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Abstract In this study, soy protein isolate and modified starch were evaluated as coat material for developing spray-dried
flaxseed oil microcapsules. The emulsions were prepared by varying total solids (TS) and oil load (OL) using high shear
mixer and then atomized in spray dryer for encapsulation of flaxseed oil. Emulsion with 30% TS and 30% OL had
maximum zeta ({) potential value of — 36.83 mV, and emulsion having 25% OL and 30% TS had lowest mean droplet
diameter of 701.80 nm. Emulsions exhibited shear thinning behaviour. Microencapsulation efficiency (ME), bulk density,
tapped density and flowing properties of microcapsules were studied. ME of microcapsules varied from 63.79 to 95.84%.
The microcapsule prepared with 30% OL and 30% TS owing to more oil load and zeta potential was selected for evaluation
of certain characteristics. Microcapsules were spherical in shape with average particle size of 37.917 um. Alpha-linolenic
acid (18:3) content was 61.67% in the oil extracted from microcapsule. Fourier transform infrared spectra also confirmed
the encapsulation of flaxseed oil by selected coat materials. 38.24% oil was released in simulated gastrointestinal con-
ditions from the flaxseed oil microcapsules, and it increased to 60.86% when accompanied with heating prior to digestion.
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Introduction

Alpha-linolenic acid (ALA) and omega-3 fatty acid are
considered to be essential fatty acids which have several
physiological health benefits and are associated with their
consumption. Owing to this, there is growing demand for
omega-3 fatty acids with the market size being valued at
USD 2.04 billon in 2016 and a great potential to further
grow at 6.6% CAGR from 2012 to 2022. Also, it is quite
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interesting to note that Asia Pacific is likely to grow at
7.5% from 2015 to 2022 [20].

Flaxseed/linseed (Linum usitatissimum) is a rich source
of a-linolenic acid with its oil containing nearly 57-60%
level [34]. In spite of having functional importance, the use
of flaxseed oil is limited in food products owing to high
susceptibility to oxidation. However, stabilizing the flax-
seed oil through encapsulation can overcome this problem,
where a protective coat is formed on susceptible oil dro-
plets [4].

Microencapsulation offers several advantages other than
protecting the bioactives from external environment such
as converting liquids to solids, improving material handling
properties, controlled release and separating reactive
compounds from the environment. There are several ways
of encapsulating the core materials, but spray drying is the
most extensively employed approach [9]. The different
wall materials used so far for encapsulation of flaxseed oil
includes whey protein isolate [31], gum Arabic [40], a
combination of gum Arabic, whey protein concentrate and
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Hi-cap 100 [41] and also a combination of maltodextrin,
gum Arabic, whey protein concentrate and Hi-cap 100 [6].

Soy protein isolate (SPI) was used as a coating material
in microencapsulation by various researchers [4, 7, 36, 43].
Also, modified starches form uniform film around the core
material thus form stable emulsion, which makes them
highly effective coating agents. Modified starches when
used as coating materials offer multiple advantages such as
incorporation of greater oil load, more retention of vola-
tiles, high encapsulation efficiency and improved shelf life
[24]. Further, when proteins and carbohydrates are used
together as coating agents, they result in microcapsules
with improved oxidative stability and drying characteristics
[4]. Both SPI and modified starches are quite stable, easily
available, cheap and effective functional properties with
potential application for microencapsulation of essential
fatty acids. Also, reports on combination of soy protein
isolate and modified starches for flaxseed oil emulsion are
very limited in the literature. Thus, the present study was
planned to microencapsulate flaxseed oil using modified
starch and SPI and evaluate the effect of varying oil load
and total solids on certain feed emulsion characteristics and
microcapsule properties.

Materials and Methods
Materials

Cold-pressed flaxseed oil was received as gift sample from
AAK Kamani Pvt. Ltd., Andheri, Mumbai (Maharashtra,
India). Soy protein isolate (SPI) with 90.5% protein was
sourced from Shridurga Sales Corporation, Bangalore,
India, and modified starch (OSA modified tapioca mal-
todextrin) from Ingredion India Private Ltd, Thane,
Maharashtra, India. All the AR grade chemicals and
reagents were used for this study.

Preparation of Emulsion and Microcapsule

Flaxseed oil emulsion was prepared by mixing the calcu-
lated amount of flaxseed oil, soy protein isolate and mod-
ified starch using hand blender (Phillips, India) for
approximately 5 min, and then prepared solution was
homogenized with high shear mixer (IKA T-18, Germany)
at 18,000 rpm for 5 min and stored at lower temperature
(4-7 °C). The quantity of soy protein isolate was fixed at
level of 5% w/w of total solids (TS) of emulsion based on
preliminary trials. The oil load (OL) of emulsion was 25%,
30% and 35% of TS while, and TS was maintained at 20%,
25% and 30%. The sample preparations for various emul-
sions (denoted as E1-E9) and microcapsules (denoted as
A1-AD9) are given in Table 1. The prepared emulsions were

preheated in waterbath to 40 °C for microencapsulation in
order to decrease the viscosity for proper atomization in
drying chamber of spray dryer. For spray drying, inlet and
outlet hot air temperatures were maintained at 180 + 5 °C
and 85 £ 5 °C, respectively, while flow rate was main-
tained from 40 to 60 ml/min. These conditions were
selected based on preliminary trials conducted for spray-
drying flaxseed oil emulsions. The samples were stored in
metalized polyester—LDPE laminate pouches for further
analysis.

Physical Properties of Emulsion
Creaming Index

Creaming index for emulsion samples was determined
using the method given by Mostafa et al. [29] according to

Eq. (1).

H
Creaming index = — x 100 (1)
Hy

where H defines separated phase and H, represents the
initial height of emulsion.

Particle Size Distribution of Emulsion and Zeta ({)
Potential

The electric charge and size of flaxseed oil emulsion dro-
plets were measured 1 day after their preparation [19] with
the help of Zetasizer nano-series ZS90 (Malvern Instru-
ments Ltd., UK). For measuring the particle size, mixing of
1 ml emulsion with 99 ml of distilled water (25 °C) was
carried out before taking observations. Emulsion droplet
size was denoted as mean diameter in nm, while zeta
potential was measured in mV.

Rheological Measurements

The viscosity of emulsions was measured using a dynamic
rheometer (Anton Paar Rheometer, MCR-52, Austria,
Europe) by slight modification of the method given by
Goyal et al. [19] using a CP 75/1° probe at 25 + 0.1 °C
with shear rate varying from 5 to 100/s.

Physico-Chemical Characteristics
of Microencapsulated Flaxseed Oil

Moisture Content and Water Activity (a,,)
The moisture content of microcapsules was determined
gravimetrically as per the method of AOAC [2], and water

activity (a.,) values of the microcapsules were obtained by
water activity meter (Aqua lab, model series 3 TE, M/s
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Table 1 Composition of different emulsion and microcapsule samples

Sr. no. Oil load (% of T.S.) Total solids (%) Soy protein isolates (%) Sample codes for emulsion Sample codes for microcapsules
1 25 20 5 El Al
2 25 25 5 E2 A2
3 25 30 5 E3 A3
4 30 20 5 E4 A4
5 30 25 5 ES AS
6 30 30 5 E6 A6
7 35 20 5 E7 A7
8 35 25 5 E8 A8
9 35 30 5 E9 A9

Decagon Devices, WA, USA). Charcoal powder was used
for calibration of the water activity meter.

Total Oil, Surface/Free Oil and Microencapsulation
Efficiency (ME %)

Gravimetric method as given by AOCS was followed for
determination of total oil (TO) of microcapsules [3] with
minor changes. Oil was extracted by stirring 5 g micro-
capsule powder and 60 mL of chloroform: methanol
(40:60) at 50 °C for 2 h on magnetic stirrer. Solvent was
then evaporated, and extracted oil was weighed. Hogan
et al. [21] method was followed for calculating free or
surface oil and microencapsulation efficiency.

Bulk (pB), Tapped (pT) Density and Flowing Properties

The method given by Chinta et al. [8] was followed for
estimation of bulk (pB) and tapped (pT) density. Calcu-
lations for the flowing characteristics, i.e. Carr’s index: a
measure of compressibility index and Hausner ratio: indi-
cator of cohesiveness of powder, were done by following
the Turchiuli et al. [42] method using the following
equations:

Tapped density — Bulk density

C index = 2
arts maex Bulk density @)

. Tapped density
H dex = ———— 3
ausher index Bulk density 3)

Farticle Size Analysis

Mastersizer 3000 (Malvern Instruments Ltd., UK) available
at Aimil Ltd., Bengaluru, was used for determining the
particle size and size distribution of microcapsules. The
microcapsule size was analysed by dry method with feed

rate range 40 ms 2.
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Structural Morphology Using Scanning Electron
Microscopy (SEM)

The morphology of flaxseed oil microcapsules was studied
by scanning electron microscope (ZEISS, EVO 55 Ultra,
UK). The uniform layer of sparsely scattered microcapsule
powder (on circular SEM stubs) was coated with gold
nanoparticles (25 ;\) in a sputter coater (Q150R Rotary-
Pumped Sputter Coater). The ion current at 6 mA was
maintained along with fine vacuum of 0.07 Torr for 4 min.
The observations were taken at 2000, 3000 and 7660 x
magnification at a working distance of 8§ mm with an
accelerating potential of 15 kV. The images of selected
area were recorded with the help of Smart SEM software.

Fourier Transform Infrared (FTIR) Spectroscopy

In order to investigate the infrared spectra of the functional
groups of flaxseed oil microcapsules, an ALPHA FTIR
spectrometer (Shimadzu IRAffinity-1S, Japan) with atten-
uated total reflection (ATR) technique was used. The light
beam penetration depth of about 0.5-3 pum in the sample
was used. Analysis of sample was repeated twice for
ensuring the reliability of peaks obtained in the infrared
spectra of microcapsules. The observed spectra recorded
the absorbance of the different samples for wavenumber

ranging from 4000 to 400 cm™".

Alpha-Linolenic Acid Content of Microencapsulated
Flaxseed Oil Using GC-MS

The method given by Folch et al. [17] was employed with
minor variations for extraction of oil from flaxseed oil
microcapsules. Twenty-five grams of microcapsules were
taken in a separating funnel and mixed with 250 mL sol-
vent mixture of chloroform: methanol (2:1). The mixture
was kept undisturbed for 15 min after 3-4 min gentle
mixing. This was followed by removal of lower layer of
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chloroform, and repeated washings were given to the upper
layers using 125 mL mixture of chloroform: methanol
(2:1) to collect lower chloroform layers. The collected
chloroform layers were mixed with 50 mL of distilled
water and kept undisturbed for phase separation. After
phase separation, lower chloroform layer was collected and
evaporated using waterbath at 60 °C.

Extracted fat was derivatized to fatty acid methyl esters
(FAME) following the AOAC [2] method and subjected to
GC/MS system (Agilent Technologies, Santa Clara, CA)
for separation of different fatty acid methyl esters from
150 °C to 230 °C at the rate of 3 °C/min (ramp) with
holding time of 10 min at 230 °C. Temperature of injector
was maintained at 250 °C, and 3 pL sample injection
volume was used for analysis. Comparing the elution times
of sample’s fatty acid methyl esters with those of standard
FAMEs available in GCMS library, identification of fatty
acids was performed and quantification was done by esti-
mating the area per cent. Data were collected and analysed
using the GC/MSD program (Agilent Technologies, Inc.).
The ALA content was estimated in terms of the % area
occupied by the fatty acid methyl ester of alpha-linolenic
acid, i.e. butyl 9, 12, 15, octadecatrienoate.

Release of Flaxseed Oil Under Simulated Gastrointestinal
Environment

Gastrointestinal conditions were simulated where both
gastric conditions (SGC) alone and a combination of SGC
and simulated intestinal conditions (SIC) were created to
study the release pattern of flaxseed oil from the micro-
capsules in human digestive tract according to the method
given by Burgar et al. [5]. The per cent flaxseed oil release
in gastrointestinal condition was measured by sub-se-
quential exposure of microcapsules to SGC and SIC for 3
and 2 h, respectively. Also, effect of heating for 85 °C for
5 min was also studied as the developed microcapsules are
intended for fortification of milk and milk products, which
are subjected to heat treatment during processing of milk
into different dairy products. The developed microcapsules
would be added in milk and later converted into curd.
Further, milk is heated at 85 °C for 5 min for facilitating
coagulation and developing proper curd texture; thus, this
time—temperature combination was selected.

Statistical Data Analysis

All the data were expressed as mean of three replications,
and standard deviations were calculated. Differences
between the sample means were analysed by Duncan’s
multiple range test (DMRT) and least square difference
(LSD) at a level of 0.05.

Results and Discussion

The effects of combination of soy protein isolate and
modified starch on various emulsion and microcapsule
properties are discussed below.

Properties of Emulsion
Creaming Index

The emulsion samples were significantly (p < 0.05) dif-
ferent for creaming index values and the separated oil
increased with increasing oil load for the same TS level
(Table 2). The creaming index varied from 0.159 + 0.036
to 7.811 % 0.328%. The sample having 35% OL and 20%
TS was the most unstable sample. The creaming index of
the emulsion samples increased with increasing oil load.
This might be due to the insufficient coating material
(encapsulating agent) for higher oil load samples, leading
to sharing of core material (active material) and thereby
resulting in irreversible bridging flocculation [11]. Further,
if higher amount of coating material is used, surface load
increases and, in turn, adversely affects emulsion proper-
ties [28]; therefore, the use of very high concentrations of
coating material were avoided.

Zeta Potential and Average Droplet Size

The zeta potential of flaxseed oil emulsion samples varied
significantly (p < 0.05) with values ranging between
— 28.73 and — 38.50 mV (Table 2). The zeta potential
value is higher for the sample with higher total solids,
except for the emulsion having 30% TS and 30% OL
(Table 2) which was most stable in terms of zeta potential
(Table 2), due to maximum utilization of soy protein iso-
late for coverage of oil droplets or uncovered flaxseed oil
droplets [10]. Further, the negative values of zeta potential
indicate the negative charge on soy proteins isolates used
as coating material.

The mean droplet diameter (Z average size) values were
significantly (p < 0.05) different for various emulsion
samples (Table 2), and the lowest and highest mean droplet
diameter of 721.00 £ 48.77 nm and 1360 =+ 407.35 nm
was observed for sample having 25% OL and 20% TS and
emulsion having 25% OL and 25% TS, respectively. Even
though the emulsion samples are quite stable in view of
zeta potential values, but a particular tend is not visible in
the studied range of oil load and total solids, this might be
due to protein unfolding, exposure and interaction between
hydrophobic groups via the formation of covalent bonds,
thereby resulting in a decrease in the emulsifying capacity,
promoting droplet coalescence and thereby resulting in
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Table 2 Effect of concentration oil load and total solids on physical properties of emulsion

Sample Creaming index (%) Zeta potential (mV) Average droplet size (nm)
El 0.647 + 0.034% —28.17 + 1.36 721.00 + 48.77*

E2 0.334 £ 0.001" — 34.50 £+ 5.67° 1360.13 + 407.35%

E3 0.159 =+ 0.036' — 35.70 £+ 2.90° 888.40 4 221.31°%

E4 6.889 + 0.385" — 37.93 £ 3.61° 1151.17 + 346.27%

E5 3.991 £ 0.031¢ —31.57 £ 097¢ 892.43 £ 256.95%

E6 2.673 + 0.010 — 38.50 + 2.26¢ 1073.83 + 175.21°

E7 7.811 &+ 0.328* — 3543 + 1.05° 1119.47 + 267.11%¢

E8 5.333 & 0.000° —32.87 + 1.40° 1219.00 + 302.91"

E9 3.333 4 0.000° — 32770 £ 2.54° 782.80 + 128.60"

Results are expressed as mean &+ SD, n = 3; means with different small letters superscript (a, b, ¢) within the columns differ significantly

(p < 0.05) among the samples

larger droplet size [27]. However, droplet size of flaxseed
oil emulsions is quite lower as compared to refined veg-
etable oil emulsions (4170 nm) prepared with soy protein
isolate [1].

Rheological Behaviour

The rheological behaviour plays a vital role in defining the
processing conditions for various unit operations like
pumping, mixing, flowing in pipe and atomizing. The
apparent viscosity for studied emulsions decreased with
increasing shear rate (5-100/s) (Fig. 1). This confirms the
shear thinning behaviour (pseudoplastic nature), a charac-
teristic property of the most food emulsions. The observed
shear thinning may be due to spatial distribution of the
particles as a result of shear field [22]. The results are in
agreement with fish oil and rapeseed oil emulsions studied
by Taherian et al. [37] and Dybowska [13], respectively. It
is also evident that with the increase in TS level, the vis-
cosity increased but at the same time with the increase in
OL for same TS level, there is decrease in viscosity

(Fig. 1).
Properties of Microcapsule

All the emulsion samples were subjected to spray drying,
and the properties of developed microcapsules are as under.

Water Activity (a,,) and Moisture Content

Water activity (ay,) of dried food products is lower than
0.30, and for limiting the oxidation of lipid, a,, range from
0.2 to 0.3 [32] is ideal. The a,, for the microcapsule sam-
ples varied from 0.154 to 0.199 (Table 3) which is lower
than that observed for flaxseed oil microcapsules prepared
using chickpea/lentil protein isolates and maltodextrin (ay,
0.25) by Karaca et al. [26]. Also, Polavarapu et al. [32]

@ Springer

reported ay, value of about 0.3 for fish oil microcapsules.
Moisture content of different microcapsules ranged from
2.59 to 4.69% (Table 3). The moisture content of micro-
capsules varies mainly with the spray-drying conditions
like inlet and outlet air temperature and design of dryer,
etc. Thus, with the low water activity and moisture content,
keeping quality of the prepared microcapsules is expected
to be good.

Surface Oil and Microencapsulation Efficiency (ME)

Surface oil of prepared microcapsules varied from 4.16 to
36.21% (Table 3), and it was directly proportional to
emulsion droplet size [23] owing to droplet breakdown in
larger emulsion droplets during atomization. There was
significant (p < 0.05) difference in ME and surface oil
values for different microcapsule formulations. The ME
ranged from 95.84 to 63.79% (Table 3). The microcapsules
containing 25% OL and 30% TS had maximum ME with
lesser free oil. Further, the ME varied from 63.79 + 1.33
to 71.18 £ 0.17% for 35% OL samples. This could be
attributed to the fact that with increasing OL, the coating
material might be insufficient to cover the core completely
close to the drying surface, thereby reducing the diffusion
path length towards the air/particle interface which in turn
leads to an increase in free oil [40].

Bulk (pB), Tapped (pT) Density and Flowing Properties

The storage space requirement and stability of powders
(microcapsules) are dependent upon the bulk and tapped
density to certain extent. The bulk density and tapped
density values for the developed flaxseed oil microcapsules
are presented in Table 3. The bulk density for the micro-
capsules varied significantly (p < 0.05) from 0.32 to
0.36 g/mL. However, Thirundas et al. [39] reported higher
bulk density (0.426-0.490 g/mL) for flaxseed oil
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Fig. 1 Effect of total solid and oil load on viscosity at constant
temperature (25 °C) of emulsion represented as symbol and sample
(filled diamond El, filled square E2, filled triangle E3, open diamond

Table 3 Physical properties of flaxseed oil microcapsules

E4, open square ES5, open triangle E6, filled circle E7, multiplication
symbol E8 and open circle E9)

Sample Moisture (%,  Water activity, ME (%) Surface oil (%)  Bulk density Tapped Carr’s index ~ Hausner ratio
w.b.) Ay (g/ml) density (g/ml)
Al 4.692 + 0179 0.154 £ 0.001¢ 87.36 + 0.21° 12.640 + 0.210° 0.32 £ 0.01° 0.50 £ 0.01*® 35.79 + 1.58® 1.56 + 0.04®
A2 4.403 + 0134*® 0.161 £ 0.001¢ 89.95 + 0.65° 10.047 £ 0.649 & 0.32 + 0.01° 0.52 £+ 0.01* 38.58 &+ 1.28* 1.63 + 0.03°
A3 2.586 + 0068° 0.199 + 0.001* 95.84 &+ 0.26*  4.160 + 0.262 " 0.31 & 0.00° 0.47 + 0.00° 33.60 + 3.40° 1.51 £ 0.08"
A4 2716 £ 0299° 0.185 £ 0.001° 74.77 £ 0.41° 25227 + 0.407° 0.35 & 0.00° 0.49 &+ 0.00°® 29.09 + 3.55° 1.41 £ 0.07¢
A5 4.180 + 0263% 0.172 £ 0.001° 78.00 + 0.50¢ 22.005 + 0.496° 0.34 + 0.00° 0.49 + 0.00° 30.83 & 0.72° 1.45 + 0.01¢
A6 4233 + 0172° 0.148 £ 0.001¢ 87.12 + 0.74° 12.880 + 0.741¢ 0.34 + 0.01* 0.50 £ 0.01%® 30.98 + 2.38° 1.45 + 0.05%¢
A7 3.893 + 0080°¢ 0.163 + 0.001¢ 63.79 &+ 1.33" 36.210 + 1.328* 0.35 &+ 0.00" 0.48 + 0.00° 27.61 + 0.95° 1.38 + 0.02¢
A8 4.385 + 0211*® 0.183 £ 0.000° 66.03 + 0.91 & 33.969 + 0.912° 0.36 + 0.00* 0.49 £ 0.00°® 27.61 &+ 0.95° 1.38 + 0.02¢
A9 3.659 + 0178¢ 0.181 + 0.002°° 71.18 &+ 0.17° 28.816 + 0.169° 0.35 &+ 0.01®® 0.49 + 0.01*® 29.06 + 1.78° 1.41 + 0.04¢

Results are expressed as mean + SD, n = 3; means with different small letters superscript (a, b, ¢) within the columns differ significantly

(p < 0.05) among the samples

ME microencapsulation efficiency

microcapsules prepared with gum arabic, maltodextrin and
tween 80. The tapped density for the microcapsule samples
varied significantly (p < 0.05) from 0.47 to 0.52 g/mL.
These findings are in agreement to those reported by Fer-
nandes et al. [15] for microencapsulated rosemary oil
(0.41-0.52 g/mL) and Finney et al. [16] in case of orange
oil microencapsules (0.48-0.65 g/mL).

Carr’s index (% compressibility) and Hausner ratios
were used as indicators of powder flowing behaviour.

Higher Carr’s index describes higher compressible nature
and lesser flowability of powder. Similarly, higher Hausner
index indicates more cohesiveness and less flowability of
the powder. For the prepared microcapsules from soy
protein isolate and modified starch, Carr’s index and
Hausner ratio values were 27.61-38.58 and 1.63-1.38,
respectively (Table 3). Thus, it can be interpreted that the
prepared microcapsules had poor flowability [33]; how-
ever, flaxseed oil microcapsule being functional ingredient,
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the low flowabilty is not a cause of much concern as these
microcapsules would be directly mixed with milk or other
food ingredients. Kagami et al. [25], Turchiuli et al. [42]
and Domian and Wasak [12] also reported poor or very
poor flowability for microcapsules of different oils pre-
pared by spray-drying and/or freeze-drying techniques.

Quality Evaluation of Selected Microcapsule

Among all the emulsion samples, the emulsion (E6) with
30% OL and 30% TS was found most stable in terms of
highest zeta potential (— 36.83 &+ 2.18 mV) and low
creaming index (3.12%) (Table 2). Also, the ME of the
microcapsule  prepared from this sample was
87.12 & 0.74% (Table 3). Even though maximum
microencapsulation efficiency was for A3, but the maxi-
mum zeta potential, i.e. stability, was for A6 sample, sec-
ondly, as the aim of microencapsulation of flaxseed oil is
ultimately for food fortification, so in case of A3 sample,
less o0il would be incorporated resulting in higher amount
of microcapsules to be added in the developed product.
Further, its zeta potential is lower than A6 sample. Hence,
this sample was selected for evaluation of selected prop-
erties, as the intended use of the prepared microcapsule is
for fortification with ALA; hence stability forms an
important criteria for selection.

Particle Size Analysis
Particle size plays a significant role in its food applications

as it determines the texture and mouthfeel of fortified
product. The mean particle diameter (d4 3) for the selected

109

Volume Density (9%)

A6 microcapsule was 37.917 £ 1.788 um (Fig. 2). Small
size could be due to lower viscosity of emulsion. The
predominant size was observed as one representative peak
with symmetrical particle size distribution (Fig. 2). How-
ever, certain percentage of particles was above 100 pm,
which could be attributed to the early agglomeration taking
place during spray-drying process, thereby resulting in
irreversible linkages between individual particles. Also, the
powder was quite homogenous with low span value of
2.067 £ 0.030 um. The results thus validate that the target
of microencapsulation in terms of size is successfully
achieved.

Structural Characterization

The external morphology of microcapsules exhibited
spherical shape with some rough surface and their edges
losing definition (Fig. 3). Significant proportion of flaxseed
oil microcapsules also indicated dents on the surface,
which is a distinctive feature produced by spray drying
[18]. The collapse of emulsion droplets during initial dry-
ing period, also due to non-uniform drying and slow film
formation, results in dents on microcapsule surface
[21, 35]. Furthermore, high total solids could be another
possible reason for these surface dents as reported by some
researchers [14, 18, 38]. However, agglomeration of
powder particles is also quite visible in the electron
micrographs. This agglomeration behaviour could possibly
result from surface/free oil and moisture absorption by the
microcapsules [36] as reported by Onwulata and Holsinger
[30] and Hogan et al. [21].

T TTTTT I LI I

001 01 10

T TTTTTT

100 1000 10000

T T TTTTTT] T LI I T TTTTn
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Size Classes (um)

A

=[27) Average of NC46'-01-06-2018

Fig. 2 Particle size distribution of microcapsule prepared with 30% total solids and 30% oil load
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Date :25 May 2018
Time :12:40:08

2pm EHT = 15.00 KV Signal A = VPSE G3
WD = 100mm Mag= 300KX

2pm EHT = 500 kv Signal A = SE2

Mag= 766KX

(a

WD = 7.3mm
(b)

Fig. 3 a Scanning electron micrograph of flaxseed oil microcapsules containing 30% OL and 30% TS prepared with modified starch and soy
protein isolate showing uniform size of the capsules at 3000x, b SEM image of microcapsule at 7660x magnification showing spherical shape

Fourier Transform Infrared Spectra of Microcapsules

The FTIR spectra of microcapsules clearly revealed that
the carboxylic acid (C=CeCQOeOH) (C=C stretch) group
interacts with aldehyde group (-RCHO) to form strong
bond at 2980 cm ™' indicating the presence of carboxylic
group and aldehyde group (Fig.4). The peaks at
1722.30 cm™ " of flaxseed oil are dissolved by microcap-
sule peaks. This indicates the integration of flaxseed oil in
microcapsules and the presence of alkane group with C=C
stretch. It is also evident that major peaks present in the
spectra of coating material are also prominent in the flax-
seed oil-loaded capsules. However, many peaks were
formed probably due to flaxseed oil. In case of microcap-
sule spectra, peak at 1052 cm™' is due to the presence of
alkyl halide C=C stretch and the peak at 1395 cm ™" is due
to carboxylic acid R—-COeO structure with C=0O stretch.

Fig. 4 Fourier transform

The results help in confirming the presence of flaxseed oil
in microcapsules having soy protein isolate and modified
starch as coating material. It is visible from the FTIR
spectra of the coating material and flaxseed oil that the both
are closely matching at the characteristic peak of flaxseed
oil at 1656 cm™' (C=C stretch) and down at 1700 cm™!
(C=N Stretch) which has been absorbed by peak of
microcapsules at same wavelength. In the FTIR spectra of
the microcapsule, no new bonds were formed beside the
spectra of coating materials (SPI and modified starch) and
core material (flaxseed oil).

ALA Content of Flaxseed Oil Microcapsule Using GC-MS
Two major peaks observed for the oil extracted from

flaxseed oil microcapsule were at retention time of 25.120
and 25.308 min (Supplementary Fig. 1) for the fatty acid

infrared (FTIR) spectrum (wave —— Flaxseed Oil
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Fig. 5 Flaxseed oil released from flaxseed oil microcapsules pre-
pared with modified starch and soy protein isolate during simulated
gastric and simulated intestinal conditions (SGC 2H — treatment in
simulated gastric condition for 2 h, SGC 2H + heating treatment in
simulated gastric condition for 2 h and heating for 80 °C for 5 min,
SGC 4H — treatment in simulated gastric condition for 4 h, SGC
4H + heating treatment in simulated gastric condition for 4 h and

ester of ALA, i.e. butyl 9,12, 15, octadecatrienoate. The
concentration of alpha-linolenic acid (18:3) in the oil
extracted from microcapsule was 61.67%, and it can be
inferred that prepared flaxseed oil microcapsules had ALA
content more than 20%, so just by adding two grams of
microcapsules in one serving of any food or dairy product,
at least 25% RDA of the ALA can be achieved. Further, the
omega-6 fatty acid present in the oil extracted from flax-
seed oil microcapsules showed one major peak with
retention time of 24.961 min and linoleic acid content was
13.8% in the oil extracted from microcapsule.

Release of Flaxseed Oil from Microcapsules in Simulated
Gastrointestinal Environment

The release of flaxseed oil from developed microcapsules
is highly significant parameter as the microcapsules are
intended for food or fortification purpose. The per cent oil
released under in vitro gastric environment was 15.69% for
6-h incubation (Fig. 5). Additionally, when microcapsules
were subjected to heating at 85 °C for 5 min prior to

@ Springer
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SGC 4H+heating SGC+SIC SGC+SIC+heating

heating for 80 °C for 5 min, SGC + SIC treatment in simulated
gastric condition for 2 h followed by treatment in simulated intestinal
condition, SGC + SIC + heating treatment in simulated gastric
condition for 2 h followed by treatment in simulated intestinal
condition and heating for 80 °C for 5 min)

gastric conditions, the per cent release increased from
15.69 to 30.69% for 6-h incubation. This may be due to the
fact the heat treatment would have made the protein pre-
sent in the coating material susceptible to pepsin action,
thereby facilitating release of flaxseed oil. There is huge
increase in flaxseed oil release when sequentially subjected
to imitated gastric and intestinal environment from 38.24%
without heating to 60.86% in combination with heating
(85 °C for 5 min) prior to digestion. As both carbohydrate
and protein hydrolysing enzymes act upon the microcap-
sules during combined gastric and intestinal digestion
condition, so this would have resulted in breakdown of soy
protein isolate (protein component) and modified starch
(carbohydrate component) coating of microcapsule, facili-
tating the release of flaxseed oil. Thus, it can be predicted
that the SPI and modified starch when used as coating
materials would allow the release of flaxseed oil in the
human gastrointestinal tract for assimilation of alpha-li-
nolenic acid.
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Conclusions

It can be concluded that among all the emulsion samples,
the emulsion with 30% oil load and 30% TS was found
more stable in terms of low creaming index, highest zeta
potential and narrowest particle size distribution. The
flaxseed oil emulsions exhibited shear thinning behaviour
as commonly observed for food emulsions. Average par-
ticle size of the selected microcapsule sample was 38 um;
thus, it can be inferred that the target of microencapsulation
in terms of size was achieved. Further, the FTIR spectra
also confirmed the entrapment of flaxseed oil in SPI and
modified starch matrix. The SEM images illustrated that
the spherical shape of microcapsules with the presence of
some uneven shape capsules, dents of surface and slight
agglomeration. The concentration of alpha linoleic acid
(18:3) in the oil extracted from microcapsules was 61.67%.
Also, the flaxseed oil gets released to a great extent in the
simulated gastrointestinal conditions, thereby making these
microcapsules ideal for food fortification. Thus, soy protein
isolate and modified starch when used in combination
behave as good coating materials for preparing flaxseed oil
microcapsules, and the developed microcapsules should be
explored for alpha-linolenic acid fortification of food
products.
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