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In order to improve the encapsulation process, a newly supercritical antisolvent process

was developed to encapsulate fish oil using hydroxypropyl methyl cellulose as a polymer.

Three factors, namely, temperature, pressure, and feed emulsion rate were optimized

using response surface methodology. The suitability of the model for predicting the opti-

mum response value was evaluated at the conditions of temperature at 60�C, pressure at

150 bar, and feed rate at 1.36 mL/min. At the optimum conditions, particle size of 58.35 mm

was obtained. The surface morphology of the micronized fish oil was also evaluated using

field emission scanning electron microscopy where it showed that particles formed

spherical structures with no internal voids. Moreover, in vitro release of oil showed that

there are significant differences of release percentage of oil between the formulations and

the results proved that there was a significant decrease in the in vitro release of oil from the

powder when the polymer concentration was high.
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1. Introduction

Fish oil is considered a good source of omega-3 and omega-6

polyunsaturated fatty acids (PUFAs) including eicosapentae-

noic acid (EPA) and docosahexaenoic acid (DHA) which have

been shown to reduce the risk of coronary heart disease, hy-

pertension, thrombosis, inflammations, rheumatoid arthritis,

symptoms of allergies (atopic eczema), some types of cancer,

and the rate of ageing, and promote the development and

functions of central nervous system, thereby helping cell

signaling and gene expression [1e3]. The common and widely

researched u3 PUFAs are EPA (5 double bonds) and DHA (6

double bonds).

Microencapsulation is defined as the technique where

solid, liquid, and gaseous materials are enclosed in small

capsules or microcapsules that release their content at a

controlled rate over prolonged periods of time [4]. In this

technique, the core material is embedded in a protective layer

of different composition and ratio of polymer. Here, the liquid

is transformed into a powder by different microencapsulation

techniques and the powder has better stability against light

and oxidative degradation, and is easier to incorporate into a

variety of food matrices. The supercritical antisolvent tech-

nique has a great potential in particle engineering as carbon

dioxide (CO2) is nontoxic, nonflammable, nonpolluting, and

relatively cheap. Its critical state of pressure (Pc ¼ 7.3 MPa) and

temperature (Tc ¼ 31.1�C) are readily accessible in practical

applications. Supercritical antisolvent processes are based on

solution of the solutes into the conventional liquid solvent

using supercritical fluid. The supercritical CO2 saturates the

liquid solvent resulting in the precipitation of solute by an

antisolvent effect [5] (Figure 1). The advantages of supercriti-

cal antisolvent processes include the control of the particle

morphology on a very wide range from nanoparticles to mi-

croparticles. Supercritical antisolvent is amenable to contin-

uous processing which is very important for large-scale

production of microsized and nanosized particles. Freshly

precipitated particles can easily be collected from the high

pressure vessel and the supercritical fluid where organic sol-

vents can be drained continuously from the system. The dis-

advantages of these processes are the longer washing period

due to agglomeration and aggregation of the particles in the

nozzle [5].

A critical step in the production of microcapsules is the

selection of appropriate encapsulating material. The selec-

tion of encapsulating material can be made from a large va-

riety of natural or synthetic polymers depending on the

stability and release characteristics anticipated from the final

microcapsule. It has been reported that the composition as

well as the physical and chemical properties of the shell

material can influence the functionality of the final micro-

capsule and the processing technologies to be used for

microencapsulation [6]. According to Augustin and San-

guansri [7], a good encapsulating material should have

neutral taste and odor, low viscosity, good film forming, gel-

ling, and barrier properties. It also can preserve the core from

degradation during processing and storage and mask any

unpleasant taste or odor related with the bioactive core when

added into foods.
Oils containing PUFAs can be encapsulated in a variety of

polymers including modified starches, glucose, trehalose,

maltodextrins, hydroxypropyl methyl cellulose (HPMC), leci-

thin, chitosan, corn syrup solids, gum Arabic, pullulan, whey

protein, sodium caseinate, gelatin, alginate, and glycated

proteins [8e11]. The two mostly studied wall materials,

namely whey protein and maltodextrin, are extensively used

for encapsulation of PUFA rich oils. Mehrad et al [12] studied

the encapsulation of fish oil by using different combinations

of maltodextrin, fish gelatin, and k carrageenan where a

combination of maltodextrin and fish gelatin showed best

encapsulation efficiency with high emulsion stability. In

another study conducted by Pourashouri et al [13] on encap-

sulation of fish oil, the authors found that the encapsulating

material fish gelatin provided the highest preserving effect on

the covering fish oil. Klaypradit and Huang [14] encapsulated

tuna oil in whey protein combined with chitosan and malto-

dextrin by ultrasonic atomization. The materials and process

produced microcapsules with good encapsulation efficiency

(~80%) and with little loss of DHA and EPA following pro-

cessing; however, long term stabilitywas not evaluated. HPMC

has also been used as a good encapsulating material. Kola-

nowski et al [15] studied the encapsulation of fish oil using

HPMC andmethyl cellulose by spray dryingwhere the authors

indicated that these carrier materials improved the stability

and concentration of fish oil in the powder. Another studywas

performed by Christensen et al [16] for the encapsulation of

fractionated coconut oil with different types of HPMC, where

the low viscosity HPMC was found to be a useful solid carrier

and the dry emulsions remained physically stable for at least 6

months. Wu and Xiao [17] conducted a study for the encap-

sulation of fish oil using HPMC and maltodextrin as a carrier

material by simple coacervation. It was observed that the

oxidative stability of encapsulated fish oil was improved via

simple coacervation of HPMC with the best result in the case

of replacing malt dextrin by 40% with acacia. Karim et al [18]

studied the encapsulation of fish oil using different ratios

and mixtures of HPMC 15 cps and HPMC 5 cps where the

stability and encapsulation efficiency of fish oil powder was

improved when compared to raw fish oil.

At present, there is no published research on the micron-

ization of fish oil using the supercritical antisolvent process.

Therefore, the purpose of this study was to investigate the

encapsulation of fish oil using HPMC as a carrier material in

the supercritical antisolvent process based on supercritical

CO2. The experimental parameters such as temperature (�C),
pressure (bar) and feed flow rate (mL/min) were also studied.

Additionally, micronized fish oil was also observed under field

emission scanning electron microscopy (FESEM).
2. Materials and methods

2.1. Materials

HPMC (Methocel E15 PremiumLV)was kindly gifted by Incepta

Pharmaceuticals Ltd, Dhaka, Bangladesh. Fish oil (20e30%

omega-3) was obtained from Sigma-Aldrich Inc. (St Louis, MO,

USA). Pepsin derived from porcine mucosa and pancreatin

from porcine pancreas (meeting the requirements of US

http://dx.doi.org/10.1016/j.jfda.2016.11.017
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Figure 1 e Schematic diagram of supercritical antisolvent (SAS) process (adapted from Ref. [5]).

j o u rn a l o f f o o d a nd d r u g an a l y s i s 2 5 ( 2 0 1 7 ) 6 5 4e6 6 6656
Pharmacopeia) were obtained from Sigma-Aldrich Inc. All the

other reagents used were of analytical grade. Polyethylene

glycol 6000 (PEG 6000) was used as a plasticizer. All the in-

gredients and polymers used in this study were of food grade.
Figure 2 e Schematic diagram of supercritical antisolvent

(SAS) system (adapted from Ref. [19]).

Figure 3 e Particle collector used in supercritical

antisolvent (SAS) system (Adapted from Ref. [19]).
2.2. Methods

2.2.1. Preparation of microencapsulated fish oil
In this experiment, the in-house supercritical antisolvent

system was designed and fabricated according to Chong et al

[19] (Figure 2). It consisted of supercritical fluid (SCF) delivery,

feed delivery, a precipitation vessel with a capacity of 6 L and a

particles collector. Here, purified grade of CO2, 99.98% purity

(MOX, Kuala Lumpur, Malaysia) was used as supercritical

fluid. The temperature of the system was controlled by a

water-bath throughout the experiment. Liquefied CO2 was

delivered to the vessel using a high pressure pump.

The pressure of the whole system was released before

collecting the particles. Therefore, in this study an external

particles collector (Figure 3) was designed and fixed at the

bottom of the precipitation vessel. The size of inlet was

designed in order to have turbulence when supercritical CO2

entered the particles collector so that the particles were

evenly distributed on the surface of the membrane filter. An

additional needle valve was installed just after the precipita-

tion vessel tomaintain the pressure of the precipitation vessel

by closing the valve while collecting the particles. Subsequent

experiments could be run after placing the new membrane in

the particles collector.

2.2.2. Experimental design using response surface
methodology
In this study, response surface methodology was used to

determine the optimum condition for the factors affecting the

stable encapsulated fish oil powder. The effect of the three

experimental factors of X1: temperature; X2: pressure; X3: feed

flow rate, on the dependent variable or response in particle

size were analyzed. The experimental design was generated

using MINITAB software version 16 (Minitab Ltd, Coventry,

http://dx.doi.org/10.1016/j.jfda.2016.11.017
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Table 2 e Experimental design recommended by
MINITAB software version 16.

Run order Temperature
(X1)

Pressure
(X2)

Feed flow
rate (X3)

1 60 160 2.5

2 60 140 2.5

3 40 150 1.0

4 40 140 2.5

5 50 160 4.0

6 50 150 2.5

7 40 160 2.5

8 40 150 4.0

9 50 150 2.5

10 60 150 1.0

11 50 160 1.0

12 50 140 1.0

13 50 140 4.0

14 50 150 2.5

15 60 150 4.0
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United Kingdom). In relation to this, the independent vari-

ables are shown in Table 1. Based on Table 1, 15 experimental

runs were performed according to Table 2 and the experi-

mental values were fitted according to Eq. (1) as a second-

order polynomial equation:

y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X
2
1 þ b22X

2
2 þ b33X

2
3 þ b12X1X2

þ b13X1X3 þ b23X2X3

(1)

where, where bn are constant regression coefficients; y is the

response (particle size); X1: temperature, X2: pressure, and X3:

feed flow rate.

2.2.3. Characterization of fish oil emulsion
2.2.3.1. Emulsion viscosity. The viscosities of the prepared

samples were measured at 20�C with the aid of a viscometer

(DV-III Ultra, Brookfield Engineering Laboratories, Inc., Mid-

dleboro, USA) fitted with spindle SC4e18 [18]. Samples were

placed in themeasurement cell of the viscometer and allowed

to equilibrate at 20�C. The viscosity measurements for all the

samples were carried out with a shear rate ranging from

150 s�1 to 300 s�1. Viscosity readings were taken after sub-

jecting the sample to shear for 1 minute. The viscosity was

obtained in terms of millipascal-second (mPa.s).

2.2.3.2. Emulsion droplet size. Particle size distribution of the

prepared emulsions wasmeasured by laser diffraction using a

laser particle size analyzer BT-9300H (Dandong Bettersize In-

struments, Dandong, China) and expressed as volume

weighted mean, D4,3 [18]. Distilled water was used as a

dispersant. Each sample was analyzed in triplicate and

average data were reported.

2.2.4. Characterization of encapsulated fish oil
2.2.4.1. Moisture content. The moisture content of the spray

dried powderwas determined using amoisture analyzer (A&D

MS-70, A&D Company, Limited, Tokyo, Japan) using the AOAC

(2000) method. Initially, about 1 g of powder sample was

placed on the heating pan of the moisture analyzer. The

moisture evaporates as a result of continuous heating at 105�C
and once the mass of the sample achieved a constant value,

the experiment stopped automatically.

2.2.4.2. Determination of microencapsulation efficiency. The

procedure of determining the total oil contentwas followed by

Anwar and Kunz [20] with somemodifications. Firstly, sodium

phosphate buffer was prepared by mixing 80 mL solution of

monosodium phosphate (5.6 g NaH2PO4 in 200 mL distilled

water) with 420 mL solution of disodium hydrogen phosphate

(14.2 g Na2HPO4 in 500mL distilled water) in a 1 L schott bottle.
Table 1 e Coded and uncoded factors for the design
experiments.

Independent
variables

Coded
factor

Level

Low (�1) High (þ1)

Temperature X1 40 60

Pressure X2 140 160

Feed flow rate X3 1 4
Porcine pancreatin (30 mg) was weighed into a clean 50 mL

tube where 250 mg of microcapsule powder was added and

weighed. Exactly 10mL sodiumphosphate buffer solutionwas

added to this mixture. The vial was vortexed (Vortex Genie 2,

Scientific Industries, Bohemia, New York, USA) and placed in

an incubator shaker at 37�C at 70 rpm for 1 hour. The tube was

then cooled to room temperature and 10mL ethyl acetate was

added to the solution and weighed (Wsol). The tube was again

vortexed for 3 minutes and centrifuged at 1000 rpm for 10

minutes. Then, approximately 3 mL of organic layer was

withdrawn and added to a tared tube and the tube was

weighed (Wext). This layer was blanketed under nitrogen gas.

The tubes were then uncapped and placed in an oven at 45�C
to ensure all the solvents had evaporated, which gave the final

weight of the extracted oil (Woil). From this, the amount (g) of

total oil extracted from the powder was calculated using Eq.

(2):

Total oil ðgÞ ¼ ðWsol=WextÞ � Woil (2)

The surface oil content of encapsulated powder was

determined using extraction with petroleum ether [21]. Spray

dried powders (2 g) were weighed and dispersed in 25 mL

petroleum ether in a volumetric flask and shaken manually

for 8 minutes. Then, the dispersion was filtered through

Whatman number 1 filter paper and the collected micropar-

ticles were rinsed three times with 15 mL of petroleum ether.

The filtrate solution containing the extractable oil was trans-

ferred to a tared petri dish to allow solvent evaporation at

room temperature. The amount (g) of surface oil on the par-

ticles was then calculated from Eq. (3):

Surface oil ðgÞ ¼ Amount of extracted oil
Initial mass of the powder particles

(3)

Microencapsulation efficiency (%) was then calculated

from the following Eq. (4):

Microencapsulation efficiency ð%Þ ¼ Total oil� Surface oil

Total oil
(4)

2.2.4.3. In vitro determination of encapsulated oil after expo-
sure to simulated gastric fluid and simulated intestinal fluid.

http://dx.doi.org/10.1016/j.jfda.2016.11.017
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Table 3 e Scale of flowability and cohesiveness of
powder.

Carr Index (%) Flow character Hausner ratio

� 10 Excellent 1.00e1.11

11e15 Good 1.12e1.18

16e20 Fair 1.19e1.25

21e25 Passable 1.26e1.34

26e31 Poor 1.35e1.45

32e37 Very poor 1.46e1.59

> 38 Very, very poor > 1.60
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The in vitro digestion was carried out in two phases; first, the

encapsulated oil was exposed to simulated gastric fluid (SGF)

containing pepsin and sodium chloride at low pH value [22]

and second, an intestinal digestion was simulated by

exposing gastric digestion elements to a simulated intestinal

fluid (SIF) [23]. The SGF was prepared according to the USP

method [24] where 0.64 g of pepsin and 0.4 g of sodium chlo-

ride were dissolved in ultrapure water (180 mL). After that

hydrochloric acid (1.4 mL, 36% w/v) was added to the solution

and the final volume of the solution was made up to 200 mL

with ultrapure water. The pH of the solution was ~1.2. The SIF

was prepared by dissolving 0.25 g of pancreatin and 1.36 g of

potassium dihydrogen phosphate in ultrapure water. Sodium

chloride (15.4mL, 0.2M)was then added to the solution, which

was stirred overnight at 4�C using a magnetic stirrer. The pH

of the solution was set to 6.8 with 1 M sodium hydroxide and

the final volume of the solution was fixed at 200 mL with ul-

trapure water.

A 5 g of powder sample was added to 50 mL of SGF in a

250 mL Erlenmeyer flask. The mixture solution was then

incubated at 37�C for 2 hours in an incubator shaker (100 rpm)

and the pH was set to 6.8 using 1M NaOH. Approximately,

50 mL of SIF was added to the solution and further incubated

at the same conditions for another 3 hours. The oil released

was extracted three times with 20 mL of petroleum ether. For

each extraction, the solvent was added into the sample solu-

tion and mixed using a flask shaker for 10 minutes and

allowed to stand for 15 min. The extracts weremixed together

and the solvent was removed using a rotary evaporator. The

oil released from the samplewas calculated as a percentage of

the total oil in the sample.

2.2.4.4. Particle size distribution. The particle size distribution

of fish oil powders was measured using laser diffraction par-

ticle size analyzer (Malvern 2000 mastersizer, Malvern In-

struments Co., Grovewood Road, Malvern, Worcestershire,

UK) equipped with an automated dry powder dispersion unit

(Scirocco 2000). The particle size distribution was character-

ized by the volume weighted mean, D4,3.

2.2.4.5. Particle surface morphology. The morphologies of the

powder particles were analyzed through a field emission

scanning electron microscope (JEOL JSM-7800F, Japan). The

dried powder was mounted on specimen stubs with double-

sided adhesive carbon tapes. The specimen was coated with

platinum and examined at 1e3 kV with a magnification

ranging from 500� to 10,000�.

2.2.4.6. Bulk density and tapped density of the powder. Bulk

density of microencapsulated powder was determined ac-

cording to Karim et al [18]. The powder was gently loaded into

a 50 mL tared glass cylinder up to 50 mL mark and weighed

(Wm). The volume (Vbulk) obtained directly from the glass cyl-

inder was used to calculate the bulk density (rbulk) based on

the following relationship shown in Eq. (5):

rbulk ¼ Wm=Vbulk (5)

For tapped density (rtapped), approximately 5 g (M) of

encapsulated powder was placed into a 50 mL glass cylinder.
The powders were repeatedly tapped manually by lifting and

dropping the cylinder under its own weight at a vertical dis-

tance of 10 cm until negligible difference in volume (Vtapped)

between succeeding measurements was observed. Then, the

tapped density was calculated based on Eq. (6) [25]:

rtapped ¼ M
�
Vtapped (6)

2.2.4.7. Flowability and cohesiveness of powder. Flowability

and cohesiveness of powder were determined in terms of Carr

index (CI) and Hausner ratio (HR), respectively. Both CI and HR

were calculated from the value of bulk (rbulk) using Eq. (7) and

tapped (rtapped) densities of the powder using Eq. (8):

CI ¼
�
rtapped � rbulk

�.
Vtapped � 100 (7)

HR ¼ rtapped

.
rbulk (8)

The scale of flow ability and cohesiveness of the powder

particles based on the CI and HR values are shown in Table 3

[26,27].

2.2.4.8. Particle density of powder. Particle density (rparticle) of

the powder sample was determined according to A/S Niro

Atomizer with somemodifications [28]. A powder sample (1 g)

was taken in a 10 mLmeasuring cylinder with a glass stopper.

After the addition of 5 mL of petroleum ether, the measuring

cylinder was shaken until all the powder particles were sus-

pended. Finally, the rest of the powder particles were rinsed

down on the wall of the cylinder by further addition of 1 mL of

petroleum ether and the total volume of petroleum ether with

suspended powder was recorded. The particle density was

calculated using Eq. (9) as shown below:

rparticle ¼
Powderweight

Total volume of petrolem ether with suspended powder�6

(9)

2.2.4.9. Peroxide value of the powder. Powder samples were

stored in an amber schott bottle at 4�C immediately after

spray drying for 28 days. The oxidative stability of microcap-

sules wasmonitored in 7 day intervals, and experiments were

carried out in triplicate. The peroxide value (PV) was

measured to determinate the oxidation process during stor-

age. The PV was determined according to AOCS method of Cd

8-53 with chloroform and glacial acetic acid as solvents [29].

Firstly, approximately 5 g of microencapsulated powder was

weighed and added to a 250 mL conical flask with a plastic

http://dx.doi.org/10.1016/j.jfda.2016.11.017
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plug and dispersed completely into 12 mL of distilled water by

magnetic stirring for 10 minutes. A mixture of 15 mL of chlo-

roform and 30ml ofmethanol was added to the solution. After

magnetic stirring for 10 minutes, 15 mL of chloroform was

added into the mixture and stirred for 2 minutes. Then, 15 mL

of distilled water was added and stirred for 5 minutes. The

solution was kept still for 30 minutes for the formation of a

layer. From the upper layer, 12mLwas pipetted into aweighed

and dried 250 mL conical flask and dried at 105�C for 1 hour.

Exactly 12 mL of the chloroform phase, 18 mL of glacial

acetic acid, and 1 mL of freshly prepared saturated potassium

iodide solution were pipetted into the dried 250 mL conical

flask. After shaking it by hand for 10 seconds, the conical flask

was placed with a cover in the dark for 3 minutes and then,

30 mL of distilled water and 5 mL of 1% starch solution were

added. The mixed solution was titrated under constant

agitation with 0.0025N sodium thiosulfate until the blue color

disappeared completely. The PV was calculated at mol/kg

from Eq. (10):

PV ¼ ½ððS� BÞ �N� 1000Þ�
W

(10)

where S is the titration of the sample (in mL), B is the titration

of blank (in mL), N is the normality of the sodium thiosulfate

solution, and W is the weight of the sample (in g).
3. Results and discussion

3.1. Fitting the response surface models

As shown in Table 4, the lowest actual and predicted re-

sponses were 26.490 mm and 25.970 mm, respectively, where

the temperature was 60�C, pressure was 160 bar, and the feed

flow rate was 2.5 mL/min. The highest actual and predicted

responses were 90.930 mm and 88.855 mm, respectively, under

prearranged factorswhichwere temperature of 60�C, pressure
of 160 bar, and feed flow rate of 2.5 mL/min.
Table 4 e Factors and comparison between actual (Y) and
predicted (FIT) responses.

Run
order

Temperature
(X1)

Pressure
(X2)

Feed flow
rate (X3)

Responses
Particle size (mm)

Y FIT

1 60 160 2.5 90.930 88.855

2 60 140 2.5 37.670 37.780

3 40 150 1.0 24.580 23.025

4 40 140 2.5 28.620 30.695

5 50 160 4.0 54.640 55.160

6 50 150 2.5 37.670 37.670

7 40 160 2.5 33.910 33.800

8 40 150 4.0 26.490 26.080

9 50 150 2.5 37.670 37.670

10 60 150 1.0 54.640 55.050

11 50 160 1.0 54.640 56.305

12 50 140 1.0 26.490 25.970

13 50 140 4.0 32.980 31.315

14 50 150 2.5 37.670 37.670

15 60 150 4.0 54.640 56.195
A response surface regression analysis was carried out and

the results of estimated regression coefficients of a second-

order polynomial model for the optimization of experi-

mental conditions aimed at particle size are shown in Table 5.

The mathematical model representing the encapsulation

of fish oil within the range of studied variables was expressed

by the following equation:

y ¼ 2079:62� 20:36X1 � 22:69X2 þ 22:05X3 þ 0:04X2
1 þ 0:06X2

2

� 0:71X2
3 þ 0:12X1X2 � 0:03X1X3 � 0:11X2X3

(11)

where, X1 ¼ temperature, X2 ¼ pressure, and X3 ¼ feed flow

rate.

The significant second-order polynomial equation at the

95% level of the optimization of experimental conditions of

particle size is shown in Eq. (11). From Table 4, it was found

that linear factors such as temperature (X1) and pressure (X2)

showed negative coefficients whereas feed flow rate (X3)

showedpositive coefficients. Negative values of the coefficient

for the particle terms indicated that the particle size will

decrease due to these particle terms. In contrast, positive

values of coefficient indicated that the particle size will in-

crease. Square factors for all three factors of temperature

(X1X1), pressure (X2X2) showed positive coefficients whereas

feed flow rate (X3X3) showed negative coefficients. The inter-

action or cross-product factors such as temperature and

pressure (X1X2) also showed positive coefficients. Positive

values of coefficient for the particle terms of temperature and

pressure (X1X2) indicated that the particle size will increase

due to these particle terms.

Moreover, the effect of experimental variables on the

linear, quadratic, and interaction terms were tested by anal-

ysis of variance. The summary of the results obtained are

shown in Table 6. By using lack-of-fit and coefficient deter-

mination (R2), the suitability of themodel can be revealed. The

ratio of F at a probability (p) of 0.05 was used to assess the

significance of the equation parameter for test variables.
3.2. Analysis of response surface methodology

The response optimizer was obtained and the results for the

target goal at the optimum condition are shown in Figure 4.
Table 5 e Estimated regression coefficients of second-
order polynomial model for optimization of
encapsulation efficiency of fish oil powder.

Term Coefficient SE coefficient T p

Constant 2079.62 249.714 8.328 0.000

X1 �20.36 1.830 �11.128 0.000

X2 �22.69 3.159 �7.183 0.001

X3 22.05 10.773 2.047 0.096

X1X1 0.04 0.010 3.859 0.012

X2X2 0.06 0.010 5.882 0.002

X3X3 �0.71 0.461 �1.531 0.186

X1X2 0.12 0.010 12.025 0.000

X1X3 �0.03 0.066 �0.479 0.652

X2X3 �0.11 0.066 �1.627 0.165

R2 ¼ 99.53% R2(adj) ¼ 98.68%.

X1 ¼ temperature, X2 ¼ pressure and X3 ¼ feed flow rate.

http://dx.doi.org/10.1016/j.jfda.2016.11.017
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Table 6 e Analysis of variance (ANOVA) for optimization of encapsulation efficiency of fish oil powder.

Source DF Seq SS Adj SS Adj MS F p Status

Regression 9 4198.04 4198.04 466.448 117.24 0.000 Significant

Linear 3 3407.25 637.36 212.454 53.40 0.000 Significant

Square 3 204.07 204.07 68.022 17.10 0.005 Significant

Interaction 3 586.72 586.72 195.574 49.16 0.000 Significant

Residual error 5 19.89 19.89 3.979 d d d

Lack-of-fit 3 19.89 19.89 6.631 d d d

Pure error 2 0.00 0.00 0.000 d d d

Total 14 4217.93 d d d d d

Adj MS ¼ adjusted mean square; Adj SS ¼ adjusted sum of square; DF ¼ degree of freedom; F ¼ fischer; Seq SS ¼ sequential sum of square.
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The feasibility of the experiments for maximum goal was

determined from the contour plot and the result is shown in

Figure 5. Contour and surface plots for particle size at feasible

optimum conditions are shown in Figures 5 and 6 with the

temperature at 60�C, pressure at 150 bar, and feed flow rate at

1.36 mL/min.

In this study, results revealed that there was a significant

interaction effect between temperature and pressure on the

particle size. Furthermore, particle size increased with the

increase of temperature and pressure. In order to have a better

understanding of the significant effect (p < 0.05) of the statis-

tical interaction of factors in response, a three dimensional

surface and contour plot was recommended [30] for better

understanding of the significant effect on the particle size and

shown in Figures 5 and 6. The three dimensional surface plots

showed the effects of particle size of fish oil powder at tem-

perature of 60�C, pressure of 150 bar and feed flow rate of

1.36 mL/min. Each plot illustrated the particle size with one

fixed value of variable.
3.3. Optimization and model verification

The suitability of the model for predicting the optimum

response value was evaluated at the conditions of tempera-

ture at 60�C, pressure at 150 bar, and feed flow rate at 1.36 mL/

min. Optimization using actual experimental values was

tested using the t test (Minitab 16). It was found that there was

no significant difference (p > 0.05) between predicted and
Figure 4 e Response optimizer at the optimum condition

for target goal.
verified values of the particle size. Thus, the model is signifi-

cant and can be applied to estimate the optimization of par-

ticle size. Based on the optimum condition, four formulations

were selected which was denoted as A series and other

characterization parameters (moisture content, microencap-

sulation efficiency, in vitro release of oil through SIF and SGF

and PV and surface morphology of powder).

3.4. Characterization of fish oil emulsion

Mean oil droplet diameters for all the formulations were

found to be statistically significant (p < 0.05). In our study,

emulsion droplet size varied from 3.75 mm to 13.7 mm. Emul-

sion containing low amounts of HPMC produced the smallest

oil droplets with a mean diameter of < 4 mm. The mean

diameter of the oil droplet of fish oil emulsion increased

significantly with the total solid content. AF4 containing a low

content of HPMC 15 cP, produced the largest droplet size of

13.7 mm, whereas AF1, containing a high amount of HPMC 15

cP, produced the smallest particle size of 3.75 mm. The use of

fish oil in this study induced the increase of emulsion viscosity

which is an important factor affecting the mean particle size.

Jumaa andMüller [31] showed the dominating influence of the

nature of the oil phase as well as the importance of the ho-

mogenizing conditions on processing and stability. They

highlighted correlation between decrease of emulsion vis-

cosity and mean size reduction. Moreover, emulsion droplets

may coalesce during the intense shearing in the atomization
Figure 5 e Response contour plot of particle size (mm) at a

feasible optimum condition.

http://dx.doi.org/10.1016/j.jfda.2016.11.017
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Figure 6 e Response surface plot of particle size (mm) at a

feasible optimum condition.

Figure 7 e Effect of total solid content on encapsulation

efficiency.
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device of the spray-dryer, resulting in larger droplet size dis-

tribution; this has been observed by several authors [32e34].

HPMC is itself a very viscous carrier material. As total solid

content increased, emulsion viscosity also increased, which

was expected, since a higher content of HPMC made the for-

mulations more viscous. Higher viscosities prevent droplet

flocculation and coalescence by slowing oil dropletmovement

[35]. Among all the formulations, AF1 showed a high viscosity

of 63.27 mPa.s, whereas, AF4 showed a low viscosity of

11.83 mPa.s. High viscosity in the initial emulsion increased

volatiles retention due to reduced droplets movement, favor-

ing a rapid matrix formation and limiting the oil diffusion

through thewall material [36]. Moreover, the different content

and ratios of HPMC on the viscosity affects the formulations

significantly (p < 0.05).

3.5. Characterization of fish oil powder

3.5.1. Moisture content
The moisture content of the powder is mainly caused by the

relative humidity of the air in the dryer chamber. High mois-

ture content may lead to caking/agglomeration of particles,

promote microbial growth, and have negative effects on lipid

stability since this factor has been reported as being very

important [37]. Moisture content of the fish oil powders ob-

tained from the supercritical antisolvent process is shown in

Table 8. Themoisture content of the fish oil powder was in the

range from 3.56% to 4.91%. Supercritical antisolvent condi-

tions possessed the greatest effect on the moisture content.

The maximum moisture specification for most dried powders

in the food industry is between 3% and 4% [38,39].

In this study, AF2 showed less moisture content of 3.56%

and AF4 showed higher moisture content of 4.91% and

moreover, all the moisture content of different formulations

were compared and found statistically significant (p < 0.05).

3.5.2. Microencapsulation efficiency
Encapsulation efficiency is an important parameter for eval-

uating performance of materials as encapsulation agents.

Furthermore, for ingredients susceptible to oxidation, the

portion of core material that remains on the surface is

particularly important ematerials on the surface are believed
to be more susceptible to oxidation as they do not have the

benefit of a carbohydrate barrier film. Particle flow and wet-

ting characteristics also are impacted by surface fat content

[40]. Encapsulation efficiency was calculated based on total oil

content and surface oil content. Encapsulation efficiency of

the encapsulated powders varied from 69.55% to 81.75% and

was significantly influenced (p < 0.05) by the polymer com-

positions. As the HPMC content increased, the encapsulation

efficiency of fish oil also increased (Figure 7). During the ex-

periments, the temperature and pressure were kept at 60�C
and 150 bar, respectively, which increased the drying rate of

the droplets causing the formation of crust on the particle

surface. This crust provided a solid membrane around the

particles preventing the leaching of oil from the droplets.

Encapsulation efficiency was higher for particles produced

from emulsions with higher solid content, i.e., encapsulation

efficiency of AF1 was high among all the formulations.

The influence of oil concentration on the encapsulation

efficiency can also be related to the emulsion viscosity. As

stated before, lower oil content resulted in higher emulsion

viscosity (for the same solid content), which makes it difficult

for the oil to diffuse to the drying particle surface. Similar

results were obtained by Tan et al [41] in the microencapsu-

lation of fish oil by spray drying, using modified starch as wall

material. The authors found that higher oil:wall material ratio

(1.5:1) resulted in lower encapsulation efficiency (47.8%),

compared to an oil:wall material ratio of 1:1, which led to an

encapsulation efficiency of 68.6%. McNamee et al [42], when

encapsulating soy oil with gum Arabic, observed that the

encapsulation efficiency decreased from 100% to 48% when

the oil:gum ratio increased from 0.25 to 5.0. With respect to

total solid content, this variable had a positive effect on the

encapsulation efficiency, i.e., higher solid content resulted in

higher encapsulation efficiency. This result can be attributed

to the emulsion droplet size, which decreasedwhen total solid

content increased. Frascareli et al. [43] studied the encapsu-

lation of coffee oil where the authors found that the encap-

sulation efficiency (48e82 %) was significantly influenced by

the total solid content.

3.5.3. In vitro determination of encapsulated oil after
exposure to SGF and SIF
The influence of the wall component on the microcapsules

digestibility was assessed by means of in vitro gastric and

http://dx.doi.org/10.1016/j.jfda.2016.11.017
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intestinal digestion. The amount of oil obtained after the

in vitro digestion, expressed as % recovered oil after in vitro

digestion, has been evaluated considering the different types

of microcapsule wall components. Besides, with the aim to

address that the encapsulated oil was released from the cap-

sules due to the action of the digestion process rather than the

solubility of the wall components in the aqueous media, the

microcapsule powders were submitted to the same digestive

procedure using purified water instead of SGF and SIF.

In this study, in vitro gastric and intestinal digestion of the

encapsulated oil was significantly influenced by the compo-

sition of wall material (p < 0.05). The percentage of oil released

after SGF treatment was in the range of 18.35e45.69% (Table

8). Formulation AF1 released the lowest amount of oil

(18.35%) and AF4 released the highest amount of oil (45.69%)

among all the formulations. The percentage of oil release after

the exposure to SGF and SIF was found to be higher than the

SGF alone (Table 7). Formulation AF1 released the least per-

centage of oil (28.99%), whereas AF4 released a high percent-

age of oil (74.98%). Patten et al. [23] found that digestion in SGF

and intestinal fluid demonstrated that only 4e6% of oil was

released from the dried emulsion formulations.

3.5.4. Particle surface morphology
The structures of microcapsules observed by FESEM are pre-

sented in Figure 8 with magnification of 2000�. In all the

samples, the diameter was 10 mm. The FESEM image showed

that particles formed spherical structures with no internal

void. The diameters of microcapsules are probably dependent

on the type and concentration ofwallmaterials, parameters of

homogenization. Figure 8 showed that there were some partly

damaged capsules and formation of the wrinkled surface of

the encapsulated oil was also observed in some areas of the

particles.

Formulations containing higher concentration of HPMC 15

cP tended to have higher viscosity (63.27 mPa.s) than other

formulations, hence restraining the elasticity of the droplet

during drying. Moreover, AF1 containing high concentration

of HPMC 15 cP, seemed to have less wrinkled surface than the

ones at lower concentration of HPMC 15 cP. For instance, the

viscosity of the formulations increased from 11.83 mPa.s to

63.27 mPa.s, whereas the solid content also increased from

6.5% to 10.25%. Bubble inflation can be rampant at lower
Table 7 e Viscosity and droplet size of emulsions with
different solid content.

Formulations Total solid
content (wt. %)

Viscosity
(mPa. s)

Droplet size,
D4,3

(mm)

AF1 10.25 63.27 ± 0.15a 3.75 ± 0.04a

AF2 9.0 42.90 ± 0.10b 7.24 ± 0.05b

AF3 7.75 29.30 ± 0.10c 12.77 ± 0.06c

AF4 6.5 11.83 ± 0.06d 13.7 ± 0.06d

Values are average of triplicate (n ¼ 3) analyses ± standard devia-

tion.
a, b, c, d Different letters within each column are significantly

different at p < 0.05 when compared to AF1 with AF2, AF3 and AF4

values using Tukey's HSD post hoc test.
concentrations of HPMC 15 cP, which caused formation of

more dented surface in the final stage of the drying process.

Moreover, there were no cracks or holes observed on the

surface of any of the formulations. Regardless of their

morphology, the particle surface irregularity did not cast

much effect on the characterization parameters of the

encapsulated fish oil. Moreover, our observationsmatch those

made by Kolanowski et al. [15] and Wu and Xiao [17].

3.5.5. Bulk density and tapped density of powder
Particles with bulk and tapped densities were strongly

influenced by the wall material ratio and composition. In

addition, higher densities were observed with a higher

presence of HPMC. Because of the smaller molecules of

HPMC, there is a greater possibility of wall material accom-

modation into the open spaces between molecules, which

permits the formation of more compact structures with

higher densities. In this study, the bulk density was in a

range of 0.141e0.221 g mL�1 (Table 9) and the value of tapped

density was in the range 0.166e0.260 g mL�1 (Table 9). Den-

sities varying from 0.52 g mL�1 to 0.67 g mL�1 were found for

the encapsulation of pigments [44]. The higher values

observed in the investigation of Cai and Corke [44] compared

to the present work, may be related to the application of only

maltodextrin as a wall material, which provides a reduced

molecular structure and produces more compact particles.

Finney et al [37] studied the encapsulation of orange essential

oil where the authors found high tapped density from 0.48 g

mL�1to 0.65 g mL�1.

3.5.6. Flowability and cohesiveness of the powder
Powder flowability is usually applied as a quality parameter

for the dried microcapsules. In general, CI and HR are used to

assess powder flowability [45]. In this study, CI value varied

from 10.90% to 15.06% (Table 9). The results showed that the

powders prepared by the supercritical antisolvent process had

good flow characteristics (Table 3). Quispe-Condori et al [46]

studied the encapsulation of flax oil where the authors

found the CI very high. So, the flowing property was poor.

Similar results were obtained by Xue et al [47], where the au-

thors found that the flowing property of the powders was

poor. The higher HR indicated that the powder was more

cohesive and less able to flow freely. In this study, HR was in a

range from 1.13 to 1.18 which showed that the powder has a

good flow property. Moreover, the Tukey test showed no real

change in the powder flowability (p > 0.05).

3.5.7. Particle density
Particle density was influenced by the ratio and concentration

of the wall material and rate of feed emulsion (nature of the

encapsulate and solid contents). In this study, the particle

density ranged from 0.833 g mL�1 to 0.950 g mL�1 (Table 9).

Botrel et al [48] studied the encapsulation of oregano essential

oil where they found the particle density in the range from

0.74 gmL�1 to 0.92 gmL�1. Abadio et al [49] found that with the

increase in the concentration of encapsulating material, there

was a decrease in the true density of the microcapsules of

pineapple juice, probably due to the lower moisture content.

Particle density can also decrease due to steam formation in

the drying droplet causing the expansion of the particle the

http://dx.doi.org/10.1016/j.jfda.2016.11.017
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Table 8 e Characteristics of encapsulated powder of different formulations.

Formulation Moisture
(wt. %)

Microencapsulation
efficiency (%)

Oil release
(%)

SGF digestion SGF and SIF digestion

AF1 3.6 ± 0.06a 81.75 ± 0.15a 18.35 ± 0.97a 28.99 ± 0.67a

AF2 3.56 ± 0.03a 75.31 ± 0.15b 28.33 ± 0.63b 40.63 ± 0.78b

AF3 4.43 ± 0.07b 71.21 ± 1.23c 37.54 ± 0.79c 54.49 ± 1.41c

AF4 4.91 ± 0.07c 69.55 ± 1.55d 45.69 ± 0.58d 74.98 ± 1.71d

Values are average of triplicate (n ¼ 3) analyses ± standard deviation.

SGF ¼ simulated gastric fluid; SIF ¼ simulated intestinal fluid.
a, b, c, d Different letters within each column are significantly different at p < 0.05 when compared to AF1 with AF2, AF3 and AF4 values using

Tukey's HSD post hoc test.

Figure 8 e Morphology of fish oil powder (AF1, AF2, AF3, and AF4) at different concentration.

Table 9 e Characteristics of encapsulated powder of different formulations.

Formulation Bulk density
(g mL�1)

Tapped density
(g mL�1)

Flowability & cohesiveness Particle density
(g mL�1)Carr index (%) Hausner ratio

AF1 0.221 ± 0.002a 0.260 ± 0.002a 10.90 ± 1.23a 1.18 ± 0.02a 0.833 ± 0.006a

AF2 0.191 ± 0.003b 0.217 ± 0.004b 11.84 ± 0.77a 1.13 ± 0.01a 0.873 ± 0.012a

AF3 0.164 ± 0.003c 0.193 ± 0.001c 15.05 ± 1.41a 1.18 ± 0.02a 0.917 ± 0.006a

AF4 0.141 ± 0.002d 0.166 ± 0.002d 15.06 ± 0.62a 1.18 ± 0.01a 0.950 ± 0.010b

Values are average of triplicate (n ¼ 3) analyses ± standard deviation.
a, b, c, d Different letters within each column are significantly different at p < 0.05 when compared to AF1 with AF2, AF3 and AF4 values using

Tukey's HSD post hoc test.
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kg

Figure 9 e Effect of storage time on the peroxide value of

formulation AF1, AF2, AF3, AF4.
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dimensions of which become fixed evenwith the continuity of

the drying process [37].

3.5.8. PV of the powder
In our study, PV of all the formulations produced by super-

critical antisolvent processwas found to be lower compared to

previous studies. Young et al [50] reported that PV of crude fish

oil was 3e20 mEq/kg oil. The values obtained for produced

microparticles in this researchwere well below the acceptable

limit of 20 mEq O2/kg oil. Initially, PV of AF4 was 2.51 mEq O2/

kg oil which increased to 9.41 mEq O2/kg oil in 28 days,

whereas, formulation AF2 and AF3 increased to 5.81 mEq O2/

kg oil and 7.94mEq O2/kg oil, respectively in 28 days (Figure 9).

Among all the formulations, AF1 containing higher concen-

tration of higher content of HPMC 15 cP possessed lower PV,

i.e., 5.02 mEq O2/kg oil in 28 days.

It is argued that the early formation of particle crust and

higher encapsulation efficiency was mainly responsible for

this lower PV, i.e., it shielded the oil from oxidation attacks.

According to Tonon et al [51], the lower the encapsulation

efficiency, the higher was the amount of oil present in the

particle surface. This unencapsulated oil was more rapidly

oxidized than its encapsulated counterpart due to the direct

contact with the oxygen of drying air. Kolanowski et al [15]

studied the encapsulation of fish oil with modified cellulose

and found that the microencapsulated fish oil showed

acceptable oxidative stability compared to bulk fish oil. In

another study conducted by Pourashouri et al [52] on the

encapsulation of fish oil, the encapsulated oil was found to be

more stable than the nonencapsulated oil. Because of the

ballooning and expansion, the wall materials become too

fragile which results in a reasonably high amount of PV of the

encapsulated oil. Ghorbanzade et al [53] studied the nano-

encapsulation of fish oil using nano-liposome as an encap-

sulant. The authors observed that there was a significant

reduction in acidity, syneresis and PV of encapsulated fish oil

which is more stable than the nonencapsulated fish oil. The

results of gas chromatography analyses revealed that after 21

days storage, yogurt fortified with nanoencapsulated fish oil

had higher DHA and EPA contents than yogurt containing free

fish oil.
4. Conclusion

From our study, it was proved that HPMC was found to be an

effective carrier material for the successful encapsulation of

fishoil.Overall, the results showed that every selected response

has been influenced significantly by the different ratios and

concentrationsofwallmaterials. Higher solid concentration led

to bigger particle size, lower moisture content, and fewer den-

ted surfaces, which improved particle flowability. Moreover,

microencapsulation using the higher concentration of HPMC

improved the particle density, wettability, and porosity of the

powderparticles compared to the lowerconcentrationofHPMC.

Formulation AF1 provided the highest encapsulation efficiency

and stability against oxidation among all other formulations

produced by spray drying. Moreover, due to easy availability of

this polymer, HPMC, and the findings of this research, the

formulation and encapsulation of any pharmaceutical or nu-

traceutical grade oil can be encapsulated with the supercritical

antisolvent technique for their industrial application.
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