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Wheatgrass juice (Triticum aestivum L.) is known as a healthy drink due to its high antioxidant activity
and phenolic content. In order to avoid the undesirable odor and protect the functional compounds,
wheatgrass juice was encapsulated using maltodextrin and whey protein. Antioxidant and phenolic con-
tent, mean particle size and distribution, morphology, simulated digestion and thermal stability experi-
ments were conducted on the encapsulated powders. Results showed that antioxidant activity was in
between 0.30 and 0.06 mg 2-diphenyl-1-picrylhydrazyl (DPPH)/g powder and phenolic content was
3.52–2.28 mg gallic acid equivalent (GAE)/g powder. Encapsulated powders showed good stability in gas-
tric juice and had 62% higher phenolic content compared to the intestinal fluid within 10 min digestion.
Phenolic content of powders was also protected against thermal treatment at 40 �C, 55 �C and 70 �C.
Kinetic parameters for degradation of the phenolics were well estimated (R2P0.85) using fractional con-
version model.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Wheat (Triticum aestivum L.) has a crucial role on human diet in
most countries. Many epidemiological studies have proposed that
adding whole grain and whole grain products to the diet has a pro-
tective contribution against chronic diseases (Aydos, Avci, Ozkan,
Karadag, & Gurleyik, 2011). Following germination of wheat (Triti-
cum aestivum L.) for 6–10 days, sprouts formed are called ‘‘wheat-
grass”. Changes during germination and sprouting lead the plants
to synthesize compounds like vitamins, antioxidants or phenolics
(Kulkarni, Acharya, Nair, Rajurkar, & Reddy, 2006). The most
important active component in wheatgrass is chlorophyll that is
known to have an active role for the inhibition of the metabolic
activation of carcinogens (Aydos et al., 2011).

Wheatgrass (Triticum aestivum L.) is also known as a rich source
of antioxidants, vitamins, including A, C and E and minerals such as
iron, calcium, magnesium, and benzo(a)pyrene in a bioavailable
form (Aydos et al., 2011; Hanninen, Rauma, Kaartinen, &
Nenonen, 1999). Among the phenolic compounds found in wheat-
grass, ferulic acid, gallic acid, caffeic acid, syringic acid and p-
coumaric acid are the major ones. (Akcan Kardas & Durucasu,
2014; Benincasa et al., 2015).

Antioxidants are essential compounds in food products that are
very effective to prevent harmful reactions like oxidation of lipids
caused by oxidative stress (Ingold, 1968). Phenolic components are
secondary metabolites that are formed by plants against stress
conditions during growth (Beckman, 2000). However, bioactives
including antioxidants and phenolic compounds are unstable as
soon as they are removed from their natural environment. There-
fore, they need to be protected against undesirable interactions
and reactions.

Nano and micro-encapsulation provide bioactive agents to be
capsulated with secondary coating components as a tiny particle
in nanometer and micrometer range to give the agents many useful
properties (Augustin, Sanguansri, & Lockett, 2013; Gharsallaoui,
Roudaut, Chambin, Voilley, & Saurel, 2007). There could be several
reasons to use microencapsulation in food industry; i) decrease the
core reactivity with the environmental factors, ii) lower the diffu-
sion rate of the core components to the outside, iii) promote easier
handling, iv) control the release of the core component, v) prevent
undesirable taste of the core component and vi) dilute the core
component due to requirement of small amounts (Shahidi & Han,
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1993). Types of the microcapsules can be simple spheres, irregular
shapes, multi-core materials, multi-wall components or several
core materials in a coating matrix, depending on the physicochem-
ical properties, the wall composition and microencapsulation tech-
niques (Dziezak, 1988; Gharsallaoui et al., 2007).

Encapsulation of active agents for foods could be achieved by
using different techniques. In order to preserve the heat sensitive
food compounds for long-term storage, freeze drying, also known
as lyophilization, is a convenient method. Freeze drying is based
on sublimation and provides food materials to conserve its proper-
ties like shape, appearance, color, taste, texture (Nedovic,
Kalusevic, Manojlovic, Levic, & Bugarski, 2011; Ray,
Raychaudhuri, & Chakraborty, 2015).

Studies have proposed that use of carrier agents like maltodex-
trin could protect sensitive compounds like ascorbic acid in fruit
juice (Murali, Kar, Mohapatra, & Kalia, 2014). Whey protein isolate
also is used in various encapsulated formulations due to its film
forming and stretching abilities (Rajam, Karthik, Parthasarathi,
Joseph, & Anandharamakrishnan, 2012).

The aim of this study was to encapsulate wheatgrass juice
(WGJ) in powder form and to characterize these capsules in terms
of particle size, morphology, digestibility behavior at simulated
gastric and intestinal fluids and assess the kinetic stability at differ-
ent temperatures.
2. Materials and methods

2.1. Chemicals

Wheatgrass juice (WGJ) was obtained from Freshot Inc. (Ankara,
Turkey). Ethanol, methanol, NaOH, HCl, acetic acid, gallic acid,
sodium carbonate, Folin-Ciocalteau reagent, 2-diphenyl-1-
picrylhydrazyl (DPPH), potassium phosphate, monobasic potas-
sium phosphate, pepsin from porcine gastric mucosa and pancre-
atin from porcine pancreas were purchased from Sigma (St Louis,
MO, USA). Maltodextrin (Dextrose equivalent:4–7) was obtained
from Avebe Food (Veendam, The Netherlands) and whey protein
isolate (BiPro) with a protein content of 88% was purchased from
Hardline Nutrition (Istanbul, Turkey).

2.2. Moisture content measurements

Moisture contents of the encapsulatedWGJ were determined by
using an infrared moisture analyzer (Radwag Mac 50, Radom,
Poland). Measurements were done after freeze drying.

2.3. LC-MS/MS analysis

To determine and quantify the phenolic compounds in freeze
dried WGJ, LC/MS/MS experiments were conducted using the sys-
tem at METU Food Engineering Food Analysis Laboratory (Applied
Biosystems, MDS SCIEX 3200 Q TRAP, MA, USA). The LC–tandem
MS system consisted of a Spark chromatograph coupled to a
3200 QTrap mass spectrometer equipped with a TurboVion spray
(ESI) interface. Separation of phenolic acids was performed using
a Synergi 4u FusionC18 RP column (Phenomenex, 150 mm,
2 mm, 3 lm of particle size). The flow rate was set to 0.2 mL/min
and the oven temperature was kept at 24 �C. Mobile phase A and
phase B were water and acetonitrile that were acidified with 1%
formic respectively.

The operation conditions for the analysis in the negative mode
were as followings: Ion spray voltage 5500 V, curtain gas 10, GS1
and GS2, 40 and 50 psi, respectively and probe temperature was
(TurboV) 500 �C. Nitrogen served as the collision gas. The optimiza-
tion of MS parameters as de-clustering potential (DP), collision
energy (CE) and collision cell entrance potential (CEP) were per-
formed by flow injection analysis for each compound; entrance
potential (EP) and collision cell exit potential (CXP) were set to 8
and 4 V, respectively, for all phenolic acids.

Extraction was carried out following the procedure of
Takahashi, Okiura, Saito, and Kohno (2014) and Sanchez-
Rabaneda et al. (2003) with some slight modifications. 5 g of freeze
dried wheatgrass was added to 30 mL methanol and sonicated in
an ultrasonic bath (Elmasonic P, Elma, Singen, Germany) for 1 h.
Following sonication, the solution was centrifuged at 15,000g for
10 min and supernatant was removed. The residue was mixed with
15 mL methanol and the same procedure was repeated. The super-
natant was removed and blended with the previous one. Extracts
were also centrifuged and the supernatant was removed. The
extract was completed to a final volume of 50 mL with methanol
and filtered respectively through cellulose-acetate 0.45 and
0.22 lm filters.

2.4. Encapsulation

2.4.1. Preparation of microcapsule solutions
Maltodextrin (MD) and whey protein isolate (W) were used as

the coating materials. MD and W were mixed at 1:2, 2:1, 1:3 and
3:1 ratio and was stirred at 150 rpm for 1 day. Active agent
(WGJ) was added to the mixture at 1:10, 1:20 or 1:40 core to coat-
ing (CCR) ratios and pre-homogenized at 8000 rpm for 5 min (IKA,
UltraTurrax, Junke & Kunkel, IKA–Labortechnik, Taufen, Germany)
and then, further homogenized (Silent Crusher S, Heidolph Co.
Ltd., Schwabach, Germany) at 75,000 rpm for 6 min.

2.4.2. Lyophilization
Homogenized samples containing WGJ were dried for 48 h in a

freeze dryer (LGJ-10, Beijing Songyuan, Humxing Tech. Co. Ltd.,
Beijing, China). Following lyophilizationWGJ was transformed into
a powder form that consisted of the microcapsules. These capsules
will be referred as wheatgrass powder (WGP) throughout the text.

2.5. Phenolic content determination

2.5.1. Determination of total phenolic content
Folin-Ciocalteu method with slight modifications was used to

determine the total phenolic content (Krawitzky et al., 2014). Ini-
tially, a calibration curve for gallic acid was prepared at a concen-
tration range of 15–60 ppm. 1 mL 2 N Folin reagent was diluted
with 9 mL distilled water. At the same time, 3.75 grams of sodium
carbonate was mixed with 50 mL distilled water. 400 mgWGP was
dissolved in 4 mL ethanol, acetic acid and distilled water mixture
(50:8:42, v/v) and the resulting mixture was centrifuged at
9056g for 2 min (Wisd Wise spin, Witeg Labortechnik, Wertheim,
Germany). Following centrifugation 2.5 mL Folin solution was
mixed with the 500 lL supernatant and kept in dark for 5 min.
2 mL sodium carbonate solution was mixed with the Folin-
supernatant solution and kept in dark for 60 min. Finally, the
absorbance of the sample at 760 nm was measured using a UV/
VIS Spectrophotometer (Mecasys Co. LTD, Optizen Pop Nano Bio,
Daejeon, Korea) in terms of gallic acid equivalents (GAE) in mg
GAE/g powder.

2.5.2. Determination of surface phenolic content
For surface phenolics content the same procedure of total phe-

nolics was followed except that wheatgrass powders were mixed
with ethanol and methanol (1:10) to dissolve only the wall mate-
rial. Surface phenolics was determined to measure the amount of
phenolics present on the outer wall material which remained
unencapsulated.
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2.5.3. Encapsulation efficiency
Encapsulation efficiency was defined as the ratio of encapsu-

lated phenolic content to total phenolic content. Encapsulated phe-
nolic content was calculated as the difference between total
phenolic content and surface phenolic content. Encapsulation effi-
ciency of the capsules was calculated using Eq. (1), where EE
denoted encapsulation efficiency, TPC, SPC and EPC were total, sur-
face and encapsulated phenolic contents respectively.

EE ð%Þ ¼ EPC=TPC � 100 ¼ ðTPC� SPCÞ=TPC � 100 ð1Þ
2.6. Antioxidant activity

DPPH Radical Scavenging Method was used to determine total
antioxidant activity (Wang, Li, Zeng, & Liu, 2008). Calibration curve
was prepared at a concentration range of 5–30 ppm DPPH. WGPs
were mixed with ethanol, acetic acid and distilled water
(50:8:42, v/v) and the mixture was centrifuged at 9056g for
2 min. DPPH (0.0025g) was mixed with 100 mL methanol and
3.9 mL of that solution was added to 100 lL sample solution and
kept in dark for an hour. The absorbance at 517 nm was measured
using a UV/VIS Spectrophotometer (A2). Absorbance of methanol
and DPPH mixture that did not include the sample was measured
as the blank (A1). Using the calibration curve absorbance values
(A1, A2) were converted to concentrations C1 and C2. Antioxidant
activity was calculated using Eq. (2):

AA ðmg DPPH=g powderÞ ¼ ðC1 � C2Þ � d � Vtotal
m

ð2Þ

m is the weight of WGP in g. Vtotal is the volume of a mixture of
WGP and ethanol: acetic acid:water mixture in mL and d is dilution
rate.

2.7. In vitro digestion of microcapsules in simulated gastric (SGF) and
intestinal fluids (SIF)

2.7.1. Digestion in the simulated gastric fluid (SGF)
To prepare SGF, 2 g NaCl and 3.2 g pepsin were mixed with 7 mL

2 N HCl and pH was adjusted to 1.2 using distilled water. WGP
(0.1 mg) was added to 1.4 mL of SGF and that mixture was kept
in a shaking water bath (WB-6, Wisd Co. Ltd., Texas, USA) for 2 h
at 37 �C. After the sample cooled down to room temperature, it
was filtered through cellulose-acetate filters (0.45 and 0.22 lm)
and 0.2 M NaOH was added until the solution was neutralized.
Total phenolic content of 1:20 CCR 1:2 W:MD, 1:10 CCR 3:1 W:
MD and 1:10 CCR 1:2 W:MD samples were determined.

2.7.2. Digestion in the intestinal fluid (SIF)
6.8 g monobasic potassium phosphate was mixed with 250 mL

water while 77 mL of 0.2 M NaOH was dissolved in 500 mL dis-
tilled water. Pancreatin (10 g) was added to the solution and filled
with distilled water up to one liter. 0.2 M NaOH or 0.2 M HCl was
used to adjust the pH to 6.8. Final solution (2.4 mL) was mixed
with 0.1 g sample and held in a water bath (WB-6, Wisd Co. Ltd.,
Texas, USA) for 2 h at 36.6 �C. After cooled down to room temper-
ature, sample was filtered through cellulose-acetate filters. 100 lL
of 3 M HCl was used to decrease the pH. Then, 0.2 M NaOH was
added to the mixture to adjust the pH to 7. Total phenolic content
was determined for 1:20 CCR 1:2 W:MD, 1:10 CCR 3:1 W:MD, 1:10
CCR 1:2 W:MD samples.

2.8. Particle size measurements

Mean particle sizes and particle size distribution of the capsules
were obtained using Mastersizer 3000 (Mastersizer 3000, Malvern
Co. Ltd., Worcestershire, England. D [3,2], the surface mean diameter
was determined using Eq. (3) where ni and di denote the number
and diameter of particles respectively.

D½3;2� ¼
X

nid
3
i =
X

nid
2
i ð3Þ

Meanwhile, span of the distribution was calculated according to
Eq. (4) where d(v,90), d(v,50) and d(v,10) are the diameters at 90,
50 and 10% of cumulative volume, respectively.

Span ¼ ½dðv;90Þ � dðv;10Þ�
dðv;50Þ ð4Þ
2.9. Surface morphology analysis

Capsules’ morphology was analyzed using scanning electron
microscopy (SEM). JSM-6400 Electron Microscope (JEOL Ltd, Tokyo,
Japan) equipped with NORAN System 6 X-ray Microanalysis Sys-
tem and Semafore Digitizer was used to monitor the outer surface
of the capsules at 20 kV by coating samples with gold/palladium
under vacuum. SEM images were obtained at magnifications of
100–25,000� for 3 different samples.

2.10. Kinetic study for the microcapsules

To evaluate the heat stability of the capsules formulated, total
phenolic contents of the capsules were determined at 3 different
temperatures (40 �C �C, 55 �C, 70 �C) for 1 h between 12 min inter-
vals. The degradation rate constants of WGPs during thermal treat-
ment were calculated using the first order kinetics with fractional
conversion model as given in (Knockaert et al., 2012) Eq. (5).

C ¼ Cf þ ðC0 � Cf Þ expð�ktÞ ð5Þ
C denoted the phenolic content of WGP at time t, Cf the phenolic
content of WGP at equilibrium state, and C0 the initial phenolic con-
tent of WGP, k the reaction rate constant (min�1) and t the treat-
ment time (min).

Activation energy was found using Arrhenius equation as given
in Eq. (6) where k represented the reaction rate constant (min�1),
Ea the activation energy (J/mol), R the ideal gas constant
(8.314 J/mol.K) and T the temperature (K).

lnðkÞ ¼ �Ea

R
1
T

� �
þ lnðAÞ ð6Þ
2.11. Statistical analysis

Results reported represented the mean of at least three repli-
cates with standard errors. ANOVA was conducted to determine
the differences between samples and for the significance differ-
ences found, Tukey test was performed as the multiple comparison
test using Minitab V16 (Minitab Co. Ltd., Coventry, UK)

3. Results and discussion

3.1. Moisture contents

Moisture content is one of the most important attributes which
could affect the shelf life of food products, particularly the dried
ones. Following freeze drying, encapsulated wheatgrass powders
(WGP) were immediately sealed to prevent moisture uptake. Mois-
ture contents of the samples were measured between 4.2% and
8.7% as seen in Fig. 1. Practically, for food industry the moisture
content of dried powders is expected to be between 3% and 10%
(Li et al., 2015). These results indicated that moisture contents of
WGPs were under specified range.
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3.2. Particle sizes and size distributions

Mean particle sizes and span values of the samples are given in
Fig. 2. Span values showed that encapsulated powders included
particles within a wide range of diameters. The span values of
WGPs were fairly in a small range (1.62–3.49) and mean particle
sizes changed between 23.5 and 9.73 lm. It can be seen in Fig. 2
that freeze dried WGJ had the largest particle size and span value.
On the other hand, the samples prepared with wall materials had
significantly lower particle sizes and span values due to homoge-
nization in high-speed blender and silent crusher. Possible reason
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other hand, particle size results indicated that increasing core
material content created larger particles which had higher span
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was explained by the good adsorption ability of whey protein on
the core-wall material interfaces and formation of lower size dro-
plets. A previous work was also consistent with the results which
showed that use of whey protein as the wall material resulted in
smaller droplet size (Jafari, Assadpoor, He, & Bhandari, 2008).
3.3. Surface morphology analysis

The morphologies of WGPs were observed by scanning electron
microscopy (SEM). SEM images are given in Fig. 3. Samples having
W:MD ratio of 1:2 showed almost smooth, similar surfaces with
each other at all CCR ratios. SEM images also revealed that there
were lots of surface cracks and also sharp edged, irregular shaped
particles. This was explained by the insufficient surface coating
materials and these cracks could be the ones present on non-
encapsulated freeze dried WGJ as seen in Fig. 3-J, K, L. On the other
hand, with increase in whey protein content, the surface became
more porous and a sort of collapse from surface of WGP was
observed (Fig. 3-G, H, I). In another study, it was shown that in car-
bohydrate/protein mixture system through rapid freezing, carbo-
hydrates crystallized rather than becoming glass. The crystal
growth and applied mechanical forces on the protein resulted in
aggregation and collapse (Millqvist-fureby & Malmsten, 1999). In
protein rich systems, these effects might be observed excessively.
Fig. 3. Surface morphology analysis of dried and encapsulated wheatgrass powders (
maltodextrin (MD) contents at different magnifications. (a,b,c) – Encapsulated WGP
respectively; (d,e,f) – Encapsulated WGPwith 1:20 CCR 1:2 W:MDwith magnifications of
3:1 W:MD with magnifications of 6000�, 4000� and 15,000�, respectively; (j,k,l) – Dried
respectively.
The structural collapse that was more apparent in samples of
3:1 W:MD ratio could be attributed to these effects.
3.4. Antioxidant activities

The antioxidant activities of WGPs are given in Fig. 4. Samples
having CCR ratio of 1:10 and W:MD ratio of 1:2 were shown to
have the highest antioxidant activity (0.30 mg DPPH/g powder).
Samples having CCR ratio of 1:40 and W:MD ratio of 3:1 were
shown to have the lowest antioxidant activity (0.06 mg DPPH/g
powder). As shown in Table 1, freeze dried WGP contained various
compounds which possessed antioxidant activity and an increase
in the WPJ concentration increased the antioxidant activity for all
W:MD ratios. On the other hand, the changes in the ratios of coat-
ing materials didn’t affect the antioxidant activity of WGP signifi-
cantly (P>0.05). Several studies showed that antioxidant activity
of wheatgrass was affected with different planting conditions, har-
vesting period or wheat species, but in common all studies sug-
gested that wheatgrass had high antioxidant activity due to
different phenolic compounds and flavonoids present in the sam-
ples (Aydos et al., 2011; Durairaj, Shakya, Pajaniradje, &
Rajagopalan, 2014; Kulkarni et al., 2006; Shukla, Vashistha, &
Singh, 2009; Sun, Li, & Chen, 2014; Zendehbad, Mehran, & Malla,
2014).
WGP) with different core to coating ratios (CCR), whey protein isolate (W) and
with 1:10 CCR 1:2 W:MD with magnifications of 12,000�, 25,000� and 8000�,
5000�, 1500� and 16,000�, respectively; (g,h,i) – EncapsulatedWGP with 1:10 CCR
WGP without any coating material with magnifications of 100�, 200� and 3000�,
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Table 1
Antioxidant activity (mg DPPH- 2-diphenyl-1-picrylhydrazyl/g powder), total phe-
nolic content (mg GAE-gallic acid equivalent/g powder) and phenolic acid profile
according to LC/MS/MS analysis of freeze dried wheatgrass juice (WG). Data are
reported as the mean ± standard error. (ND: Not detected).

Freeze Dried WG

Total antioxidant activity (mg DPPH/g powder) 0.67 ± 0.023
Total phenolic content (mg GAE/g powder) 6.73 ± 0.23
Caffeic acid (lg/g powder) 11.5 ± 0.57
Gallic acid (lg/g powder) 2.74 ± 0.26
p-Coumaric acid (lg/g powder) ND
Chlorogenic acid (lg/g powder) 270 ± 15.21
Ferulic acid (lg/g powder) 1020 ± 275.55
Quercetin (lg/g powder) ND
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3.5. Total phenolic contents

The phenolic acid profile of WGJ, which used in this study, was
analyzed with LC/MS/MS and data are shown in Table 1. Ferulic
acid was the primary phenolic acid composed of 78% of the total
phenolic compounds. In literature, the phenolic acids present in
wheatgrass were ferulic acid being the major one followed by
vanillic acid, gallic acid, caffeic acid, syringic acid and p-coumaric
acid (Adom & Liu, 2002; Akcan Kardas & Durucasu, 2014). Our
results were consistent with previous findings that ferulic acid
was the major compound found in wheatgrass. The difference
between the phenolic acid profile of the literature and our findings
could be due to the genotype of the wheat, harvesting conditions
and environmental factors (Beta, Sapirstein, & Mpofu, 2006).

Results of the total phenolic content of WGPs according to
Folin-Ciocalteu method are given in Fig. 5. The capsules having
CCR ratio of 1:10 and W:MD ratio of 3:1 had the highest and the
capsules in CCR ratio of 1:40 and W:MD ratio of 1:2 had the lowest
phenolic contents of 3.63 and 2.28 mg GAE/g powder respectively.
Results showed that CCR ratio and the W:MD proportion had a sig-
nificant effect on total phenolic contents (P < 0.05). A similar result
was also observed in antioxidant activity experiments.
3.6. Encapsulation efficiency

It is important to reduce the surface phenolic acid quantity to
ensure long-term stability of WGP. The encapsulation efficiency
was calculated as the ratio of the difference between the total
and surface phenolic content to total phenolic content of the
WGP. Wall and core material property, encapsulation process type
or conditions have a great impact on encapsulation efficiency
(Gharsallaoui et al., 2007; Goula & Adamopoulos, 2012; Jafari
et al., 2008; Reineccius, 2004). The encapsulation efficiency results
were shown in Fig. 5 and efficiencies varied from 53% for the sam-
ples of the CCR ratio 1:40 andW:MD ratio of 2:1–77% with the CCR
ratio of 1:10 and W:MD ratio of 1:2. The study represented by
Robert et al. (2010) reported that maltodextrin showed greater
barrier properties on the phenolics and anthocyanins of pomegra-
nate juice. A similar case was observed in this study that coatings
which included maltodextrin showed better efficiency than whey
protein as a coating. Even though an increase in CCR ratio seemed
to give higher stability, there must be a balance between the core
and coating material to improve encapsulation efficiency. Young,
Sarda, and Rosenberg (1993) showed that the encapsulation effi-
ciency of anhydrous milk fat decreased as the ratio of whey protein
isolate: carbohydrate increased. In the present study, a similar
result was observed that as the proportion of wall material (W:
MD), increased, encapsulation efficiency decreased. Also, Drusch,
Serfert, Van Den Heuvel, and Schwarz (2006) showed that agglom-
eration or collapses of encapsulated particles changed the struc-
tural boundaries and morphologies that caused core material
being thrown out of the wall matrix due to compression. This could
be the reason why increasing the CCR ratio decreased encapsula-
tion efficiency. In addition, results showed that encapsulation effi-
ciency was positively correlated with particle size (Pearson’s
correlation coefficient R = 0.605, P < 0.05). The relations between
the particle size and encapsulation efficiency is not clear but,
Soottitantawat et al. (2005) hypothesized that larger particles con-
tributed to retain core material and stability. Also, in a study by
Finney, Buffo, and Reineccius (2002), it was observed that as sur-
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face areas of large particles decreased better retention of the core
material was achieved.
3.7. Digestibility of WGE

Protection of phenolics from the harsh gastric conditions is an
important issue that is limiting the bioavailability of phenolic com-
pounds (Anal & Singh, 2007; Vandenberg, Drolet, Scott, & De la
Noüe, 2001). Gastric juice penetrates to the food and helps diges-
tion via enzyme and/or acidity but the exact action of these have
not been clearly explained yet (Kong & Singh, 2009). Obtaining
active molecular compounds and transferring these to the target
units within the organism requires a carrier system design (Chen,
Remondetto, & Subirade, 2006). In addition, due to alkali nature
of the intestinal fluid, some active compounds may become soluble
(Sansone et al., 2011). In that regard, encapsulation could provide
protection on gastrointestinal media and provide longer release
times. In order to identify the behavior of the wheatgrass powders
in gastrointestinal environment, in vitro experiments were per-
formed under simulated gastric and intestinal juices for 10 min
and 120 min (2 h). Digestion was evaluated based on the total phe-
nolic content of different samples exposed to gastric and intestinal
juices for different times. As shown in Fig. 6 the digestion affected
freeze dried WGJ more compared to encapsulated form in W:MD.
At the same W:MD proportion (1:2), the TPC of the different CCR
showed significantly different results (P < 0.05). It was 1.83 mg
GAE/g powder for CCR of 1:20 and 1.47 mg GAE/g powder for
1:10 in gastric juice within two hours whereas 1.69 mg GAE/g
powder for CCR of 1:20 and 1.66 mg GAE/g powder for 1:10 within
10 min.

The amount of phenolics on encapsulated powder surface was
higher for 1:20 CCR ratio than the 1:10 as 72% and 77% respec-
tively. WGJ was well preserved when the CCR ratio was 1:10. In
this study, it was observed that those phenolics of WGPs released
at a slower rate in gastric juice compared to intestinal juice. This
was associated with the hydrolysis of W:MD capsules at this pH.
A similar work was carried out by Zheng, Ding, Zhang, and Sun
(2011) where bayberry polyphenols were encapsulated with ethyl
cellulose and release rates were found to be higher in the intestinal
fluid than gastric fluid. In addition, the change in W:MD proportion
from 3:1 to 1:2 increased the total phenolic content in gastric juice
(P < 0.05) and decreased in intestinal juices. It is probably due to b-
lactoglobulin present in whey protein isolate. The globular struc-
ture could have prevented the digestion of b-lactoglobulin toward
the enzyme pepsin (Fu, Abbott, & Hatzos, 2002; Schmidt, Meijer,
Slangen, & Van Beresteijn, 2006; Wang & Zhong, 2014). However,
almost complete digestion of b-lactoglobulin was observed in the
intestinal environment under the influence of pancreatin (Fu
et al., 2002; Schmidt et al., 2006). Sarkar, Horne, and Singh
(2010) reported that intestinal fluid composed of pancreatin as
well as bile salts which changed the lipase action through binding
the protein-coated droplets and resulted in the breakdown of the
capsule. Overall, 34% and 29% higher phenolic content were mea-
sured in gastric juice than intestinal juice within 10 min and 2 h
respectively for encapsulated powder of 1:20 CCR ratio. In powders
with 1:10 CCR ratio, similar gastric-intestinal juice relations were
observed and within 10 min, 62% and 50% higher phenolic content
and within 2 h 44% and 36% higher phenolic content were mea-
sured in powders with W:MD ratio 3:1 and 1:2 respectively. The
study revealed that WGPs were well dissolved in intestinal media.
3.8. Temperature stability of the capsules

The stability of selected WGPs at different temperatures and
times were examined. The phenolic content of WGPs dramatically
decreased at the initial 12 min. After 12 min, the degradation was
almost stabilized. As expected, higher loss of phenolics (36%) was
recorded at the end of 60 min at 70 �C. At low temperatures as
40 and 55 �C, more than 70% of the phenolic contents were kept
and no significant differences were observed between the samples
(P > 0.05). The wall materials were found to be successful in ensur-
ing stability during heating. In Table 2, reaction rate constants and
activation energies of WGPs are given. Fractional conversion model
well fit the kinetic data obtained from WGPs at different tempera-
tures (R2 > 0.85). Moreover, for each temperature the highest rate
constant was calculated for the sample of the CCR ratio 1:10 and
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Table 2
Mean reaction rate constants (k) (±standard error) and activation energies (Ea) of freeze dried wheatgrass juice (WG) and selected encapsulated wheatgrass powders with
different core to coating ratios (CCR), whey protein isolate (W) and maltodextrin (MD) contents for 1 hour with 40 �C, 55 �C and 70 �C.

WG 1:10 CCR 3:1 W:MD 1:20 CCR 1:2 W:MD 1:10 CCR 1:2 W:MD

k40 �C (min�1) 0.04312 ± 0.0051 0.1351 ± 0.0007 0.05343 ± 0.0226 0.04515 ± 0.0019
R2 0.8511 0.9949 0.9833 0.997
k55 �C (min�1) 0.06231 ± 0.0231 0.2180 ± 0.0451 0.09364 ± 0.0025 0.1245 ± 0.0395
R2 0.9409 0.9784 0.9917 0.974
k70 �C (min�1) 0.04506 ± 0.0151 0.1993 ± 0.0283 0.08922 ± 0.0068 0.1555 ± 0.0068
R2 0.9656 0.9797 0.9634 0.9883
Ea (kJ/mol) 1.6222 11.8141 15.5139 37.1221
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W:MD ratio of 3:1. As expected for each temperature the lowest
activation energy was calculated for the WGP without encapsula-
tion. A sample of the CCR ratio 1:10 and W:MD ratio of 1:2 had
higher activation energy suggesting that this formulation provided
better stability of WGJ against thermal treatment. Model fitting
and experimental data recorded at different temperatures are also
given in the Supplementary file.
4. Conclusion

Wheatgrass juice was successfully encapsulated with freeze
dryer by using whey protein isolate and maltodextrin as coating
materials. Encapsulated powders were analyzed for total phenolic
contents, antioxidant activity, particle size, moisture and surface
morphology. Also, in vitro studies in gastric and intestinal juices
and thermal stability were studied. Results obtained confirmed
that encapsulation could protect the high phenolic content and
antioxidant activity. WGPs showed good stability against gastric
juices and thermal treatment whereas they released most of their
constituents in the intestinal juice. The best formulation for the
capsules was determined as CCR ratio of 1:10 and W:MD propor-
tion of 1:2 which provided higher antioxidant activity, higher phe-
nolic content with high encapsulation efficiency and also good
stability in gastric juices as well as high temperatures. Total pheno-
lic content changes at different temperatures were investigated
using the fractional conversion kinetic model. Reaction rate con-
stants and activation energies of selected WGPs were calculated.
Overall, it was suggested that wheatgrass powder could be used
as a functional food ingredient due to its high antioxidant activity,
phenolic content and thermal and gastric digestive resistance
properties for different food applications.
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