 0.4 and
yield of 51.2% w/w. The lower yield observed is a result of
hygroscopic nature of powder sticking to the walls of spray
drier and cyclone. Hence, further analysis of this sample
could not be carried out.

Spray drying of C-PC using different carrier materi-
als Spray drying of C-PC using ATPS as a carrier
material was carried out and the results are presented in
Table 1. It can be seen from the table that among the three
volume ratios (Vg) in case of PEG/Potassium phosphate
salt phase system, the highest purity (0.5) and yield (Ygp of
78.93%, w/w) were obtained in the top phase of volume
ratio 0.3 (4% PEG and 18% Salt).

The high purity and yield could be due the low volume
ratio, where salt rich phase of higher volume formed the
continuous phase. Higher volume of salt phase gives more
protection to C-PC that is partitioned in the PEG rich
dispersed phase. The higher retention of C-PC is also
reflected in the colour value of the powder. The highest —b*
value (-17.89), indicating blueness of powder is a confir-
mation for the claim. It can be seen from Table 1 that C-PC

@ Springer
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yield in the top phase was the highest (93.11%, w/w) at the
highest Vi before drying, however after drying the C-PC
yield (Ygp) in the extracting phase reduced to 60.36% w/w.
The reduction in yield could be due to relatively high
volume of C-PC rich phase, resulting in degradation of
C-PC. It was reported that, in case of PEG/salt system, at
higher volume ratio, the PEG rich top phase forms the
continuous phase and the salt phase as dispersed phase
(Narayan et al. 2011).

In case of PEG/Dextran phase system, even though the
purity and yield were lower compared to PEG/Potassium
phosphate salt system before drying, the retention of yield
after drying (Ygp) is high compared to PEG/Potassium
phosphate salt system. This can be attributed to the high
degree of double encapsulation or double layer protection
in case of PEG/Dextran system compared to PEG/salt
system. Among different volume ratios (total phase com-
positions) of PEG/Dextran system, the highest C-PC purity
(0.43) and yield (Ygp of 94.99%, w/w) was observed in the
lowest volume ratio (0.25). An image of the double
encapsulated powder obtained after spray drying (with
PEG/Dextran system) is presented as Fig. 3. Mastiani et al.
(2019) reported the use of P/S and P/P phase system for
encapsulation by forming micro droplets. Effect of spray
drying temperatures of phycocyanins using MDX and
carrageenan as a carrier materials was studied where drying
temperature of 90 °C resulted in higher concentration of
phycocyanin (Purnamayati et al. 2017). Microencapsula-
tion of C-phycocyanin was carried out by extrusion tech-
nology using sodium alginate as a carrier material in order
to improve stability of C-phycocyanin (Pradeep et al.
2019).

When maltodextrin alone was used as a carrier material,
C-PC purity and yield of 0.32 and 72.67% w/w, respec-
tively, were observed which are much lower than those
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Fig. 3 Double encapsulated C-PC powder (with PEG/Dextran
system)

obtained from double encapsulated powder samples with
P/S and P/P phase systems as a carrier material. Thus, it
can be inferred that ATPS system as a carrier material is
more effective for double encapsulation of biomolecules
compared to hitherto reported conventional carrier mate-
rials employed for microencapsulation.

Colour analysis

As phycocyanin is a protein pigment complex, the colour
analysis values plays an important role in inferring reten-
tion/degradation of C-PC. The high and low value of b*
signifies the degradation and retention of C-PC respec-
tively. The powder in which the C-PC retained is relatively
higher will exhibit higher blue shade. Color analysis
studies indicates a clear relation between the C-PC content
in the powder and degree of blueness of powder obtained
for a given drying method. The objective is to achieve a
powder with higher blue shade, that means, —ve values of
b* is preferred. The colour analysis of C-PC double
encapsulated with ATPS systems (P/P and P/S) before
drying, dried powder and after resuspending the dried
powder (freeze and spray dried) was carried out and the
results are presented in the Table 2.

It was observed that, in case of P/S system the majority
of the desired protein (C-PC) partitioned to top phase,
which implies selective partitioning of the C-PC to the top
phase. However, in case of P/P phase system the C-PC
partition in both the phases (selective partitioning does not
take place properly). It can be seen from the table that in
case of P/S system the intensity of blue colour (b* value)
are higher in the top phase compared to P/P system. The
highest b* value (blue colour) was observed in case of P/S
system (PEG 4% and salt 14%). The b* value was found to
be -23.67 before subjecting to spray and freeze drying.
However, after resuspending the dried powder in buffer,
the b* value in the top phase was observed to be -21.7 and -

17.89 in case of freeze and spray dried samples, respec-
tively. The reduction of b* value in freeze drying (8%)
compared to spray drying (32.3%) is due to low/mild
temperature involved during freeze drying, resulting in the
minimal degradation of C-PC.

In case of P/P phase system as a carrier material, the b*
value of the encapsulated C-PC powder sample are higher
compared to before drying as well as after resuspending the
powder, irrespective of the phase compositions used. This
could be due to low selective partitioning, where C-PC
partition in both the phases and when it is dried, the
intensity of blue colour (b*) in both phases reflects in the
dried powder. The lowest b* value (blue colour) was
observed to be -6.12 at the bottom phase in case of PEG
6% and dextran 10% before subjecting it to drying. The
percentage reduction in b* values was found to be 1.47 and
1.63% in case of freeze and spray dried sample respec-
tively, which can be inferred as an effective encapsulating
agent of PEG/Dextran phase system as a carrier material
for double encapsulation. When maltodextrin (MDX) alone
was used as a carrier material, the b* value before drying
was found to be -4.42 and it reduced to —4.14 after drying
and resuspension (6.33% reduction). Thus, from the results
it can be inferred that b* value of C-PC with MDX alone as
a carrier material is relatively higher than the C-PC with
both P/P and P/S as a carrier material indicating effec-
tiveness of double encapsulation in retaining of biomole-
cule compared to conventional encapsulation.

Moisture content

Moisture content of the powder plays an important role
when it comes to shelf life of dried powder. The moisture
content analysis of both spray and freeze dried powder
(with the best carrier material) were carried out and the
results are presented in Table 3. It can be seen from the
table that moisture content of spray dried samples with
different carrier materials (PEG/Potassium phosphate salt
and PEG/Dextran phase system and MDX alone) ranged
between 3.2 and 5.78%. The moisture content of freeze
dried samples with different carrier materials ranged
between 3.98% and 5.2%. Accordingly, all the powders
obtained from freeze and spray drying can be considered as
stable as the moisture content less than 10% was catego-
rized as microbiologically stable (Hari et al., 2013).

Flow properties

The flow properties of spray and freeze dried powders were
evaluated by measuring Carr’s index and Hausner ratio and
the results are presented in Table 3. It can be seen from the
table that the flow characteristics of dried C-PC were dif-
ferent with different carrier materials. The highest CI value
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Table 3 Moisture content and

flow properties of double Ser. No  Samples Moisture Flow properties

encapsulated C-PC powder (%omiw) Carr’s index*  Hausner’s ratio

samples
Freeze drying
1 PEG and salt (PEG 4% and salt 18%) 5.2+ 0.26 22 + 1.1 1.13 £ 0.06
2 PEG Dextran (PEG 6% and dextran10%) 398 +£ 0.2 30+ 1.5 1.42 £ 0.07
Spray drying
3 PEG/Salt (PEG 4% and salt 18%) 395+ 0.19 35+ 1.8 1.5 £ 0.075
4 PEG/Salt (PEG 10% and Salt 16%) 32 4+0.16 33+ 1.7 1.49 + 0.75
5 PEG/Salt (PEG 13% and Salt 14%) 409 +£020 38419 1.61 + 0.08
6 PEG/Dextran (PEG 8% and dextran 5%) 512+ 026 40+2 1.6 = 0.08
7 PEG/Dextran (PEG 6% and dextran 10%) 5.38 +0.27 39 £ 1.95 1.64 + 0.07
8 PEG/Dextran (PEG 4% and dextran 13%) 4.98 £ 0.25 41 £ 2.05 1.69 £ 0.08
9 Maltodextrin 578 £029 40+2 1.6 + 0.08

Values are averageszstandard deviation from three replicate (n = 3) analyses

* Range of Carr’s index value with its respective flow characteristics, 5-15: Excellent flow, 16-18: Good
flow, 19-21: Moderately good flow, 22-35: Poor flow, 36-40: Very poor flow

(40) was observed when MDX alone was used as a carrier
material. This could be due to the hygroscopic nature of
MDX. In order to increase the flow properties of the
powder, addition of anti-caking agent’s like silicon dioxide
was reported (Amrutha et al. 2014).

Particle size analysis

The particle size analysis was carried out for the dried
samples (freeze and spray dried) which resulted in the

highest yield and purity in both P/S and P/P phase system.
The particle size of spray and freeze dried samples were
analysed and the values are presented in Table 4. It can be
seen from the table that the particle size ranged between
8.77 and 380.5 um. All the dried powders (both freeze and
spray dried) obtained were not uniform in size.

All the feed solutions were spray dried under the same
conditions, and the variations in particle size among the
C-PC encapsulated powders samples with different carrier
materials may be attributed to the different film-forming

Table 4 Particle size of double

encapsulated CPC powder Ser. no Sample Particle size (um)
samples 1 Freeze-dried without carrier materials 78.3%—43
21.7%-245.1
2 Freeze-dried (4% PEG & 18% Salt) 79.5%-366.1
20.5%-111
3 Freeze-dried (10% PEG & 16% Dextran) 78.3%-316
21.7%-110.9
4 Spray-dried (4% PEG & 18% Salt) 56.3%-342.4
43.7%-74.3
5 PEG/Salt (PEG 10% and Salt 16%) 61.2%-349.6
48.8%-75.4
6 PEG/Salt (PEG 13% and Salt 14%) 76.3%-380.5
23.7%-79.3
7 PEG/Dextran (PEG 8% and dextran 5%) 58.2%-8.77
41.8%-182.6
8 Spray-dried (6% PEG & 10% dextran) 71.1%-9.37
28.9%-141.8
9 PEG/Dextran (PEG 4% and dextran 13%) 75.2%—-11.2
24.8%-153.5
10 Maltodextrin 81.1%-18.7
18.9%-112.3

@ Springer



1760

J Food Sci Technol (May 2021) 58(5):1750-1763

and gelling properties of the wall materials used for spray
drying. Thus, the carrier material used had significant
effect on the particles size of the dried powders.

Storage studies

Storage studies were carried out for spray and freeze dried
samples which resulted in the highest yield and purity in
both P/S and P/P phase system for the period of 6 months
at room temperature (27 + 2 °C). C-PC purity and powder
characteristics (moisture content, colour analysis, flow
properties) were analysed regularly at each interval
(weekly for 3 weeks and after 6 months) and fluorescence
spectra was checked after 6 months of storage. The results
of the storage studies are presented in (Figs. 4, 5, 6 and
Tables 5, 6). It can be seen from the Fig. 4 that C-PC purity
decreases slightly, where the decrease percentage range
from 20.93 to 47.83%, with storage time till 3 weeks and
24-74.4% till 6 months of storage. Freeze and spray dried
samples with PEG/Dextran as a carrier material resulted in
lower reduction of purity i.e. 24 and 25.58%, respectively
till 6 months of storage. The % reduction of C-PC purity in
P/S is more than P/P phase system as a carrier material,
indicating P/P phase system as a better carrier material
compared to P/S phase system. The reduction of purity
with storage time could be due to degradation of C-PC with
time (reduction in Agpg).

The moisture content of freeze and spray dried samples
increases with storage period (Table 5). The degree of
moisture absorption with time is higher in case of freeze
dried sample compared to spray dried sample even though
initially showed the similar moisture contents. The increase
in moisture content (% d.b) in case of spray dried P/S and
P/P as a carrier material after 6 months was found to be 55
and 31.9% d.b, respectively, indicating the hygroscopic

Fig. 4 Purity of encapsulated
C-PC powder samples during

storage. FDC freeze dried w/o
carrier material; FD P/S freeze 0.9
dried PEG/salt aqueous two

phase system; FD P/P freeze
dried PEG/dextran; SD P/S 0.7
spray dried PEG/salt; SD P/P

H 1st day

0.8

X - 06
spray dried PEG/dextran £
g 05
)
a 0.4
(&}
0.3
0.2
0.1

@ Springer

[718th day

nature of the powder obtained by using P/S phase system as
a carrier material.

The colour analysis was carried out at regular interval
during the storage and the results are presented in Table 6.
It can be seen from table that, the decrease in the lightness
(L* value) of C-PC powder with PEG/Dextran as a carrier
material were 12.63 and 20.22% for freeze and spray dried
sample respectively with storage time (up to 6 months).
The greenness value (-a* value) also reduced during stor-
age time irrespective of the carrier material and drying
method used. There is a significant reduction in blue colour
(-b* value) in freeze and spray dried C-PC with PEG/Po-
tassium phosphate salt as a carrier material (96.08 and
94.52%, respectively) even though it resulted in the much
higher -b* value initially after drying. However, freeze and
spray dried C-PC with PEG/Dextran as a carrier material
resulted in minimum reduction of -b* value (16.08 and
74.08% respectively) during storage time (up to 6 months)
compared to PEG/Potassium phosphate salt phase system.
The C-PC powder samples after 6 months of storage were
checked for its fluorescence and the results are presented in
Fig. 5. It can be seen from Fig. 5 that the fluorescent
intensity of C-PC powder samples was observed to be
retained and the emission wavelength are relatively similar
in all the C-PC powder samples after the storage of
6 months.

It can be seen from Fig. 6 that the % reduction in flow
properties during storage of the freeze dried sample was
observed to be higher (70%) than spray dried sample
(48.78%) with PEG/Dextran as a carrier material. This
could be due to more porous surface properties of freeze
dried sample compared to that of spray dried sample.

Considering all the results (colour, purity and fluores-
cence intensity spectrum) with respect to retention of
C-PC, double encapsulation by spray drying of C-PC with

M6 Months

£15th day

= 22nd day

FD P/P

SD P/S

SD P/P

Carrier materials
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Fig. 5 Fluorescence spectra of
C-PC encapsulated powder
samples after 6 months storage
(protein concentration used was
0.8 mg/ml for all the
resuspended dried powder
samples). a Spray dried PEG/
dextran aqueous two phase
system. b Spray dried PEG/salt
aqueous two phase system.

¢ Freeze dried PEG/dextran
aqueous two phase

system.d Freeze dried PEG/salt
aqueous two phase system

Fig. 6 Flow properties of
encapsulated C-PC powder
samples during storage. FDC
freeze dried w/o carrier
material; FD P/S ATPS freeze
dried PEG/salt aqueous two
phase system; FD P/P ATPS
freeze dried PEG/dextran
aqueous two phase system; SD
P/S ATPS spray dried PEG/salt
aqueous two phase system; SD
P/P ATPS spray dried PEG/
dextran aqueous two phase
system

696.974

45.714

Intensity

-5.401

1 1

B13.9

742.6686

618.5 624.0

Wavelength (nn)

384,471

Intensity
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612.5
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Yavelength (nn)
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124.648
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Intensity
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B13.2
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B19.1 625.0
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377.270

Intensity
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1 | 1

B11.8

(a) Spray dried PEG/dextran aqueous two phase system
(b) Spray dried PEG/salt aqueous two phase system
(c) Freeze dried PEG/dextran aqueous two phase system
(d) Freeze dried PEG/salt aqueous two phase system
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40
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Carr's index values (-)
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S 1st day

FDC

(3 8th day

FD P/S ATPS

(I

#15th day

B 22nd day

BRE S
FD P/P ATPS

Carrier materials

Table 5 Moisture Content of double encapsulated C-PC powder samples during storage

SD P/S ATPS

618.9 626.0
Yavelength (mn)

56 months

SRR

i

(b)

(d)

SD P/P ATPS

Sample % Moisture (1st day) % Moisture (8th day) % Moisture (2 weeks) % Moisture (3 weeks) % Moisture (6 months)
FDC 11.60 £ 0.57 12.30 £ 0.9 14.02 £ 0.75 15.68 £ 0.45 -

FD P/S ATPS 5.2 +0.26 797 £ 0.7 8.67 + 0.62 9.27 + 0.23 10.2 + 0.52

FD P/P ATPS 3.98 £ 0.2 497 £ 0.51 7.09 + 0.84 897 £ 0.8 945 £ 041

SD P/S ATPS  4.09 £ 0.20 5.88 + 0.57 6.46 + 0.32 8.92 + 0.87 9.25 £ 0.27

SD P/P ATPS  5.38 £ 0.27 6.18 + 0.62 6.98 + 0.25 7.24 + 0.72 7.9 + 031

Values are averageststandard deviation from three replicate (n = 3) analyses

FDC freeze dried w/o carrier material, FD P/S freeze dried polymer/salt aqueous two phase system, FD P/P freeze dried polymer/polymer, SD

P/S spray dried polymer/salt, SD P/P spray dried polymer/polymer
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6 months

22nd
day

15th

day

8th day

Ist day

6 months

22nd
day

15th

day

6 months st day 8 th day

22nd
day

15th
day

8th day

1st day

Table 6 Colour analysis of double encapsulated C-PC powder samples (resuspended) during storage
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b b b

b*

a* b*

a*

a* a*

L* L* L* L

L*

Sample
FDC

—6.19 —5.67

—6.76

—6.99

—14.18 —12.57

—15.79

—16.3

31.95 30.02

37.73

39.39

+ 0.62
—13.28

+ 0.58
—15.47

+ 0.56
—17.55

+ 0.71
—21.7 £ 2.1

+ 0.73
—26.21

+ 0.81
—27.05

+ 041
—27.11

+ 0.67
66.47

+ 091

68.34

+ 0.71

70.21

0.85

—4.55

—275+£1.20

64 £ 1.71

782 £ 1.12

FD P/S

+ 0.21
—5.06

+ 0.98
—3.84

+ 0.61
—4.03

+ 0.98
—5.98

+ 0.75
—5.76

+ 1.1

—6.42

+ 1.7
—6.99

+ 0.63
—7.11 £ 0.74

+ 0.59
85.07

1.1

+

88.59

+ 0.75
95.00 £2.0 90.7

ATPS
FD P/P

—6.03 £ 1.02

—7.15 £ 0.89

83 + 1.02

0.3
—0.98

+

+ 0.79
—2.91

+ 045
—5.16

+ 047
—-10.9

+ 0.85
—2.06

+ 0.47
—23.23

+ 0.62
—24.02

+ 0.95

74.03

+ 0.97
76.47

+0.33

78.5

ATPS
SD P/S

—17.89 £ 1.2

—24.08

—25.14 £ 2.0

62.07 + 1.21

80.24 + 3.5

+ 041
—1.56

+ 0.35
—5.88

+ 0.28
—5.96

+ 0.54
—6.00

+ 0.42
2.2

+ 0.71
—8.06

+ 091
—8.35

+ 0.8
—8.5 £0.52

+ 0.87

+ 0.88
85.52 82.13

+ 0.62

94.11 + 3.62 88.45

ATPS
SD P/P

—6.02 £ 0.98

—8.64 £ 0.47

75.08 £+ 0.98

+ 0.43 + 0.86 + 0.12

+ 0.81

+0.53 + 0.29

+ 0.54

+ 0.64 + 0.79

+ 0.84

ATPS

3) analyses

Values are averages=standard deviation from three replicate (n:

FDC freeze dried w/o carrier material, FD P/S freeze dried polymer/salt aqueous two phase system, FD P/P freeze dried polymer/polymer, SD P/S spray dried polymer/salt; SD P/P spray dried

polymer/polymer

PEG/Dextran as a carrier material resulted in the highest
result in terms of protection for biomolecules even after
storage of 6 months.

Conclusions

Double encapsulation of C-phycocyanin (C-PC) was car-
ried out successfully by spray drying using Aqueous two
phase systems as a carrier material for the first time. The
results of double encapsulation obtained using polymer/salt
(4% PEG and 18% salt, w/w) and polymer/polymer (6%
PEG and 10% dextran, w/w) phase systems as a carrier
material were compared with conventional microencapsu-
lation (MDX alone as a carrier material) and Freeze dying
(control). The C-PC purity of 0.5 and 0.43 and yield of
78.93 and 94.99% w/w were observed after drying in case
of PEG/Potassium phosphate salt and PEG/Dextran phase
system, respectively which are much higher than the purity
and yield (0.32 and 72.69% w/w) obtained from the sample
with MDX as a carrier material. The results were better in
case of PEG/Dextran system as a carrier material when
compared to PEG/Potassium phosphate salt systems. PEG/
Dextran as a carrier material with volume ratio of 0.25
resulted in the highest retention of blue colour (b*value),
purity (0.43) as well as yield (Ygp) of 94.99% w/w of
C-PC. From the overall results, it can be concluded that
ATPSs can be used as an effective carrier material for
double encapsulation with additional benefit of enhancing
the purity of biomolecules. The dry C-PC powder obtained
could be stored for 6 months without much changes in the
powder characteristics.
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