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Chlorophyll (Chl) is a healthy green pigment that is very unstable. So, chlorophyll microcapsules were fabricated
using maltodextrin and whey protein isolate as carriers and freeze-drying (FD) and spray-drying (SD) as
encapsulation methods. The microcapsules obtained by the freeze-drying method (FDM) had smaller particle
sizes (1.087-0.165 um) and higher {-potential (—10.6 to —18.3 mV) than the spray-drying method (SDM)
(3.420-0.285 um) and (—9.5 to —10.7 mV) respectively. FTIR, XRD, and DSC studies showed that the inclusion of

Chl within microcapsules and FDM had a higher melting point (150.12 °C) than SDM (125.03 °C) and Chl
(115.66 °C). FD was more effective in protecting Chl from changes in pH (pH 2 to 8, Chl retention; 49.67 %—
91.28 %) and light (Chl retention; 38.12 %) than SD. Therefore, due to preserving Chl and increasing its stability,
FDM could be a promising approach to use as a natural food colourant.

1. Introduction

Food colourants are a group of additives that are prepared naturally
or artificially and are considered important and influential factors in the
appearance and marketability of food (Hu et al., 2022). Natural bioac-
tive compounds help develop health-oriented functional food products
with proper quality factors. Chlorophyll (Chl) is a bioactive compound
and natural green pigment in photosynthetic organisms like algaes and
plants. being consumed as part of vegetables and fruits, it plays a main
role in the human diet (Hanafy et al., 2021; Pemmaraju et al., 2018).
Nevertheless, its instability against processing conditions makes the fail
to act as a sufficient colouring agent (Roca et al., 2016). It is sensitive to
acidic pH and high temperatures. For example, its exposure to acidic
media results in the replacement of its magnesium by two hydrogen
atoms, leading to the production of pheophytin, brown. Following is the
classification of the most frequently utilized green protection strategies:
i) Ion replacement: using metal ions, like Cu®** and Zn2+, ii) Alkalization:
Alkalizers increase the products’ pH and improve Chl stability and iii)
Inhibiting enzyme activity (Li et al., 2022).

The increase in the storage time leads to a gradual decrease in the
protective effect of alkalinization. Besides, the excessive use of copper
ion, as a heavy metal, is harmful to the human body. however, the use of

* Corresponding author at: P. O. Box 578, Mazandaran, Iran.
E-mail address: jmilany@yahoo.com (J.M. Milani).

https://doi.org/10.1016/j.fochx.2024.101156

zinc ions for ion replacement is a helpful alternative (Chasapis et al.,
2020). Not only do zinc ions improve chlorophyll’s tolerance to heat,
acid, etc., but they also affect beneficially on human health with mod-
erate intake via strengthening the immune system (Ong et al., 2014).
The bearable upper limit of intake is 40 mg/day in adults. The protection
of these natural bioactive compounds from degradation during various
processing and storage conditions is done via microencapsulation
(Mehta et al., 2022). It is a new immobilization approach for various
active compounds, either gas, solids, or liquid in small capsules,
enabling the release of the content at controlled and specified conditions
(Dominguez et al., 2021). It is of critical importance to select appro-
priate wall material for a particular core material in encapsulation.
Among all wall materials, proteins are the most advantageous given
their high nutritional value and their easy digestion by the human
gastrointestinal tract (Chen et al., 2006). As a byproduct of the dairy
industry, whey protein isolate (WPI) is produced vastly worldwide. It
has proper functional and nutritional features, capable of successful
entrapping of hydrophobic compounds (Abbasi et al., 2014).
Maltodextrins (MD) are considered hydrolysed starches from corn,
potato and wheat. MD differ based on their degrees of dextrose equiv-
alence. The MD with dextrose equivalence from 10 to 20 is vastly uti-
lized thanks to its high-water solubility, low viscosity, flavourlessness,
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easy biodegradability, formation of encapsulated products with excel-
lent oxidation stability and capability of providing an economical
(Apintanapong & Noomhorm, 2003). yet, it suffers from some re-
strictions, the most important of which are its low emulsifying capacity
and marginal retention of volatiles (Sturm et al., 2019). Therefore, it is
commonly mixed with other wall materials to form stable emulsions,
like whey protein (Kang et al., 2019).

The most commonly used methods of encapsulation are Freeze-
drying (FD) and spray-drying (SD). Notwithstanding an extremely
long dehydration period, FD is among the most helpful processes for
drying thermosensitive substances, but the process is relatively slow and
expensive. Yet, SD is utilized more vastly for encapsulation in the food
industry, owing to its lower cost and flexibility. It is commonly utilized
in preparing dry and stable food additives and flavours.

Some researchers have endeavoured to synthesize microcapsules for
Chl (Agarry et al., 2023; Agarry, Wang, Cai, Wu, et al., 2022; Hsiao et al.,
2020; Kang et al., 2019; Kang et al., 2018; Kurniasih et al., 2018; Raei
et al., 2017; Zhang et al., 2019; Zhang et al., 2020).

However, to the best of our knowledge, there are no reports on the
simultaneous use of MD and WPI as a wall and comparison of two FD and
SD methods. In this study, encapsulation was used to increase the sta-
bility of chlorophyll extracted from Ulva intestinalis algae. WPI and MD
were used as wall materials and SD and FD were used as encapsulation
methods. To obtain the composition ratio of wall and core materials,
Design Expert software was used. In this plan, MD (X;), WPI (X5), and
Chl (X3) were investigated as independent variables, and encapsulation
efficiency and chlorophyll content of microcapsules as responses.
Finally, employing the optimization method, the microcapsules with the
highest efficiency and chlorophyll content in the two methods (FD & SD)
were selected. Eventually, the microcapsules were characterized using
FT-IR spectroscopy, differential scanning calorimetry (DSC), and X-ray
diffraction (XRD), and finally, the evaluation of particle size, colour, and

Encapsulation efficiency (%) =

Total chlorophyll amount — Surface chlorophyll amount
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a temperature of —18 °C.
2.3. Preparation of chlorophyll microcapsules (Chl-Ms)

After dissolving WPI in distilled water, it was stirred for 12 hr using a
magnetic stirrer until it swelled completely. MD is dissolved in distilled
water, heated at 65 °C, and stirred for 30 min. After that, WPI and MD
were mixed in the proportions defined by Design Expert software (Free
ver.) as a mixture of encapsulating agents and stirred for 40 min to
obtain the aqueous phase (Table S1). Then, they were maintained
overnight in the refrigerator at 4 + 0.5 °C to permit the polymer mol-
ecules to hydrate completely. Flowingly, the addition of 1.5 % (w/v) of
Tween 80 to the solutions of hydrated wall materials was done, followed
by its complete dissolution by vigorous stirring at ambient temperature.
After adding the pure Chl solution (90.71 pg/mL) to the wall material
solution as the core material in defined proportions, it was homogenized
at a speed of 1000 rad/min for 5 min.

To dry the microcapsules, a spray dryer, and freeze dryer were used.
FD started with the freezing process by freezing the emulsions at —18 °C
for 12 hr. Glass containers attached to the freeze-dryer unit were used to
store the frozen samples. The FD process was carried out utilizing a
laboratory desktop freeze-dryer (ZiRBUS, VaCo 5, Germany) with a
condenser at —50 °C and a vacuum of 0.1 mbar for 48 hr. Spray dryer
(Dorsa Behsaz Co., D26, Iran) with an outlet air temperature of 110 °C
and an inlet air temperature of 145 °C, a rotating atomizer of 10 x 10
kPa, a pump speed of 1.5 mL/min, and a blower speed of 0.6 m>/min
was used for this purpose.

In two FD and SD encapsulation methods, the optimal microcapsules
with the highest encapsulation efficiency (EE%) and Chl content (CC pg/
mL) were investigated for further analysis. EE was measured according
to the following Eq (1):

x 100 (€8]

Total chlorophyll amount

the storage stability of these microcapsules at different conditions
(temperatures, light, pH) was carried out.

2. Material and methods
2.1. Materials

Ulva intestinalis macroalgae used in this study were collected from the
shores of the Caspian Sea. Whey protein isolate (Hilmar Co., America),
Maltodextrin (DE 17-20, Sigma Aldrich), Tween 80 (Merck Co., Ger-
many), acetone (Asia Research Co., Iran) and ethanol (Khorasan Distil-
lation Co., Iran) were purchased. Other chemicals utilized in the study
were of analytical grade.

2.2. Chlorophyll extraction

The fresh seaweed samples were first washed with seawater and then
with fresh water to remove sand and impurities. Then, the seaweed was
chopped finely to decrease its size. To extract the pigment, acetone 90 %
was used as a solvent. After mixing 25 mg of the moist sample with 10
mL of the solvent, it was placed in a shaking incubator at a temperature
of 20 °C, away from light, for 4-6 hr (Sasadara et al., 2021). After that,
the extract was filtered and centrifuged at 5000 rpm for 10 min. A rotary
evaporator (IKA, RV10) under vacuum at 35 °C was utilized to
concentrate the extracted Chl and separate the solvent. Finally, the
concentrated extract was stored in screw-top glass bottles in a freezer at

The sum of the surface chlorophyll (SC), core chlorophyll (CC), and
residual chlorophyll (RC) in the supernatant of fresh microcapsules gives
the Total chlorophyll (TC). The amount of CC in the microcapsules was
obtained by centrifuging the fresh microparticle suspension at 10,000
rpm for 15 min to get the pellet. UV-vis spectrophotometer was used to
immediately determine Chl in the supernatant. SC assessment was done
via pipetting 10 mL of hexane into the microparticles and then gently
shaking for five min. Then, following its centrifuge, the supernatant was
measured to determine the SC content. After pipetting 20 mL of acetone
80 % into the pellets, they were ultrasonicated (100 % power) for 30 min
at room temperature aimed at breaking the Chl-M membrane and dis-
charging CC. Finally, the suspension was centrifuged and the superna-
tant’s CC was determined. To ensure the complete extraction of Chl from
Chl-M, the process was repeated three times to achieve colourless mi-
crocapsules. The optimal formulation table to produce microcapsules by
two encapsulation methods is shown in Table 1.

Table 1
Optimal microcapsules produced by spray-drying and freeze-drying methods
and values of the response at optimal conditions.

MD (g) WPI (g) Chl (g) EE (%) CC (ug/mL)
FDM 17.27 11.21 22.05 90.46 + 0.62 85.85 + 0.43
SDM 16.02 16.57 20.40 90.27 £+ 0.21 55.36 + 0.36
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2.4. Characterization of Chl-Ms

2.4.1. Particle size analysis of Chl-Ms

A dynamic light scattering type zetasizer (Microtrace MRB, S3500,
USA) was used to analyse the particle size distribution. In this test,
polydispersity index (PDI), mean particle size, and {-potential were
evaluated before and after drying. For this purpose, microcapsules and
emulsion before drying were used. A small amount of microcapsules was
dispersed in distilled water to avoid multiple scattering effects. All tests
were performed at 25 °C and the average of three readings was reported.

2.4.2. Apparent colour analysis of Chl-Ms

The Hunter Lab colourimeter (Hunter Lab, colourFlex, USA) was
used to determine the colour of Chl extract with solvent, pure Chl extract
and Chl-Ms. First, after dissolving 0.5 g microcapsules in 50 mL distilled
water and transferring it to a cuvette for measurement, L*, a* and b*
parameters in the form of reflectance specula were obtained utilizing the
light source D65 and observation angle of 10°. The lightness of the
colour lightness is represented by the L* (0 black — 100 white), the
colour between green (—) and red (+) is represented by and the colour
between blue (—) and yellow (+) is represented by b*. Finally, Eq (2)
(Zhang et al., 2022) was used to calculate the total colour difference
(AE*):

A E= VAd? + Ab2 4+ AL2 (2)

where AAE* denotes the total colour difference, /A\L* is the difference
between control L* and sample L*, Aa* represents the difference be-
tween control a* and sample a*, and /\b* shows the difference between
control b* and sample b*.

2.4.3. Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra of Chl-Ms, Chl, and carrier agents (WPI and MD) were
investigated by employing the FT-IR spectrometer (Shimadzu 8400
model, Japan) in the region of 4000—400 cm ™. The analysis was done
at ambient temperature.

2.4.4. Differential scanning calorimetry (DSC)

DSC analyses were performed for Chl and Chl-Ms utilizing a DSC
(Mettler Toledo, Swiss) instrument calibrated with indium. First, after
placing 20 mg of each sample onto a standard aluminium pan, they were
heated from 25 to 350 °C at a heating rate of 10 °C/min under constant
nitrogen purging at a flow rate of 50 mL/min. An empty sealed
aluminium pan was utilized as a reference (Kang et al., 2019).

2.4.5. Scanning electron microscopy (SEM)

The morphology of Chl-Ms was observed by a SEM (Philips XL30
ESEM, Netherlands). A sputter coater was used to coat Chl-Ms with a
thin conductive layer of gold for 15 s. Then, the coated Chl-Ms was
observed at an accelerating voltage of 10 kV.

2.4.6. X-ray diffraction (XRD) pattern

An X-ray diffractometer (Xpert Pro MPD, Netherlands) was used to
investigate the crystal structure of Chl-Ms investigated with. Cu-Ka at
40 kV and 15 mA was utilized as the radiation source, and the collection
of XRD pattern was carried out in the 20 range from 2 to 80° at a scan
rate of 0.2°/min with a step width of 0.02° (Zhang et al., 2020).

2.4.7. Stability test (light, pH) of Chl-Ms

The light effect on the unencapsulated Chl and Chl-M was studied.
First, after dispersing 50 mg of Chl-M and unencapsulated Chl (control)
in 10 mL of 5 % ethanol, the samples were maintained at room tem-
perature with bright sunshine for 21 days. Finally, Eq (3) was used to
measure the percentage of Chl retained:

residual chlorophyll content

100 3
initial chlorophyll content * ®

Chlorophyll retention (%) =
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The method developed by (Agarry, Wang, Cai, Wu, et al., 2022) with
modification was hired to investigate the effect of pH on unencapsulated
Chl and Chl-M. The studied pH levels were 2, 4, and 6, all examined in
triplicate. In the current work, edible citric acid buffers (Merck, Ger-
many) were implemented. After preparing 40 mL of each edible citric
acid buffer of pH 2, 4, 6 and 8, 50 mg of unencapsulated Chl (control)
and Chl-Ms were homogenized in them at 3000 rpm for 5 min utilizing a
vortex apparatus. The Chl-Ms were centrifuged, and the residual Chl
content was evaluated.

2.4.8. Stability test at different temperatures

After weighing 50 mg of Chl-M into capped vials, they were stored in
the dark, in the incubator at 25, 50, 75 and 100 °C for 10 days. The
withdrawal of the samples was done at two-day intervals, aimed at
monitoring the degradation of Chl-M. Following the dispersion of the
withdrawn samples into 20 mL of 80 % acetone by vertexing at 3000
rpm for 2 min, they were transferred to an ultrasonic bath (Elma S30H
model) at 100 % power for 30 min. Then, the suspension was centri-
fuged at 10,000 rpm for 15 min. The replication of the procedure was
carried out until the colourless microparticles appeared. Eq (4) was
utilized to analyse the Chl extract for Chl content at absorbances of 665
and 649 nm:

Chlorophyll (pg/mL) = 6.10 X Agss + 20.04 X Agyo 4)

The first-order kinetic model of Eq (5) was used to evaluate Chl
degradation:

InC = InC, — K(t) 5)

where Cy and C are the initial Chl concentration and Chl concentration
at time t, respectively, t represents the storage time and k (hr'!) denotes
the degradation rate constant. The slope of the plots of InC/Cy vs. t at the
different studied temperatures of 25, 50, 75, and 100 °C were used to
calculate the Chl degradation rate constants.

The Eq (6) and Eq (7) were used to calculate the half-life (t;2) and
decimal reduction time (D) of Chl-Ms:

In10
D=—"" 6
m (6)

In2
2 =~ @)

2.5. Statistical analysis

All experiments were replicated at least three times for each treat-
ment and all results were reported as the mean =+ standard deviation. A
one-way ANOVA of the SPSS 27.0 software version was used to evaluate
significant differences (p < 0.05) among samples. Differences between
means were identified using Duncan’s multiple comparison test.

3. Results and discussion
3.1. Particle properties

The measurement of microcapsule particles is extremely important
because these particles affect the texture of food that is added to it.
Microcapsules dried by the FD method are usually used in the food and
pharmaceutical industries. The advantage of this method is it makes the
microcapsules more stable by reducing their agglomeration (Mehnert &
Mader, 2012). {-potential is a factor for the potential stability of the
colloidal system. It is a measure of net surface charge and a key factor in
predicting the stability of microparticles. Generally, the limit of stability
and instability of suspension can be determined in terms of {-potential.
The higher the {-potential, the lower the chances of particle aggregation
occurring due to electric repulsion (Seyfoddin & Al-Kassas, 2013).



S.A. Ledri et al.

Food Chemistry: X 21 (2024) 101156

a b C
0 06
3/54 Before Drying -
Afer Drying = 24 i;f:[r; r[y)in;;ng )
0/5 ) =
304 44 -
[a}
£ o5 L
37 > é 44 B
~ £ 44 3 1
[ - c
2004 =
: 201 20
3 g ) 9
% 1154 8_-12 B § I
@ = 0/2 4
L N4 g
1104 3
16 1 . o
[ Before Drying| 01
0/5 " [T Ater Drying
0/0 20 T T 00 T
FD sD FD SD FD 8D

Fig. 1. The effect of encapsulation process on (a): particle size, (b) {-potential, (c) polydispersity index (PDI) before and after drying.

The polydispersity index (PDI) is very important in the evaluation of
the homogeneity and stability of the particle size distribution. Samples
with a wider variety of sizes have a higher PDI value than samples with
uniform-sized particles, hence the PDI value measures the particle size
distribution (Ahmadian et al., 2024).

In the current work, the particle size in FD changed from 1.087 to
0.165 um and in SD from 3.420 to 0.285 pym (Fig. 1a). PDI of micro-
capsules after FD changed from 0.24 before drying to 0.08 after drying
and in SD samples from 0.37 before drying to 0.51 after drying (Fig. 1c).

Different particle size distribution, particularly influenced by the two
techniques, was attributed to the wall material ratio and processes uti-
lized. The difference in particles’ size before the drying process was
justified by the difference in the ratio of the primary emulsion com-
pounds based on Table 1. MD with a high degree of hydrolysis also
produces smaller particles (Tonon et al., 2010). The microcapsules’
particle size in the SD was determined according to the initial emulsion
and atomization (Walton, 2000).

FD did not change the morphological properties and the crystallinity
of the samples, but the particle size greatly decreased in comparison to
other drying methods (Piazza et al., 2020). In their study, Wang et al
stated that the advantage of FD is to improve the stability of micropar-
ticles by reducing aggregation. One possible reason for the reduction in
particle size during encapsulation by FD compared to SD is the use of the
freeze-thaw process. In FD, samples are individually frozen and then
dried under low pressure and temperature. This process can cause cell
rupture and improve the dried environment inside the capsule, which
can result in a decrease in particle size. In contrast, in SD, samples are
sprayed as a liquid and then dried under high heat. This process may
lead to particle aggregation, which can result in larger particle sizes
being maintained (Walton, 2000). Therefore, it can be said that in FD,
the polydispersity index will be more uniform. Therefore, the mecha-
nism of action for the change in PDI during encapsulation by FD and SD
is related to the differences in particle formation and drying conditions
between the two methods. {-potential for FD varied from —10.6 to
—18.3 mV and for SD from —9.5 to —10.7 mV (Fig. 1b). The rise in
{-potential in the modulus after FD and SD could be a reflection of
reconfiguration in the surface coverage and the broader unfolding of
anionic groups during the drying process (Agarry, Wang, Cai, Kan, et al.,
2022).

3.2. Appearance colour of Chl-Ms

The type of treatment conditions, type and concentration of carrier
and core materials, natural colour (wall or core material), and

Table 2
The effects of different treatments on the colour properties (L*, a*, b* and /AE*)
of Chl-Ms.

Drying Sample L* a* b* A\E*
process
Extract with ~ 40.499 +  —19.509+ 38503+  32.321 +
solvent 0.271" 0.382% 0.2538 0.280f
Pure extract 17.416 + —0.023 = 27.007 + NA
(control) 0.2672 0.0068 0.2952
Extract after 30.759 + —6.244 + 35.037 + 16.769 +
freeze-drying ~ 0.144° 0.250¢ 0.474¢ 0.257¢
Freeze Freeze 21.231 + —12.434 + 28.72 + 13.096 +
drying  emulsion 0.250" 0.250° 0.402° 0.063"
FDM* 24361 +  —3.087 + 32,427 +  9.327 +
0.2834 0.238f 0.480¢ 0.267°
Extract after 34.194 + —5.641 + 36.555 + 20.105 +
spray drying  0.252f 0.327° 0.377° 0.125¢
Spray Spray 23.496 + -15.314+  31.107+  16.958 +
drying emulsion 0.287¢ 0.392P 0.263¢ 0.284°¢
SDM** 35363+  —6.843 + 36.092 +  21.233 +
0.2588 0.406¢ 0.226f 0.270°

Different letters in the same column indicate significant differences (p < 0.05).
*: freeze dried microcapsules, **: spray dried microcapsules.
NA: not available.

denaturation/thermal decomposition during drying all should be
considered in determining the appearance colour of microcapsules
(Zhang et al., 2020). In this study, the colour of Chl solution was eval-
uated in several stages: after extraction with solvent, pure Chl extract
after desolvation, emulsion before drying, and microcapsule colour after
drying Table 2. The colour of Chl without capsule was dark green,
whereas that of Chl-Ms was lighter than the sample without capsule.
Different colours of Chl-Ms might be attributed to the dilution effect of
the wall materials and the encapsulation impact of the mutual reaction
between the wall materials and Chl.

Compared to the colour of the control sample (pure Chl extract after
desolvation), the L* value of the emulsion and Chl-Ms increased and a*
significantly decreased (p < 0.05), which confirms that the product’s
light green colour was derived from Chl. The higher the Chl concen-
tration, the sample had a lower L*. In the current work, the difference in
main colour was owing to obtaining microcapsules with different drying
methods. All samples presented high L* values compared to the control
sample. For FDM, L* values were lower than SDM and its b* values were
higher than the control sample and lower than the SD sample and it had
a darker appearance than SDM; this difference could be attributed to the
drying process. The type of drying process and the percentage of wall
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material affected the colour intensity of the samples.

The Chl extract before desolventization had a brighter appearance
with a higher L*, but when the extract was desolvated and the intensity
of Chl increased, L* decreased and the sample became darker because
the extracted Chl had a dark green colour. Next, when it was combined
with the walls for encapsulation, the intensity of the dark colour was
reduced and the colour of the sample became lighter, confirmed by the
increase of L*. This matter has also been stated in the research of (Zhang
etal., 2020), (Kang et al., 2019) and (Ahmed et al., 2010), reporting that
the addition of a wall caused an increase in L* in microcapsules. The
difference in the L*, a* and b* factors of the two freeze and spray
emulsion samples before drying could also be due to the difference in the
percentage of wall and core compositions according to Table 1. Since
WPI had a yellower appearance than MD, its increase in the emulsion
caused an increase in b* in the SD. The concentration of the core was
also effective in the colour of the emulsion before drying. The negativity
of a* in microcapsules indicated that the samples were green due to the
integration of Chl in different wall materials.

In SD, the use of high temperature for drying caused a significant loss
of Chl due to the thermal destruction of Chl pigments, making the colour
of the SDM lighter compared to the FDM. In /\E* of the samples, we also
saw that the higher the concentration of the sample (in terms of Chl
content), the lower the /AE* i.e., the difference with the control sample
(the same extracted Chl extract) was smaller.

3.3. FT-IR of Chl- Ms

The reactions or interactions occurring during the encapsulation can
affect the structure of wall materials, the encapsulated material, and the
microcapsule (Comunian & Favaro-Trindade, 2016). FT-IR spectro-
scopic analysis was carried out to characterize the intermolecular in-
teractions between the core and wall materials (Fig. 2a). This method is
a proficient tool to identify unknown compounds in a substance. In the
MD spectrum, absorption bands were seen at 1356 (O—H bending),
1636 (C=0O stretching), 2924 (C—H stretching), 3282 (O—H stretch-
ing), and 1410 (CH, bending). The peak at 1147 indicated C—O
stretching and C—O—H bending, while the peaks at 928, 847, 761, 759,
and 701 are ascribed to pyranoid ring skeletal vibrations. In the WPI
spectrum in the wavenumber (cm ™) range of 3000-3600, two peaks
with wavenumbers of 3052 and 3270 corresponding to -OH and -NH
stretching were observed. Amide bands I and II are the most important
vibrational bands of the protein skeleton. The amide I band (range
1600-1700 cm ') was related to stretching vibrations of C=C peptide
bond and was sensitive to the second structure of the protein, while the
Amide II band (1500-1400 cm ™) was due to in-plane bending -NH
(40-60 %) and stretching vibration —-CN (18-40 %).

Chl bands at 3455 (O—H stretching), 2921 (C—H stretching in
phytol), 2852 (asymmetric and symmetric CHy and CHj stretching),
1730 (C-173 = O and C-133 = O stretching), 1690 (C-131 stretching) =
0), 1610 (C—=C and C—=N skeletal stretching in the Chl ring system), and
1280 (C-173-0 and C-133-0 stretching) appeared, in a good agreement
with the results of a previous study (Kang et al., 2019; Zhang et al., 2022;
Zhang et al., 2020).

Comparing the peaks observed in the Chl sample with the FDM and
SDM showed that the intensity of the band decreased at 2852 and 2921,
respectively. The decrease in the vibration of methylene and methyl
groups could be attributable to the interaction of Chl phytol group as
core and hydrophobic region of MD and WPI as wall. The characteristic
hydroxyl peaks (O—H stretch) were seen around 3400 em~! for all
microcapsules. In contrast with the peak intensity for WPI and MD, the
intensity of hydroxyl peaks witnessed a significant fall for all micro-
capsules, meaning that the hydroxyl groups in WPI and MD engaged in
chemical reactions during SD and FD, such as esterification between MD
and WPI and/or hydrogen bonding. In the Chl sample, band 1730 was
observed more intensely, but the intensity of this band was very insig-
nificant in the produced microcapsules, likely owing to the combination
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Fig. 2. FT-IR (a), DSC (b) and XRD (c) spectra of chlorophyll (Chl), whey
protein isolate (WPI), maltodextrin (MD), and microcapsules prepared using FD
(freeze drying) and SD (spray drying) methods.

of the ester bond of the pyrrole ring and the walls of MD and WPI. By
observing the change in the intensity of the bands or the creation of new
bands in the Chl-Ms compared to the sample of Chl, WPI and MD, it
could be concluded that the interaction between the core and the wall
had been formed. Based on the spectrum of Chl, the mentioned peaks
indicated the presence of Chl in all microcapsules. As a result, the suc-
cessful microcapsulation with FD and SD was confirmed.

3.4. Differential scanning calorimetry (DSC)

DSC is an essential proficient technique to evaluate the physical state
of the wall material and core, associate the behaviour of heat flow and
different temperatures, and obtain information such as melting and
crystallization temperature as well as glass transition temperature
(Comunian & Favaro-Trindade, 2016). The thermal behaviour of Chl
and Chl -Ms coated with WPI and MD prepared by FD and SD methods
evaluated by DSC is depicted in Fig. 2b. In the Chl sample, an endo-
thermic peak was observed at 115.66 °C. According to several studies
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(Agarry, Wang, Cai, Wu, et al., 2022; Guad et al., 2006; Kang et al.,
2019), this peak could be related to the melting of Chl (The melting
point range of Chl was reported to be 117-133 °C). FDM and SDM
showed endothermic peaks at 150.12 °C and 125.03 °C, respectively,
probably related to the melting point of Chl-M.

Wall materials restrict the mobility of the Chl molecules, preventing
them from interacting with each other and forming aggregates that can
lower the melting temperature. Furthermore, the wall materials used for
encapsulation can also have a higher melting temperature than Chl,
contributing to the overall increase in melting temperature of the Chl-M.
This is because MD and WPI are both high molecular weight compounds
that can withstand high temperatures without degrading or melting.

The FDM and SDM showed different melting peaks. The composition
percentage of the wall material could affect this matter. The FDM
method had a higher percentage of MD than the SDM (according to
Table 1). The melting point of MD has been mentioned in previous
studies 209 °C (Kang et al., 2019). Therefore, increasing the amount of
MD in FDM increased the melting point of this microcapsule compared
to SDM. No endothermic peak of Chl was observed in the DSC thermo-
grams of all microcapsules, confirming good coverage of the core ma-
terial with the wall material and the presence of Chl in the non-
crystalline state (Zhang et al., 2021).

3.5. Morphology of Chl-Ms

Fig. 3 depicts the SEM micrographs of microcapsules achieved uti-
lizing different mixtures of wall materials (WPI & MD) consisting of Chl
via two methods, FD and SD. Besides their difference in particle size,
consistent with the particle size distribution patterns of Fig. 1, micro-
particles produced by the two drying techniques presented different
morphological characteristics. SDM had a more regular and spherical
shape, with a relatively smoother surface compared with the FDM,
exhibiting more cracks or fractures. The formation of dimples in the
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samples’ surface dried by SD is dependent on the drying parameters, the
composition of the wall material and the diameter of the emulsion
particles (Hashemiravan et al., 2013).

The wrinkles and dimples that appeared on the surface of SDM can be
likely due to the rapid evaporation of water during SD, which mainly
occurs owing to the rapid formation of a crust on the droplets’ surface in
the initial stages of drying. Scanning electron micrographs showed SDM
had a spherical structure, and those obtained from FD, were of irregular
and glassy structure. According to the morphology of the microcapsules,
the Chl-Ms produced by the FD had more pores than the that produced
by the SD method. In the FD method, the reason behind the porous form
was ice crystal formation during freezing and the sublimation process
during drying (Kurniasih et al., 2018). A brittle matrix was formed after

drying.

3.6. XRD pattern of Chl-Ms

The encapsulation impacts on the Chl crystallinity are reflected by
the XRD pattern in Fig. 2c. As the microcapsules’ crystallinity is asso-
ciated with their stability, it is imperative to find out if the microcap-
sules have crystalline or amorphous structures via XRD analysis. In
General, the diffuse and broad peaks in the XRD profile reflect amor-
phous structures since amorphous materials are disordered yielding
dispersed bands. Nonetheless, crystalline materials present sharp and
defined peaks attributed to their well-ordered state. Fig. 2c shows the
XRD profiles of Chl-Ms, MD, WPI and Chl, and loaded with WPI&MD
through FD and SD methods. The Chl sample presented 3 peaks at 20 =
22°, 29° and 41°, which showed an amorphous structure with minimal
crystallinity. The WPI showed two peaks at 260 = 9° and 20°. FDM and
SDM and MD showed an amorphous structure with minimal organiza-
tion, as shown by the presence of broad peaks. Several studies (Botrel
etal., 2014; Kang et al., 2019; Silva et al., 2013) have also mentioned the
amorphous structures of MD and the lack of effect of the drying process,

, @ adinet @F(
Fxp ——— 50m

Fig. 3. SEM images of chlorophyll microcapsules (Chl-Ms) produced by: (a, c) FD (freeze drying) and (b, d) SD (spray drying) with magnification 500x and 5000 x.
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on the crystalline characteristics of the wall material. In their research,
(Zhang et al., 2020) and (Zhang et al., 2017) mentioned 2 specific
diffraction peaks for WPI at 8.9° and 19.6°; in a good agreement with the
results of this research. In the XRD profiles of SDM and FDM, the specific
peaks of Chl disappeared. The finding data, particularly those obtained
by DSC analysis, further confirmed the large embedment of Chl in the
wall materials composed of MD and WPI (Fig. 2b). It means that the
formation of chlorophyll-loaded microcapsules was further proven. In
general, an increase in the sharpness of the diffraction peaks in XRD
profiles confirms a higher degree of crystallinity of the sample (Wei &
Periasamy, 2011). Based on this, it was shown that the FDM showed
more crystallinity compared to the SDM given the higher content of MD
in the wall material. In addition, the amorphous and crystalline condi-
tions depend on the storage stability and physicochemical properties of
powders. Compared to amorphous, crystal state has less dissolution and
hygroscopy. Water absorption of materials is associated with weight
gain, microstructural collapse, nutrient degradation, and potential
microbiological instability during storage (Borrmann & Rocha, 2012;
Nambiar et al., 2017). Therefore, the XRD results showed that the FDM
might have higher storage stability due to its increased degree of crys-
tallinity in contrast with SDM.

3.7. Stability test (light and pH) of Chl-Ms

Light can break the chemical structure of pigments and change their
chemical structure, making them colourless in a process called photo-
degradation. The electromagnetic spectrum of the sun contains long
wavelengths from gamma to radio waves. The energy of UV waves of the
sun plays the main role in accelerating colour fading. The photon energy
of these waves, not absorbed by ozone in the earth’s atmosphere, is more
than the energy of dissociation of single carbon—carbon bonds in the
structure of pigments, causing these bonds to break; as a result, the
colour fades. Accordingly, the effect of the sun’s ultraviolet rays on
pigments containing carbon is greater, so organic pigments are less
resistant to light than mineral pigments (Groeneveld et al., 2022). When
exposed to a vital factor like light, Chl, as a natural pigment and
bioactive compound, undergoes a variety of chemical reactions such as
oligomerization, isomerization and oxidation.

Chl is a main photosynthetic pigment; it can transfer light energy to a
chemical receptor via alterations in its molecular structure. Thus, its
structural stability can be evaluated by the amount of Chl remaining
after exposure to light (Agarry, Wang, Cai, Kan, et al., 2022). following
3-week exposure of unencapsulated Chl to sunlight at room tempera-
ture, only 1.84 % of free Chl was retained, while FDM and SDM showed
significant (p < 0.05) protection for Chl with 38.12 % and 29.38 % at the
end of the same period (Fig. 4a), showing that the produced Chl-Ms were
enough to keep Chl away from bad light conditions. Photooxidation is
called oxidation due to activated oxygen by coloured compounds such as
Chl, In other words, a combined reaction with oxygen in the presence of
light. Chl can be protected from bad light conditions and have a longer
shelf-life during storage via microencapsulation and possible hydrogen
bonding with MD and WPI complexes. FD had higher Chl retention (p <
0.05) than SD. Smaller particle size and higher {-potential of FDM (ac-
cording to section 3.1), considered indicators for the stability of superior
particles, could be attributed to the higher stability of these microcap-
sules. Also, MD with high DE content has free reducing groups that can
act as an antioxidant (Bae & Lee, 2008).

It is vital to study stability as a function since changes in pH in the
processing environment can cause alterations in microcapsules and lead
to degradation or release of core materials from encapsulating agents.
Chl is unstable under the influence of acidic conditions; its magnesium
atom is replaced by two hydrogen ions, and pheophytin, whose colour is
olive-brown, is produced. Therefore, in the present study, we investi-
gated the pH impact on the stability of Chl and Chl-Ms. Considering the
pH environment of the main human digestive organs (stomach: pH
1.5-4.0; oral cavity: pH 6.5-7.5; intestine: pH 4.0-7.0), pH values of
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Fig. 4. The chlorophyll retention (%) of chlorophyll (Chl) and chlorophyll
microcapsules (Chl-Ms) produced by two methods FD (freeze drying) and SD
(spray drying) under different storage conditions (a): light, (b): pH.

2,4,6,8 were tested. Fig. 4b depicts the stability of FDM and SDM against
pH changes, expressed as retention percentage. The retention rate of free
Chl under acid stress was 27.3 % to 36.03 % respectively, significantly
lower than any of the Chl-Ms. These results confirmed that the chemical
stability and retention rate of Chl experienced a significant increase (p <
0.05) after encapsulation utilizing WPI and MD as wall materials. The
retention of Chl particles produced by FD and SD varied from 49.67 % to
91.28 % and 41.47 %-94.04 %, respectively. The increased stability of
Chl-M against pH fluctuations can be attributed to the isoelectric pH of
MD (5.2-6.8) and WPI (6.5) (Khaire & Gogate, 2019), which create an
almost neutral environment around Chl and thus increase stability. The
FDM presented significantly higher retention at all pH levels except pH 6
(p < 0.05). The higher stability of the FDM against acidic pH makes it a
proper option to use a wider range of food products, including high-acid
foods.

3.8. Evaluation of storage stability at different temperatures

The temperature of storage plays a key role in preserving heat-
sensitive substances like flavours and nutrients. Highly-stable micro-
capsules can have significantly increased use in industrial processing
(Zhang et al., 2022). Thus, the effect of storage temperature on the
stability of both encapsulated and non-encapsulated Chl was investi-
gated. Dried Chl without capsules and Chl-M were kept at different
temperatures (25, 50, 75 and 100 °C) for 10 days in the dark. The first-
order kinetic model was used to study Chl degradation. For all tem-
perature conditions studied in this research, Chl degradation in loaded
Chl microparticles fitted well in the first-order kinetic model with
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Table 3
Thermal degradation kinetics of Chl and Chl-Ms produced by FD and SD during
storage at 25, 50, 75 and 100 °C using MD and WPI as wall materials.

Temperature System  k (hr') Correlation D (hr) t1/2 (hr)
coefficient(r?)
25 Chl* 0.00304 0.93 756.57 +  227.96
+ 0.0057¢ 0.156% +0.298°
FDM? 0. 00141 0.99 1631.20 491.48
+ 0.0057% +0.010° + 0.052¢
spm® 0.00180 0.95 1277.77 385 +
+ 0.0088" +0.107° 0.360°
50 Chl 0.00456 0.97 50438 +  151.97
+0.0011¢ 0.110° +0.085°
FDM 0.00202 0.96 1138.61 343.06
+ +0.105° +0.102°
0.00013"
SDM 0.00176 0.91 1306.81 393.75
+ + 0.100° +0.132¢
0.00021%
75 Chl 0.00533 0.98 43151+  130.01
+ 0.0053¢ 0.328° + 0.586°
FDM 0.00211 0.96 1090.04 328.43
+0.0021° + 0.450° +0.254°
SDM 0.00201 0.96 1144.27 344.77
+ 0.0020° + 0.300° +0.334°
100 Chl 0.00611 0.91 37643+  113.42
+ 0.0002° 0.352% +0.236°
FDM 0.00418 0.90 550.23 +  165.78
+ 0.0001° 0.701° +0.541°
SDM 0.00353 0.87 651.55+  196.31
+ 0.0002° 0.250° +0.193¢

1: chlorophyll.
2: freeze dried microcapsule.
3: spray dried microcapsule.

correlation coefficient (rz) values between 0.87 and 0.99 (Fig. S1).
Table 3 presents the thermodynamic parameters of loaded Chl-M. The
rate constant (k) can be utilized to predict Chl degradation as a function
of heat i.e., a decrease in k value results in higher stability of the Chl. A
rise in temperature increased k values for all different Chl-Ms. Higher
temperatures raised the degradation rate due to an increase in the fre-
quency of molecular collisions (Kuck et al., 2017). Chl-Ms showed a
lower K value and, as a result, higher thermal stability than the Chl
sample without capsules. The SDM shows a significantly (p < 0.05)
lower k value at 50, 75 and 100 °C, more stable compared to FDM and
Chl to Chl degradation at higher temperatures.

p-value shows the time needed to degrade 90 % of the Chl compound
in the microcapsule at a certain temperature. The p-value, ranging from
376.43 to 1631.20 hr for all investigated temperatures, witnessed a
decrease with an increase in temperature. The FDM showed higher
stability against Chl degradation at 25 °C, but with an increase in tem-
perature, we saw an increase in the stability of the SDM due to having
less K. According to the p-values, a similar trend was observed for t; /o.
Half-life (t;,2) corresponds to the time at which the initial content is
reduced by 50 % concerning zero time. t; 2 values ranging from 113.42
to 491.48 hr for all temperature conditions, with free Chl at 100 °C
having the lowest half-life among samples. FDM had the highest half-life
at 25 °C.

Products dried by SD have important and very desirable properties
such as better solubility, lower humidity and higher thermal stability
(Stefanescu, 2010) and this issue can be a reason for increasing the
stability of SDM compared to FDM at higher temperatures. Both pro-
duced microcapsules showed significant thermal stability (p < 0.05)
compared to free Chl. The interaction between wall materials was
beneficial to improve the thermal stability of Chl-M. MD and WPI are
hydrophilic materials that can form a protective layer around the Chl
molecules during the encapsulation process. This layer can prevent the
Chl from being exposed to external factors such as heat, which can cause
degradation and reduce its stability.
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4. Conclusions

The use of MD and WPI as a carrier and FD as an encapsulation
method increased the stability of Chl against stresses such as pH change
and light. By examining the results of the XRD test, it could be concluded
that the FDM could have a higher storage stability due to their higher
crystallinity. During the production of Chl-Ms by the FD method, due to
the lack of high temperature (a critical factor for Chl), the Chl content
was higher, and as a result, the colour of FDM was also darker. The FDM
had the highest melting point compared to Chl and SDM. Putting the
results of the tests together, it can be said that Chl encapsulated with MD
and WPI walls by FD method can be used as a colour additive with high
efficiency in the food industry. Of course, there is a need to investigate
the release pattern of Chl in the digestive tract in simulated digestive
conditions during future studies.
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