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Abstract The present study was aimed to evaluate the differ-
ent proportions of carrier materials: Moringa oleifera gum
(MG), maltodextrin (MD), and inlet temperature on the pow-
der characteristics of encapsulated tender coconut water
(TCW) by spray drying. The characterization of microparticle
was studied as encapsulation efficiency, antioxidant activity,
total phenolic content, moisture content, water activity, solu-
bility, particle morphology, and encapsulation yield. The in-
vestigation was conducted using an experimental design of 22

mixes with five replicates at the center point. The encapsula-
tion efficiency was affected by all tested variables and reached
significantly (p < 0.05) higher value (94.86%) when higher
MG concentration, and lower MD concentration, and inlet
temperature were applied. The DPPH (53.66%) and ABTS
radical scavenging activity (54.92%) was observed to be
higher at the highest MG concentration (1.5%). The obtained
powder retained a higher amount of phenol content
(21.82 mg GAE/g) at increasing MG concentration, with de-
creasing MD concentration, and inlet temperature. X-ray dif-
fraction (XRD) analysis revealed that TCW powder encapsu-
lated with 1.5% MG exhibited higher crystalline nature as
compared to microparticle encapsulated with 0.5 and 1%
MG. The optimum wall material composition and inlet tem-
perature were determined as follows: MD 30%, MG 1.5%,
and 120 °C inlet temperature. Hence, our results suggest that
the application of this technology could increase the use of
TCW in various industrial applications and imply MG as a
potent candidate for microencapsulation of food materials.
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Introduction

Coconut (Cocos nucifera L.) is one of the major tropical crops
which are considered as a principal source of food, water,
isotonic, energy, fuel, animal feed, and shelter (Chauhan
et al. 2014). In certain parts of the world, tender coconut water
(TCW) is regarded as the hydrating drink of choice (Kalman
et al. 2012) and is used as an oral rehydration to replace the
loss of fluid in patients suffering from severe diarrhea and
vomiting. It has also been successfully used intravenously
(Campbell-Falck et al. 2000). Mantena et al. (2003) reported
that the coconut water has antioxidant properties, which may
help in neutralizing reactive oxygen species production
resulting from long-duration exercise. Naturally, TCW con-
tains a high amount of potassium, iron, sodium, chloride,
and carbohydrates (Kalman et al. 2012). The sugars comprise
of glucose, fructose, and sucrose and sugar alcohols, mainly
sorbitol (Chauhan et al. 2014).

In spite of a number of well-known uses for coconut water,
the market is not sufficiently large enough. Due to high de-
mand in the market for consumption, a variety of products
made out of TCW has been coming up. Recently, few re-
searchers have formulated coconut water beverage from ma-
ture nuts and also developed drinks from tender coconut water
by addition of various fruit juices (Chauhan et al. 2008).
Further studies on coconut water need to be carried out, and
its qualities must be known to attain improved market de-
mand. To achieve this, new options such as the possibility of
storing TCW should be considered. Microencapsulation tech-
nique is becoming popular as an alternative method to store
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perishable juices in the form of powder with increasing stabil-
ity for a long time. Among the available microencapsulation
techniques, the most commonly used in commercialization is
the spray-drying process as it has lower water-retaining prop-
erties (Desai and Park 2005). Maltodextrins (MD) and gum
arabic are some of the polysaccharide gums derived from
plants that are generally used as carrier material for the micro-
encapsulation of vitamins, minerals, colorants as well as fat
and oils (Lolodi 2011). However, the significant shortcomings
of using MD as an encapsulating agent are their virtual lack of
emulsifying capacity and low retention of volatile compounds
(Yousefi et al. 2015). Immature coconut water contains high
amount of volatile compounds like ketones, aldehydes, acids,
esters, lactones, alcohols, etc. (Prades et al. 2012). Therefore,
it is desirable to use MD in combination with a surface active
biopolymer, such as esterified modified starches, gum arabic,
or milk proteins (Jafari et al. 2008). Gum arabic is costly, and
its irregular availability has motivated research for alternative
encapsulation matrices (Madene et al. 2006; Cano-Higuita
et al. 2015).

Carbohydrates like Moringa oleifera gum (MG) as carrier
materials could suitably be used to produce more stable emul-
sions and to improve the powder yield (Zbicinski and
Marciniak 2008; Raja et al. 2016). Exudate gums have been
valuable items of international trade in the food, pharmaceu-
tical, and other industries for thousands of years (Whistler
1993; Verbeken et al. 2003). It is suggested that during the
encapsulation process of fruit juices using natural gum as wall
material, hydrogen bonding and dipole-dipole interactions oc-
cur between natural gums and phenol compounds, mainly due
to the presence of free hydroxyl groups in the phenolic com-
pounds present in the juice and also in gum (Rutz et al. 2013).
Food manufacturers continually explore new plant gums for
the commercial introduction to provide broader purposes. MG
is obtained from the tree of the Moringaceae family, which is
an arabinogalactan, composed of 1,6-, 1,3-, and 1,3,6-linked
β-Galp units (Raja et al. 2016). The therapeutic potential of
Moringa oleifera plant and gum includes antiinflammatory,
antifungal, antibacterial, antidyslipidemic, antihyperglycemic,
and antioxidant effects (Mbikay 2012; Gopalakrishnan et al.
2016). MG exudate is primarily white in color, during the
exposure; the color becomes reddish brown to brownish
black. It is highly viscous in nature as it swells in contact with
water, whereas, MG is sparingly soluble in water (Panda et al.
2006). Singhal et al. (2012) reported the use of MG as a
potential carrier of curcumin for colon-specific drug delivery.
Previously, MG has been used as an emulsifying agent (Panda
2014). Owing to the easy availability of the plant, the exudate
from the stem of the tree Moringa oleifera was used for mi-
croencapsulation of TCW.

The primary objective of this study was to optimize the
microencapsulation of TCW using response surface method-
ology (RSM) and to investigate the effect of the spray-drying

process at various temperature and wall material concentration
(MG/MD) on encapsulation efficiency. Microencapsulation
was done to minimize nutritional loss and maximize antioxi-
dants, phenols, and other nutritive compounds.

Materials and Methods

Materials

Tender coconut (Cocos nucifera) was purchased from a local
farm (Kattankulathur, Chennai, India), and dried Moringa
oleifera gum was obtained from Annai Aravindh Herbals
(Chennai, India). Maltodextrin was procured from Himedia,
Mumbai, India. All other chemicals were purchased from
SRL, Mumbai, India, and used without further purification.

Physicochemical Analyses of TCW Water

Physicochemical analyses were performed in triplicate.
Total soluble solids (TSS) were measured in a refractom-
eter (Erma, Tokyo, Japan), according to the method
932.12 (AOAC 1997). The pH value was determined
using a digital pH meter (Susima, MP-1PLUS) according
to the method 981.12 (AOAC 1997). Titratable total acid-
ity (TTA) was measured by titration with NaOH (0.1 N)
using phenolphthalein as indicator, according to the meth-
od 942.15 (AOAC 1997).

Preparation of Carrier Formulations

The first step in microencapsulation is to prepare a fine and
stable formulation of the core material (TCW) in the wall
material solution. The core material was collected by cut
opening the tender coconut after washing with distilled
water. TCW was filtered through muslin cloth, and a con-
stant volume of the freshly collected core material
(100 mL) was used throughout the study. The wall material
preparation was based on the experimental design condi-
tions of response surface methodology (RSM) (Table 1).
The dry MG was ground in a mortar and pestle and passed
through a mesh sieve (250-μm aperture) to obtain a fine
powder. MG for each formulation was dissolved in warm
distilled water (50 °C) under constant stirring for 2–3 h
(Akhavan Mahdavi et al. 2016). Gum was sparingly solu-
ble in water and swelled in contact with it producing a
highly viscous solution. The supernatant of the gum solu-
tion was separated and collected from the residue by cen-
trifugation (REMI, R-8C, Mumbai, India) at 5000 rpm for
10 min. For each formulation, MD was dissolved separate-
ly in warm water (50 °C), and the clear solution was ob-
tained by passing through a muslin cloth (Akhavan
Mahdavi et al. 2016; Panda et al. 2006). The wall materials
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were combined with core material under ambient tempera-
ture, and the resulting solution was blended in a shear
homogenizer (Indo-french Industries Engineers, Mumbai,
Model type SPM-9) at 3000 rpm for 5 min until complete
dispersion of the components. The final solution was
slightly reddish brown in color, which might be due to
the presence of natural pigment in MG. The color of the
solution increased with increasing concentration of MG
from 0.5 to 1.5%.

Microencapsulation of TCW by Spray Drying

The stable formulation was spray dried in a tall type spray
dryer (S.M Scientech, Kolkata, India) with 1000-mm cy-
lindrical length, 300-mm cylindrical diameter, and 0.7-
mm diameter nozzle. The experimental setup was con-
ducted at a feed flow rate of 0.4 kg/h, and for the inlet
air temperatures 100, 120, and 140 °C, the respective
outlet air temperatures were 90, 95, and 97 °C. The pres-
sure of compressed air flow of the spray was adjusted to
350 kPa. The microencapsulated TCW powders were
packed in an airtight polypropylene bag (Knilam
Packaging (Pty) Ltd., South Africa) and stored in a des-
iccator to avoid moisture absorption until further analysis.

Experimental Design

RSM was employed to investigate the variation of en-
capsulation efficiency with respect to operating

parameter including MD and MG concentration, and
inlet temperature. The effect of inlet temperatures and
wall material concentration on encapsulation efficiency
in terms of total phenol content, solubility, water activ-
ity, encapsulation yield, crystallinity, antioxidant activity,
particle morphology, and color characteristics of the mi-
croencapsulated powder was determined. The composi-
tion of the three variables was designed by central com-
posite design (CCD) approach using 22 mixes with three
factors and three levels. The variables and their ranges
are inlet temperature range (X1) from 100 to 140 °C, the
proportion of MD (X2) from 10 to 50%, and concentra-
tion of MG (X3) from 0.5–1.5% as the coating materials
(Table 1). By adopting Y1, Y2, Y3, and Y4 as the re-
sponse values, 18 experiments were designed, in which
13 were factorial experiments, and the remaining five
runs were zero-point tests. Zero-point tests were per-
formed five times to estimate the errors derived from
CCD. The experiments were performed in triplicate for
different combinations of the process parameters using
statistical designs (Table 1).

A second-order polynomial quadratic equation was
used to express the response variables as a function of
the independent variables as follows:

Y ¼ bo þ b1X 1 þ b2X 2 þ b3X 3 þ b12X 1X 2 þ b13X 1X 3

þ b23X 2X 3 þ b11X 1
2 þ b22X 2

2 þ b33X 3
2 ð1Þ

Table 1 Central composite design with coded and real values of process parameters and obtained response values

Run X1
(temp)

X2
(MD)

X3

(MG)
Y1 (encapsulation
efficiency %)

Y2 (DPPH radical
scavenging activity %)

Y3 (ABTS radical
scavenging activity %)

Y4 (phenol
mg GAE/g)

1 140 (+1) 10 (−1) 1.5(+1) 43.47 ± 0.54 42.01 ± 0.23 46.20 ± 0.35 10.00 ± 0.04

2 120 (0) 30 (0) 1.5(+1) 56.65 ± 0.65 53.66 ± 1.01 54.92 ± 0.92 13.03 ± 0.20

3 100 (−1) 10 (−1) 0.5(−1) 78.73 ± 0.60 31.20 ± 1.00 26.10 ± 0.54 18.11 ± 0.10

4 140 (+1) 10 (−1) 0.5(−1) 42.30 ± 0.51 30.56 ± 0.15 28.00 ± 0.36 9.73 ± 0.10

5 120 (0) 30 (0) 0.5(−1) 47.82 ± 0.46 20.07 ± 0.86 18.94 ± 0.24 11.00 ± 0.61

6 140 (+1) 50 (+1) 0.5(−1) 38.26 ± 0.64 14.50 ± 0.59 16.80 ± 0.18 8.8 ± 0.99

7 100 (−1) 50 (+1) 0.5(−1) 67.39 ± 0.70 22.00 ± 0.37 24.54 ± 0.31 15.50 ± 0.10

8 100 (−1) 50 (+1) 1.5(+1) 70.78 ± 0.66 25.36 ± 0.30 26.21 ± 0.46 16.28 ± 0.18

9 140 (+1) 50 (+1) 1.5(+1) 39.13 ± 0.54 44.67 ± 0.45 42.70 ± 0.72 9.00 ± 0.23

10 100 (−1) 10 (−1) 1.5(+1) 94.86 ± 0.68 28.80 ± 0.91 31.41 ± 0.51 21.82 ± 0.51

11 120 (0) 50 (+1) 1.5(+1) 45.91 ± 0.56 40.70 ± 0.49 36.56 ± 0.60 10.56 ± 0.55

12 120 (0) 30 (0) 1(0) 53.30 ± 60 33.24 ± 0.15 31.10 ± 0.48 12.26 ± 0.44

13 120 (0) 30 (0) 1(0) 55.17 ± 0.18 37.45 ± 1.01 35.45 ± 0.51 12.69 ± 0.20

14 100 (−1) 30 (0) 1(0) 70.56 ± 1.20 31.25 ± 0.10 33.00 ± 0.32 16.23 ± 0.45

15 120 (0) 30 (0) 1(0) 47.82 ± 0.46 34.12 ± 1.04 33.28 ± 0.67 11.00 ± 0.66

16 120 (0) 30 (0) 1(0) 53.17 ± 0.60 31.67 ± 0.51 36.00 ± 0.25 12.23 ± 0.07

17 120 (0) 10 (−1) 1(0) 60.86 ± 0.34 41.00 ± 0.20 39.50 ± 0.56 14.00 ± 0.35

18 120 (0) 30 (0) 1(0) 54.13 ± 0.62 42.01 ± 0.32 40.87 ± 0.72 12.45 ± 0.18
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Where Y represents the response variables; bo is a constant;
b1, b2, and b3 are the linear coefficients; b12, b13, and b23 are
the interaction coefficients; and b11, b22, and b33 are quadratic
coefficients, respectively. X1, X2, and X3 are the levels of the
independent variables.

Encapsulation Efficiency

The encapsulation efficiency (EE) was calculated by follow-
ing the method of Aceval Arriola et al. (2016); the percentage
of EE was determined as Eq. (2):

EE% ¼ Amount of phenol content in the particle=Amount of theoretical phenol content in initial TCWð Þ � 100 ð2Þ

The analysis was conducted in triplicate.

DPPH Radical Scavenging Activity

DPPH method was performed to analyze the antioxidant (sta-
bility of 1, 1-diphenyl-2-picrylhydrazyl radical) activity of
microencapsulated powder according to Kuskoski et al.
(2005) with slight modification. Initially, the spray-dried pow-
der (50 mg), MD, and MG were added separately to 2.95 mL
of methanol-water (60:40) solution, and the mixture was mag-
netically stirred (REMI, Mumbai, India) for 5 min. Following
which the solution was centrifuged (REMI, R-8C, Mumbai,
India) at 6500 rpm for 15 min and to the resulting supernatant
2 mL of the DPPH (0.1 μmol/L methanolic solution) was
added. Similarly, filtered TCW (0.05 mL) was added separate-
ly to the 2.95 mL of methanol (60%) and 2 mL of the
0.1 μmol/L of DPPH solution (Castro-Muñoz et al. 2015;
Da Fonseca et al. 2009). The absorbance of samples was re-
corded at 517 nm (UV-Vis spectrophotometer, Jasco V-730ST,
Japan) after incubating for 30 min in the dark. Milli-Q water
was used instead of the sample for control. The experiment
was carried out in triplicate. The antioxidant activity was cal-
culated using the following Eq. (3).

Radical scavenging activity %ð Þ
¼ Acontrol−Asample

� �
=Acontrol � 100 ð3Þ

ABTS Radical Scavenging Activity

The ABTS·+ radical scavenging activity was assayed accord-
ing to the method described by Nakagawa et al. (2016) with
some modifications. The working solution of ABTS·+ was
prepared by mixing stock solutions of 7.4 mM ABTS·+ with
2.6 mM potassium persulphate solution in equal quantities
and allowing them to react for 12–16 h at room temperature
in the dark. One milliliter of ABTS·+ solution was then diluted
with methanol to obtain an absorbance of 0.70 ± 0.02 at
734 nm after equilibration at 30 °C. Exactly 10 μL of TCW,
spray-dried powders, and wall materials were reacted with
1 mL of the ABTS·+ reagent separately and incubated at
30 °C for 6 min after vortexing. The absorbance of the mix

was measured at 734 nm. Similarly, 10 μL of Milli-Q water
was used instead of the sample for the control. The experiment
was carried out in triplicate. Radical scavenging activity was
calculated using Eq. (3).

Determination of Total Phenol Content

Total phenolic content was analyzed according to the Liu et al.
(2008) method with slight modification. Microencapsulated
powder (250 mg) was mixed with 60% acetone and stirred
for 30 min vigorously. The resulting supernatant (60 μL),
Folin-Ciocalteu reagent (300 μL), and 20% sodium carbonate
(750 μL) were added to 4.75 mL of water. The resulting mix-
ture was incubated for 45 min, and the absorbance was mea-
sured at 760 nm (UV-Vis spectrophotometer, Jasco V-730ST,
Japan). The total phenol content was calculated from the cal-
ibration curve (y = 0.0039 × + 0.045; R2 = 0.9928), and the
results were expressed as milligrams of gallic acid equivalent
per gram (mg GAE/g) of encapsulated TCW powder.
Simultaneously, the total phenol content of TCW, MG, and
MD was also determined. The analysis was carried out in
triplicate.

Microencapsulation Yield

The encapsulation yield of spray-dried powder was calculated
according to Eq. (4):

YE %ð Þ ¼ W2=W1ð Þ � 100 ð4Þ

Where YE is the yield (g/100 g), W2 is the mass (g) of the
solids of powder collected after spray drying, and W1 is the
weight (g) of the non-solvent mass (wall and core material) in
the feed (Xue et al. 2013). The triplicate analysis was
performed.

Color Measurements

The color measurements (L*, a*, and b* color parameters of
the CIE scale) of encapsulated powders, MG and MD, were
carried out using ColorQuest XE, Hunter colorimeter (USA).
To obtain the L*, a*, and b* values, 15 g of wall material and
microencapsulated powder were transferred separately to a
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cuvette for equipment reading. The experiment was per-
formed in triplicate. The hue angle (h°) and chroma (C) values
were calculated using the Eqs. (5) and (6), respectively
(Mapari et al. 2006):

h
� ¼ tan−1 b*=a*

� � ð5Þ

C ¼ a*2þb*2
� �1=2 ð6Þ

Moisture Content and Water Activity

Moisture content was determined by following the method of
AOAC (2000), 5 g of the sample (encapsulated powder) was
dried in a hot air oven (Hitech Equipments, Chennai, India) at
105 °C for 3 h. Moisture loss was calculated as the percentage
on a dry basis by weighing and comparing the initial weight
with the final weight after drying. The measurement of the
water activity was conducted at 27 ± 1 °C using a water ac-
tivity meter (Aqualab model 0301962, USA). All the analysis
was done in triplicate.

Solubility

The microencapsulated TCW powder (2.5 g) was dispersed in
25 mL of distilled water at 30 °C. The suspension was mixed
thoroughly by vortexing (REMI, CM 101, Cyclo mixer,
Mumbai, India) followed by centrifugation (REMI, R-8C,
Mumbai, India) at 4000 rpm for 5 min. The resulting super-
natant was then kept in a petri dish, weighed as initial weight,
and allowed to dry in an oven at 100 °C for 5 h. The final
weight of the petri dish containing the resulting solids was
taken after drying, and the solubility (%) was calculated based
on the weight difference (Shittu and Lawal 2007). Analyses
were done in triplicate.

Microstructure

The microstructure, surface morphology of microencapsulat-
ed powder was investigated using a Field Emission-Scanning
Electron Microscopy (FEI Quanta FEG 200 HR-SEM) after
mounting the specimens onto SEM stubs by using double-
sided tape and spluttering the specimen with gold. Scanning
electron microscope was operated at 20 kV at magnifications
of 5000× and 15,000×.

X-ray Diffraction

XRD pattern of TCW microparticles was performed on a
Bruker D8 Advance X-ray diffractometer (Bruker AXS
GmbH, Germany) with Cu anode and Lynx eye detector.

Crystal monochromator with filter radiation of Cu-Kα1

(λ = 1.5406 Å) at 40 kV and 30 mA. Samples were ana-
lyzed in Bragg’s angles 2θ of 10 to 100° with a step of
0.02° (1.2°/min).

Statistical Analysis

For the experimental design and test, The Design Expert
10v, USA, was used. All experiments were performed in
independent triplicates, and suitability of optimized model
was done using the SPSS 19.0 software (SPSS Inc.,
Chicago, IL, USA) for windows. One-way ANOVA
followed by Duncan’s multiple range tests was applied
to analyze significant differences (p < 0.05).

Results and Discussion

Physicochemical Analyses

Physicochemical properties of fresh TCW samples are
depicted in Table 2. Physicochemical properties, such as pH,
TTA, and TSS, play a significant role in taste, color, and mi-
crobial stability of juice (Cheong et al. 2012). The pH, TSS,
and TTAvalue of the TCWwere 4.5, 6.5 °Bx, and 0.09 g citric
acid/100 mL, respectively, which are close to the values re-
ported by Uphade et al. (2008) and Costa et al. (2015).
Previous studies on fruit quality have found good relation-
ships between TSS levels or TSS/TTA ratios and consumer
acceptability of fruits (Niu et al. 2008; Marsh et al. 2004). The
TSS and TSS/TTA ratios are generally taken as an essential
characteristic of juice quality. The TSS/TTA ratio of TCW
was around 72.2 which is near to the values of 61.72 and
74.8 reported by Costa et al. (2015) and Terdwongworakula
et al. (2009), respectively.

Encapsulation Efficiency

In this study, EE was expressed as the amount of successful
entrapment of phenol content in the powder, and the value was
between 38.26–94.86%. Table 1 represents the effects of inlet
temperature (X1), MD concentration (X2), and MG concentra-
tion (X3) on each response variable (Y1, Y2, Y3, and Y4) of the
encapsulated TCW powder. Inlet temperature (X1) produced
maximum effect on EE followed by MD concentration (X2),
interactive effect (X12), and MG concentration (X3) (Table 1).
The model showed high significant (p < 0.001) value with the
experimental data, and analysis of variance (ANOVA) showed
a significant (p < 0.05) linear (X1, X2, and X3), and its interac-
tive (X12) effect on EE (Table 3). The determination coeffi-
cient (R2) value was 0.975. The analysis showed a lack of fit
(p = 0.2803) of the model (Table 3). The regression equation
for the response EE (Y1) is given as follows:
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Y 1ð Þ ¼ 52:03−18:13X 1−5:95X 2 þ 2:67X 3

þ 3:38X 1X 2−2:18X 1X 3−2:09X 2X 3 þ 3:97X 1
2

þ 2:77X 2
2 þ 0:15X 3

2 ð7Þ

The type of encapsulating agent and core to coating ratio is
the most important variable for the total phenol encapsulation
(Robert et al. 2010; Sun-Waterhouse et al. 2013), and it was
noted that higher MG concentration and lower MD concen-
tration significantly (p < 0.05) improved the EE. The ability of
MG to protect the EE could be due to the presence of hydro-
philic groups such as hydroxyl groups in the MG polysaccha-
ride structure which would form interactions with hydrophilic
groups of some phenolic components in the juice (TCW) via
hydrogen bonds (Yousefi et al. 2015). Also unlike MD, MG
has intrinsic phenol content (Table 2) which could also have
contributed to the phenol content of encapsulated powder
(Khare et al. 1997). The highest EE was observed in the pow-
der produced with the lowest MD (10%). This could be ex-
plained by the fact that the lower total solid (MD: 10%) con-
tent in liquid feed used for the production of the powder in
comparison to the much higher total solid (MD: 50%) in liquid

feed probably enables faster and better drying conditions, and
by that better protection of bioactive compounds like phenol,
what results in higher EE (Vladic et al. 2016). The interaction
effect between the inlet temperature (X1) and the MD (X2)
concentration was found to be positive on the EE, i.e. decrease
in MD and inlet temperature increased the EE (Table 3).
Besides, the increase in inlet air temperature significantly
(p < 0.001) decreased the EE. The variation in efficiency could
be due to the susceptibility of some phenol acids to destruction
during the application of heat in the spray-drying process
(Changchub and Maisuthisakul 2011). The maximum EE
(94.86%) was obtained for wall material concentration: 10%
MD, 1.5% MG at 100 °C inlet temperature. Figure 1 repre-
sents the 3D contour plots of the predicted model for encap-
sulation efficiency. As observed in Fig. 1, there was a negative
non-significant (p > 0.05) interaction between MG (X3) and
MD (X2) concentration, and between MG (X3) and inlet tem-
perature (X1). At lower MD concentration (10%) with increas-
ing MG concentration (0.5–1.5%), a rapid increase in EE was
observed (Fig. 1); however, as the MD concentration in-
creased (30%), EE gradually decreased, also there was no
major change in EE on further addition of MD (50%).
Similarly, with decreasing inlet temperature (140–100 °C)
with increasing MG concentration (0.5–1.5%), EE increased
gradually. During spray drying, atomization of the feed solu-
tion results into very fine mist-like droplets with increased
surface area. The increase in surface area means more expo-
sure to heat. Further, there may be cases when due to atomi-
zation, some part of the wall material could get removed from
the core material even after homogenization. Such partially
covered encapsulates are easily affected by heat (Saikia et al.
2015). The quadratic effect of variables was not found signif-
icant (p > 0.05) for all the responses (Table 3).

Antioxidant Activity and Total Phenol Content

As shown in Table 2, the total phenol content and radical
scavenging activity of TCW was relatively low when com-
pared to MG, whereas, MD did not contain phenol content
and antioxidant activity. The linear effect ofMG concentration
(X3) showed a significant (p < 0.005) positive effect on the
DPPH and ABTS·+ radical scavenging activity (Y2 and Y3) of
the spray-dried powder (Table 3). The possible reason of this
could be the high antioxidant activity of MG (Table 2) which
could be attributed to their polyphenol compound
leucoanthocyanin which might have increased the antioxidant
activity of the encapsulated powder (Khare et al. 1997; Park
et al. 2006). This result is in agreement with the previous
findings of Jariene et al. (2015), where leucoanthocyanin pres-
ent in potatoes had good free radical scavenging activity.
Earlier, Raja et al. (2016) reported that a polysaccharide iso-
lated from MG showed high DPPH radical scavenging activ-
ity in a dose-dependent manner. The phenol compounds in

Table 2 Physicochemical composition of TCW, MD, and MG

Parameters TCW

TSS (°Brix) 6.5

pH 4.5

TAA (g citric acid/ 100 mL) 0.09

DPPH radical scavenging activity % 38.4

ABTS radical scavenging activity % 41.2

Phenol mg GAE/g 15.23

Parameters MD

L* 97.45

a* −0.39
b* 1.73

Hue angle (h°) 102.704

Chroma (C) 1.773

DPPH radical scavenging activity % –

ABTS radical scavenging activity % –

Phenol mg GAE/g –

Parameters MG

L* 51.39

a* 8.36

b* 8.99

Hue angle (h°) 47.08

Chroma (C) 12.276

DPPH radical scavenging activity % 64

ABTS radical scavenging activity % 66.3

Phenol mg GAE/g 96.7
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TCW such as catechin and epicatechin contain a high number
of hydroxyls, and this chemical feature could be attributed to
the antioxidant activity of the TCW (Chang and Wu 2011).
The regression equation for the response DPPH radical scav-
enging activity (Y2) and ABTS radical scavenging activity
(Y3) is given as follows:

Y 2ð Þ ¼ 36:51þ 2:83X 1−3:61X 2 þ 7:56X 3−0:095X 1X 2

þ 5:08X 1X 3

þ 2:99X 2X 3−4:19X 1
2−1:42X 2

2−0:79X 3
2 ð8Þ

Y 3ð Þ ¼ 36:27þ 2:98X 1−3:24X 2 þ 8:56X 3−0:99X 1X 2

þ 4:64X 1X 3

þ 0:33X 2X 3−1:90X 1
2−3:06X 2

2−0:86X 3
2 ð9Þ

The interactive effect of inlet temperature (X1) andMD (X2)
concentration showed a negative non-significant (p > 0.05)
effect (Table 3) on radical scavenging activity, whereas, inter-
active effect of MG (X3) with MD (X2) and inlet temperature
(X1) were positive (Figs. 2 and 3). When MG concentration
was increased at various inlet temperatures and MD concen-
tration, a higher radical scavenging activity was observed. At

lower temperature (100 °C) with the rise in MD concentration
(10–50%), there was a decrease in antioxidant activity.
However, increasing the inlet temperature from 100 to
120 °C, an increase in radical scavenging activity was ob-
served, further increase in temperature (120–140 °C) reduced
the antioxidant activity. Similar results were reported by
Mishra et al. (2014), where an increase in MD and inlet tem-
perature decreased the phenol content in spray-dried amla
powder. Even though, MD and inlet temperature had no sig-
nificant effect (p > 0.05) on the antioxidant activity, the lowest
antioxidant activity (DPPH: 14.50% and ABTS: 16.80%) was
observed in the powder obtained at the highest inlet tempera-
ture and MD concentration which correlates with the result of
phenol content (Table 1). The optimum condition for antiox-
idant activity was inlet temperature: 120 °C, MG: 1.5%, and
MD: 30%. However, the optimum condition for phenol and
antioxidant activity was not the same. This could be because
the antioxidant activities have been not only associated with
phenol content (Da Fonseca et al. 2009) but also with acids
(Loki and Rajamohan 2003), aromatic compounds (Agnaniet
et al. 2005), aldehydes (Yi and Kim 1982), and esters (Narain
et al. 2007). The quadratic effect of variables was not found
significant (p > 0.05) for all the responses. Figures 2 and 3
show that all three tested variables had a negative quadratic

Table 3 ANOVA results for each response variables of optimization process in terms of microencapsulation efficiency, antioxidant activity, and
phenolic content of microencapsulated TCW powder

Variation source Encapsulation
efficiency % (Y1)

DPPH radical scavenging
activity % (Y2)

ABTS radical scavenging
activity % (Y3)

Phenol
(mg GAE/g) (Y4)

p value
(prob > F)

Sum of
square

p value
(prob > F)

Sum of
square

p value
(prob > F)

Sum of
square

p value
(prob > F)

Sum of
square

Model ˂0.0001 3709.21 0.0434 1268.70 0.0462 1222.79 ˂0.0001 196.22

X1 ˂0.0001 2779.17 0.2269 67.61 0.2024 75.02 ˂0.0001 147.02

X2 0.0007 333.18 0.1160 122.59 0.1496 98.90 0.0007 17.63

X3 0.0350 74.83 0.0046 599.63 0.0022 768.62 0.0350 3.96

X1X2 0.0231 91.42 0.9669 0.072 0.6647 7.88 0.0231 4.84

X1X3 0.1078 38.19 0.0514 206.65 0.0685 172.24 0.1078 2.02

X2X3 0.1122 37.08 0.2026 76.02 0.8820 0.91 0.1122 1.96

X1
2 0.1288 33.39 0.3597 37.25 0.6687 7.68 0.1288 1.77

X2
2 0.3043 14.03 0.7682 3.67 0.5265 17.06 0.3043 0.74

X3
2 0.9496 0.049 0.8577 1.35 0.8443 1.60 0.9496 2.616

Residual 93.16 315.70 311.33 4.93

Lack of fit 0.2803 60.66 0.1181 248.04 0.0778 258.08 0.2803 3.21

Pure error 32.51 67.67 53.25 1.72

Total 3802.38 1584.40 1534.11 201.15

R2 0.9755 0.8007 0.7971 0.9755

Adjusted R2 0.9479 0.5766 0.5688 0.9479

C.V. 6.02 18.71 18.67 6.02

Press 1031.19 2763.36 2708.97 54.55

Adeq. precision 22.297 6.984 7.500 22.297

1674 Food Bioprocess Technol (2017) 10:1668–1684



effect on the DPPH and ABTS·+ radical scavenging activity.
When the MD concentration was increased from 10 to 30%, a
maximum DPPH (53.66%) and ABTS (54.92%) radical scav-
enging activity was attained; however, when the MD concen-
tration was increased furthermore (30–50%), the antioxidant
activity gradually decreased. This result is concomitant with
the reports suggested by Kha et al. (2010), where an increase
in MD concentration decreased the antioxidant activity of the
spray-dried gac fruit aril powder. The statistical analysis
showed a lack of fit p = 0.1181 and p = 0.0778 of the model
for DPPH radical scavenging activity and ABTS·+ radical
scavenging activity, respectively, and the R2 value was
0.8007 and 0.7971, respectively (Table 3).

Various factors showed a significant (p < 0.05) effect on
phenol content; these are linear (X1, X2, and X3) and interactive
(X12) effects (Table 3). The phenol concentration

demonstrated a significant (p < 0.005) decrease when the level
of coating material (MD), and inlet temperature was increased
from 10 to 50% and 100 to 140 °C, respectively (Table 3). The
phenol content value was between 8.8 and 21.82 mg GAE/g
(Table 1) for the microparticles, and the optimum condition
for the retention of total phenol content was MG (1.5%), MD
(10%), and inlet temperature (100 °C). Even though TCW
contains natural phenol compounds like catechin and epicat-
echin (Chang and Wu 2011), the phenol content was much
low when compared to MG (Table 2). The high phenol con-
tent of MG could be attributed to the presence of polyphenols
like leucoanthocyanin. MG concentration increased the en-
capsulation efficiency of total phenol content; this is a sub-
stantial effect as the encapsulation withMG not only efficient-
ly protected the total phenol content of the TCW but also may
have provided additional phenol content to the encapsulated
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Fig. 1 Effect of process variables, inlet temperature and mixture variables, maltodextrin (%), and MG (%) on microencapsulation efficiency of TCW
powder
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powder (Khare et al. 1997). The above observation is evident
in the result, as increasing MG concentration significantly
(p < 0.05) increased the total phenol content of the powder
(Fig. 4). The observed trend is in agreement with the results
demonstrated by other researchers (Yousefi et al. 2015; Rutz
et al. 2013). Microencapsulation processes using the spray-
drying method have proven to be a useful technology for
protecting compounds like phenols for long periods and re-
lease them under digestive conditions.

The regression equation for the response total phenol con-
tent (Y4) is

Y 4ð Þ ¼ 11:97−4:17X 1−1:37X 2 þ 0:61X 3

þ 0:78X 1X 2−0:50X 1X 3−0:48X 2X 3 þ 0:91X 1
2

þ 0:64X 2
2 þ 0:035X 3

2 ð10Þ

The statistical analysis illustrates a lack of fit of the model
(p = 0.2803) for total phenol content; the R2 value was 0.97

(Table 3). The linear, interactions, and quadratic effect on
phenol content showed similar trends as EE, showing a sig-
nificant (p < 0.05) positive interaction effect between inlet
temperature (X1) and MD concentration (X2) and negative
interaction betweenMG (X3) andMD (X2), MG (X3), and inlet
temperature (X1) (Fig. 4). Carbohydrates, like maltodextrin,
gum arabic, and other plant gums are among key wall mate-
rials, which are used as encapsulating agents who keep the
core material intact during the process (Mapari et al. 2006;
Jafari et al. 2008). This material has the ability to form a
coating for the core, encapsulating aromas and flavors
(Pourashouri et al. 2014). Therefore, this process is suitable
for increasing total phenol stability during long-term storage
while preserving their biological activity (Mahdavee Khazaei
et al. 2014). However, it was noted in our study that wall
material (MD) did not contain phenolic content; hence, a de-
crease in phenol content of microparticle was observed as a
result of increasing concentration of MD in the core: coating
mixture.
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Fig. 2 Effect of process variables, inlet temperature and mixture variables, maltodextrin (%), andMG (%) onDPPH radical scavenging activity of TCW
powder
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Microencapsulation Yield

Powder yield is affected by the wall material concentration,
diminishing from 37.90 to 8.98 g/100 g when the wall material is
in low proportions (Table 4). The addition of further amounts of
MD(50%)andMG(1.5%)enhanced thepowderyield.According
toBhandari et al. (1997),more than50%recovery in thecyclone is
a criterion for efficient drying. One of the approaches to improve
the yield and diminish the stickiness during spray drying is to
increase the wall material concentration (Tontul and Topuz
2017). However, in our study, when the MD concentration was
increased,encapsulationefficiencyandradical scavengingactivity
were decreased. Similarly, the color of the powderwas negatively
influenced by the addition of the higher amount ofMG. Thus, the
conditions(wallmaterialandtemperature)wereoptimizedtomax-
imize the retention of all the tested responses.A previous study on
spray drying of Morinda citrifolia L. using κ-carrageenan and
maltodextrin as an encapsulating agent resulted in low powder

yield of 5.15–48.13% (Krishnaiah et al. 2012). In the same way,
Obon et al. (2009) reported that spray drying of purple cactus pear
using gelatin andmaltodextrin mixtures as carrier material lead to
very lowproduct yield (<10%). The increase inwallmaterial con-
centration results in a soar in solid content leading to a surge in the
feedviscosity.Enhancingthefeedviscosityuptoanoptimumpoint
will suppress the internal circulations and oscillations of droplets,
and prevents the colliding ofwet droplets onto the drying surface,
therefore improving the encapsulation yield (Rajabi et al. 2015).
However, increasing the viscosity beyond that optimum level
causes a decrease in the yield, due to the difficulties in droplet
formation (Jafari et al. 2008). The increase in total solid content
reduces the droplet sizewhich in turn reduces the size of the parti-
cle, leading to increasing the powder yield (Rajabi et al. 2015). A
higher level of moisture content in larger droplet generates more
interparticlecohesionthat increasestheproductstuckonthewallof
the drying chamber, thereby reducing the yield (Tontul andTopuz
2017).The total solidcontentwas increasedby theadditionofMG
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Fig. 3 Effect of process variables, inlet temperature and mixture variables, maltodextrin (%), andMG (%) onABTS radical scavenging activity of TCW
powder
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(0.5, 1, and 1.5%) and MD (10, 30, and 50%) which may be the
amount of water to be evaporated decreased, leading to a lesser
moisture content and greater yield. Moreover, Ameri and Maa
(2006) suggested that increasing the total solid content of the feed
solution could increase the yield of the powder. Sticky particles
wereobtainedwhen the inlet temperatureandMD/MGconcentra-
tion was lower, and non-sticky fine powders were obtained when
the wall material ratio and the temperature were higher. This
finding is in agreement with the results of Obon et al. (2009) who
obtained powder food colorant by spray drying ofO. stricta fruit
juices with glucose syrup, which suggested that increase in the
concentration of drying aid decreased the stickiness of the final
product. The encapsulation yield reached their maxima (37.90 g/
100g)at140°C.Theincrease indryingtemperatureusuallyresults
in a faster drying rate, and higher powder productivity which is
achieved by greater efficiency of heat andmass transfer processes
occurs inthecaseofhigher inlet temperatures(Leon-Martinezetal.

2010; Tonon et al. 2008). Hence, low inlet temperature (100 °C)
caused the formation of encapsulated powderswith highmoisture
content.Generally, in a spray-dryingsystem, the temperatureof air
leaving the drying chamber (exhaust) controls residual moisture
content (Leon-Martinez et al. 2010). The variations in moisture
content werementioned in Table 4, where lower inlet temperature
(100 °C) and wall material concentration (MD: 10%;MG: 0.5%)
gave the lowest yield of powder with higher moisture content.
Also, at higher inlet temperatures, there is a greater temperature
gradient between the atomized feed and drying air, resulting in a
greater driving force for water evaporation, thus producing pow-
ders with lowermoisture content (Tonon et al. 2008).

Color Measurements

The L* value of MD is towards lightness (Table 4), and the
addition of maltodextrin favorably influenced the L* value of
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Fig. 4 Effect of process variables, inlet temperature and mixture variables, maltodextrin (%), and MG (%) on phenolic content of TCW powder
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the particle by increasing the value from 52.15 to 96.66
(Table 4). Conversely, the addition of MG had a negative
effect on microcapsules due to natural pigment (reddish
brown), causing the L* value to decrease. Similar results were
demonstrated by Chauhan et al. (2008) where the reduction of
L* value of the TCW beverage was observed on the addition
of pomegranate juice, giving a darker shade to the beverage.
Hue angle is attributed to the perceived color, and hue angle 0°
represents the red color, and 90° represents the yellow color
(Tolvaj and Nemeth 2008). With increasing MG concentra-
tion, and decreasing MD concentration and inlet temperature,
the change towards redness was greater, decreasing the hue
angle from 84.37 to 51.79°. The chroma (C) measurement is
indicative of the vividness of color, and the C value decreased
with increasing MD concentration and inlet temperature and
decreasing MG concentration. The possible reason for the
lightness of powder at high temperature may be due to the
destruction of some inherent pigments present in the
Moringa gum on the application of high heat during spray
drying. This result is concurrent with the previous study car-
ried out by Saikia et al. (2015), where microencapsulated
powder of phenol extract from Averrhoa carambola pomace
by freeze and spray drying was lighter in color with increasing
inlet temperature. The optimal condition for color value is
MD: 50%; MG: 0.5%; and 140 °C.

Water Activity, Moisture Content, and Solubility

The water activity (aw), solubility, and moisture content of
the encapsulated powder are depicted in Table 4. As
shown in Table 4, higher inlet temperature led to decrease
in the water activity. The decrease in water activity might
have occurred due to the greater evaporation of water at
higher temperature, therefore reducing the capture of water
molecules by the sample. The long shelf life of the dried
product is closely linked to the moisture content and water
activity (Caliskan and Dirim 2013). The microencapsulated
powder had a water activity (aw) between 0.21–0.39 and
decreased with increasing wall material concentration.
Hence, the use of MD and MG was useful for the reduc-
tion of stickiness in the spray dryer. Also, the higher wall
material to core material concentration showed lesser
moisture content. These results could be explained by
the fact that additional concentrations of drying aid led
to a rise in feed solids and lower water available for
evaporation, leading to lower moisture content (Landim
2008). The outcome was similar to the findings reported
by Quek et al. (2007) where an increasing percentage of
maltodextrin exhibited decreasing moisture content of wa-
termelon powder. In our study, higher inlet temperature
caused lower moisture content since greater heat transfer
rate provides great driving force for moisture evaporation
(Silva et al. 2014). The solubility of the microparticles

ranged from 76.68 to 95.83%, which is similar to the
value of 67.71–99.71% reported by Castro-Muñoz et al.
(2015) for mango juice powders. The greater solubility of
the powder is owing to the properties of the water-soluble
encapsulants that were used for drying, because the mixes
with the highest solubilities correspond to those produced
with the highest amount of the encapsulant.

Scanning Electron Microscopy

SEM micrographs of encapsulated TCW powder at different
MG concentrations are shown in Fig. 5. The particles were
spherical in shape, irregular, and dents were visible. Coating
material composition and core/coating ratio may be responsi-
ble for dented characteristics of the spray-dried microcapsules.
Outer structures were affected by the coating material which
was composed of different composition. These structural ir-
regularities might have occurred because of the possible re-
moval of water content during the spray-drying process.
However, there were no cracks or fissures in the particles.
The ideal structure in the microencapsulation process is a uni-
form and smooth surface, slightly spherical shape with mini-
mum cracks and collapses on its walls (Tolun et al. 2016). In
this case, the coating material mixture with higher MG level
gave the best results (Fig. 5c, d). The microencapsulated par-
ticles with low MG level had more rough surfaces. The parti-
cles with rough surfaces are more sensitive to oxidation reac-
tion compared to those of smooth surfaces because of their
larger surface areas. The microparticle with 1.5% MG exhib-
ited more rigid structures (Fig. 5c, d) compared to the particle
with 1% MG level (Fig. 5a, b). The rigid structure indicates
that the increase of MG level led to the formation of structures
more resistant to the spray-drying processes, probably due to
the higher viscoelastic capacity of Moringa gum. Alamilla-
Beltran et al. (2005) reported that increase in temperature
leads to increasing rate of evaporation, resulting in smoother
and defined surfaces, also lower air inlet temperatures resulted
in irregularly shaped microparticles. The surface structure fea-
ture is dependent mainly on the surfaces dried at a low speed,
as determined by the low operating temperatures (Tonon et al.
2009).

X-ray Diffraction

XRD is an important tool to study the crystal lattice arrange-
ment, and it gives very useful information about the sample
crystallinity. XRD analysis of the encapsulated TCW powder
with different MG concentration at 120 °C with 30% MD is
presented in Fig. 6a–c. All the samples had an amorphous
structure with a minimum of crystallinity. Powders containing
amorphous components hydrate quickly because of the low
energy levels of bonds between molecules, when compared to
the crystalline state. On the other hand, products with
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crystalline components tend to dissolves slowly, as the disso-
lution of crystals occurs only on the outer surface, exposed to
the solvent (Marabi et al. 2007). Usually, amorphous samples
tend to be very hygroscopic and absorb water during storage.
This characteristic prejudices the storage of the samples since
the water absorption implicates in weight gain and nutrient
degradation, microstructure collapse, and potential

microbiological instability (Borrmann et al. 2013). The main
diffraction peak at 2θ = 22.5° in Fig. 6c (MG 1.5%, MD 30%,
and 120 °C), appeared to be sharper and have a larger magni-
tude than the peak produced by other encapsulated samples,
which denotes that an increase in MG concentration might
have slightly increased the degree of crystallinity of encapsu-
lated sample.
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Fig. 6 X-ray diffractograms of
TCW microparticles produced
using different concentrations of
MG (a) 0.5%, (b) 1%, and (c)
1.5% at 120 °C with 30% MD

Fig. 5 SEM micrograph of
encapsulated TCW containing)
(a, b) 1%MG and (c, d) 1.5%MG
at 120 °C and MD 30% of
microcapsules at 5000× and
15,000× magnification. Arrow
marks indicate the rigid structures
of particles
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Optimization

Optimum spray-drying conditions depend on inlet tempera-
ture, wall material concentration of the solution, and drying
without expansion and cracks of final particles (Bimbenet
et al. 2002). Taking into account that total phenol content
was chemically unstable in the presence of moisture content,
the optimization procedure of multiple responses was applied
by reducing the maximum value of the inlet temperature
(120 °C) to maximize the EE% and to preserve the quality
of encapsulated powder. The optimized response suggested
that a combination of X1: 120 °C, X2: 30%, and X3: 1.5%
would lead to EE of 56.65%. At this optimized condition,
the predicted values for encapsulation efficiency were
54.85%, close to the experimental values of 56.65%, indicat-
ing the suitability of the model to be used in optimizing the
spray-drying process for the production of quality TCW pow-
der (Table 5). The results showed that no significant differ-
ences were found between the estimated value of the model
and the experimentally observed value for EE which sug-
gested a good fit of the model to experimental data.

Conclusion

The effect of different proportions of MD and MG, and inlet
temperature on physicochemical properties of TCW powder,
was evaluated. Maltodextrin concentration (10–50%),
Moringa oleifera gum concentration (0.5–1.5%), and inlet
air temperature (100–140 °C) significantly (p < 0.05) affected
moisture content, water activity, solubility, color attributes,
antioxidant activity, and total phenol content of the encapsu-
lated powder. The spray-dried powder demonstrated good wa-
ter solubility (76.68–95.83%) which is essential for reconsti-
tution. The TCW powder dried at 100 °C, and MD concen-
tration of 10% and MG concentration 1.5% showed better
retention of total phenol content (21.82 mg GAE/g), and
DPPH (28.80%) and ABTS (31.41%) free radical scavenging
activity. However, due to the high stickiness of the powder,
lower yield, higher moisture content, and water activity, it
cannot be recommended as the optimum product. TCW dried
at 120 °C, 30% MD, and 1.5% MG concentration was effec-
tive to produce the powder with less moisture content, water
activity, potent total phenol content, radical scavenging activ-
ity, and acceptable color. Hence, this study suggests that MG

offers promising possibilities as matrices for microencapsula-
tion of TCW, which might increase the application of TCW in
food formulations. Moreover, MG provides an effective mi-
croencapsulation system which could be used for powder pro-
duction with better retention of the bioactive compounds in
food industries.
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