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Abstract The present study aims to determine the kinetics of chlorophyll degradation and green
colour stability of encapsulated copper (Cu)- and zinc (Zn)-amaranth powders stored under
accelerated (45°C) and room (25°C) temperature for 16 weeks and six months, respectively. The
powders were spray-dried using 10% maltodextrin (DE 10), resistant maltodextrin, N-Octenyl
Succinate Anhydride starches (HI-CAP® 100 and CAPSUL®), and gum Arabic (GA). The effects
of pH (4 to 8, in the absence of light at 25°C for 24 hours), temperature (40 to 100°C for 90 mins),
and light exposure (fluorescent light at 25°C for five days) on the chlorophyll retention and colour
stability of the powders in an aqueous system were also explored. The chlorophyll degradation
kinetics of the powders followed a first-order reaction model. The Zn-amaranth powder
encapsulated with CAPSUL® exhibited the lowest rate constant (k = 2.7 x 1073 weeks™") and the
highest half-life (t12 = 256.72 weeks) under storage at 25°C. The Cu-amaranth powder
encapsulated with GA demonstrated the highest greenness value during storage at both 25°C (six
months) and 45°C (16 weeks). In the aqueous system, the Cu-amaranth powder encapsulated
with GA possessed the highest chlorophyll retention (> 90%) in acidic conditions. Meanwhile,
maltodextrin-encapsulated Cu-amaranth powder exhibited better chlorophyll retention and colour
stability under light exposure and high temperatures.

Keywords: Amaranth powder, degradation kinetics, chlorophyll retention, storage stability.

Introduction

Green amaranth (Amaranthus viridis L.) is the largest commodity contributing to agricultural production
and has the lowest price compared to other vegetables [1]. It has a mild spinach-like flavour [2], rich in
nutrients, and contains several phytochemicals, including vitamins (C, A, B1, B6, B9, and E) and
phytopigments, such as betacyanins, betaxanthins, chlorophylls, carotenoids, flavonoids, and phenolics
[3, 4]. Green amaranth has a total chlorophyll content of 1504 mg/kg [5]. Furthermore, the flavonoid
contents and antioxidant activities of leafy Amaranthus species are higher than spinach, 0.70 mg CE/g
FW and 16 ymol TE/g FW, respectively [6, 7]. Amaranth also contains three times more calcium and
higher levels of phosphorus, potassium, zinc (Zn), copper (Cu), and vitamin C [8] than spinach (Spinacia
oleracea). Furthermore, amaranth contains nine and seven times more vitamin A and iron than Chinese
cabbage [8].

The drawbacks of fresh vegetables are the instability of the chlorophyll components and limited shelf life
due to their high moisture content of about 80 % [9]. The chlorophyll components tend to degrade during
extraction and processing in unfavourable temperatures and pH and contact with oxygen or exposure to
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light [10]. Degradation of chlorophylls to form chlorophyll derivatives results in discolouration and
reduced antioxidant activity. These days, the demand for a food product with health-promoting functional
ingredients and high-quality appearance, texture and flavour aspects has driven a substantial market
increase in manufacturing of fruits and vegetables in powdered forms [11]. The growing public
awareness of healthy eating increases the potential for opportunities for spray-dried, nutrient-rich juice
obtained from the green leaf to be commercially produced [12]. Microencapsulation through spray drying
is widely utilised in commercial fruit and vegetable powders. The approach integrates bioactive
ingredients with a coating material to improve the microencapsulation efficiency and storage stability of
the obtained powders [13]. Microencapsulation via spray drying also reduces food component
interactions with environmental factors, such as temperature, light, moisture, oxygen [14, 15, 16], and
pH [17].

Ideally, an encapsulant should possess good emulsifying activity, film forming properties, highly water
soluble and low viscosity [18]. In this study, gum Arabic (GA), hydrolysed starches (maltodextrin,
resistant maltodextrin), and N-Octenyl Succinate Anhydride (OSA) modified starches (HI-CAP® 100 and
CAPSUL®) were utilised for encapsulation. The GA is highly soluble with low viscosity, good emulsifying
attributes, and high oxidative stability [19]. Hydrolysed starches, such as maltodextrins, are water-soluble
and possess low viscosity in high solid concentrations [20]. However, maltodextrins has a low emulsifying
capacity [21]. Modified starches, including OSA-starch, consist of hydrophobic and hydrophilic groups.
The hydrophobic and hydrophilic groups render modified starches suitable for retaining and
encapsulating pigments, proteins, and flavours [22]. The OSA starch also has a low viscosity in aqueous
solutions, aiding the spray drying process.

Several vegetable compounds are susceptible to processing conditions, such as pH, temperature, heat,
and light [23]. Consequently, stabilising chlorophyll compounds before spray drying is critical to ensure
maximum retention of functional values, particularly chlorophyll contents and antioxidant activities. In the
food industry, metallo-chlorophyll derivatives can preserve the fresh green colour of vegetables during
processing and storage.

Stabilising chlorophyll with metal ions, including Zn and Cu, has improved the colour of Gliricidia sepium
leaves, avocados, pandan, pennywort, Sauropus androgynus leaves, and grapes [24, 25, 26, 27, 28, 29,
30]. The food-grade copper sulphate and zinc chloride powders employed in the current study are
generally recognised as safe (GRAS) [31]. The substances are also commercially accessible for Cu and
Zn applications, widening possible metallo-chlorophyll complex applications in vegetables.

Determining the shelf lives of food products is crucial, considering that they provide information on how
long the products will retain their quality during storage [32]. Degradation kinetics, including reaction
order and rate constant, are also necessary to estimate product stability during thermal processing and
storage. The chlorophyll degradation and green colour stability kinetics of various vegetables have been
studied, including green beans [33], broccoli [34], mint leaves [35], green peas [36], coriander leaves
[37], and asparagus [38]. The reports revealed that degradation of chlorophylls followed the first-order
kinetics model.

Kang et al. [39] investigated the storage stability of chlorophylls microencapsulated with various
combinations of GA and maltodextrin for 10 days under different temperatures (4, 20, and 40°C).
Resultantly, maltodextrin was the most effective encapsulant in maximising storage stability,
encapsulation efficiency, and chlorophyll contents. In another study, Comunian et al. [40] discovered that
maltodextrin and GA-encapsulated chlorophyllide powders provided acceptable protection from
environmental conditions after 90 days of storage at room temperature.

Limited information exists on the effects of wall materials and metal ions of spray-dried amaranth
powders on the colour, total chlorophyll stability, and antioxidant activities during storage and in aqueous
systems. Consequently, this study evaluated the stability of spray-dried amaranth powders at different
storage temperatures. It also examined the powder response to pH, light, and temperature in model
aqueous systems.

Materials and Methods

The encapsulating agents, maltodextrin DE 10 (MD) and resistant maltodextrin (Fibresol®-2) (RMD)
employed in this study were obtained from San Soon Seng Food Industry (Malaysia) and Archer Daniels
Midland (ADM) Company [United States of America (USA)], respectively. The GA was purchased from
RandM Chemicals, while OSA starches, HI-CAP® 100 (HICAP), and CAPSUL® (CAP) were bought from
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Ingredion Malaysia Sdn. Bhd. Acetone, sodium phosphate dibasic dehydrate, monobasic sodium
phosphate and potassium sorbate were procured from R&M Chemicals [Essex, United Kingdom (UK)].

Preparing the Cu- and Zn-Amaranth Powders

In this study, fresh amaranths were cleaned, drained, and chopped, with the roots discarded. The
cleaned amaranth leaves and stalks were blended in a laboratory blender (2-speed, Waring MS 153-5,
Torrington, CT, USA) for 5 minutes to make amaranth purees. Subsequently, the purees were stabilised
with copper sulphate and zinc chloride to form Cu- and Zn-amaranth purees [41].

The metal-stabilised purees were individually pre-treated with Viscozyme L (1% v/w) enzyme at pH 5
and 45°C before being incubated for 3 hrs. The enzyme-treated Cu- and Zn-amaranth purees were
strained through a 0.4 mm mesh sieve to remove undigested coarse fibres that might clog the spray-
drying atomiser nozzle [42].

The Cu- and Zn-amaranth filtrates were encapsulated in 10% MD, RMD, CAP, HICAP, and GA before
filtering through a 150 um mesh filter screen. The feed mixtures were subsequently spray-dried using a
pilot-scale spray drier (Niro A/S, GEA, Germany) with inlet and outlet temperatures set at 150 and 85°C,
respectively. The spray drying was conducted at a 10 mL/min feed rate with the rotary atomiser operating
at 15000 rpm [42]. The powders were collected, filled in aluminium laminated polyethylene pouches,
sealed, and stored at 4°C until further analysis. Henceforth, the powders were labelled CuMD, CuRMD,
CuCAP, CuHICAP, and CuGA for the amaranth stabilised with Cu, while ZnMD, ZnRMD, ZnCAP,
ZnHICAP, and ZnGA represent the amaranth stabilised with Zn. The present study also prepared a
control powder of fresh amaranth puree (non-enzymatic and non-metal stabilised) spray-dried with 10%
MD under identical conditions.

Extraction and Determination of Total Chlorophyll Content

The total chlorophyll (TC) contents of the powders employed in this study were measured according to
Dere et al. [43]. Firstly, the Cu- and Zn-amaranth powders (0.5 g) were diluted in 10 mL of distilled water
and vortexed for 15 mins to dissolve the powders completely. The mixtures were centrifuged at 3000 x
g for 10 mins before transferring the supernatants into centrifuge tubes. The supernatants were diluted
to 50 mL with 100% acetone and centrifuged at 3500 x g for 10 mins.

The extracted chlorophyll in the supernatant was measured against 100% acetone as the blank at 662
and 645 nm for chlorophylls a and b, respectively. An ultraviolet-visible (UV-Vis) spectrophotometer
(Shimadzu, Japan) was employed for the evaluation. Subsequently, the chlorophylls a and b and TC
contents (mg/g) of the powders were calculated according to Equations 1, 2, and 3 [44].

Chlorophyll @ =11.75Ag5, — 2.35A¢45 (1)
Chlorophyll b =18.61A645 - 3'96A662 (2)
TC content (mg/g) = (16.26Ag45+7.79A¢62) * Dilution factor/1000 (3)

In the current study, the percentage of TC retention obtained was utilised to assess the stability of the
encapsulated powder according to Equation 4 [39]. The TC retention percentage denotes the ratio
between the TC content retained in a powder after selected times and its initial TC content.

TC retention (%)

The TC content remaining in control samples or powder
= g ples or powder) 4y )

(The initial TC content in control samples or powder)

Storage Stability of the Powder Samples

The accelerated storage stability evaluations were carried out according to Ee et al. [45]. Approximately
150 g of the spray-dried enzyme-liquefied Cu- and Zn-amaranth and control powder (10% MD spray-
dried non-enzymatic and non-metal stabilised) samples were packed in opaque aluminium pouches (750
mm %100 mm x10 mm). The bags were heat-sealed and stored in controlled conditions at 45 + 2°C (60%
RH) for 16 weeks. Sampling for the lot was conducted every fortnight. Another sample group was kept
at room temperature (25 + 2°C, 50-70% RH) and sampled monthly for six months (24 weeks). The
storage stability of the samples was determined based on their TC retention from the initial (day 0) and
during storage. All analyses in this study were performed in triplicates.

Kinetic Analysis of Total Chlorophyll (TC) Degradation
The total chlorophyll (TC) retention of the amaranth powders in the current study was expressed in terms
of degradation rate constant (k) and half-life value (t'2). The half-life value corresponds to the time the
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chlorophyll content is reduced by 50% with respect to zero time. This study applied the first-order reaction
model, as reported by Tonon et al. [46] (Equation 5). Concurrently, the half-life values for a first-order
reaction were determined at a specific temperature based on Equation 6. The degradation rate constants
(k) were obtained from the slope of the natural log of TC retention versus time plotted.

In (C;/Co) = —kt (5)
ty, = —(n0.5/k) (6)
Where Co denotes the initial TC content (day 0), and C: represents the TC content at any storage time,
t.

Colour Changes During Storage

Colour lightness (L*) and a* (+a* = red, -a* = green) and b* (+b* = yellow, -b* = blue) values of the
powders were determined with a Chroma Meter CR-410 (Konica Minolta Business Technologies, Inc.,
Tokyo, Japan). The a*-to-b* ratio (a*/b*) was employed as a green colour variation [47]. A negative a*/b*
value indicated a greener and less yellow amaranth powder. All colour parameters in this study were
plotted against time to evaluate the colour changes of the spray-dried powders subjected to accelerated
and room storage temperatures.

pH, Temperature, and Light Stability Analyses of the
Reconstituted Cu- and Zn-Amaranth Powders

pH Stability Analysis

The effects of pH on the stability of chlorophyll content and colour of the reconstituted Cu- and Zn-
amaranth powder samples were evaluated on a wide range of pH values: 4.0, 5.0, 6.0, 7.0, and 8.0. The
procedures employed as described by Selim et al. [48]. Approximately 400 mg of the amaranth powder
was mixed with 30 mL of 1 M sodium phosphate buffer of the desired pH value in screw-capped test
tubes. Subsequently, the tubes were wrapped in aluminium foil to provide complete darkness and kept
at room temperature (25 + 2°C) for 24 hrs. The TC retention (%) and greenness (-a*/b*) values of the
powders were determined in triplicates.

Temperature Stability Analysis

Reconstituted Cu- and Zn-amaranth powders (40 mg/L) were kept in a temperature-controlled water bath
(40, 60, 80, and 100°C) for 0, 15, 30, 60, and 90 mins. The present study applied the procedures Cai et
al. [49] outlined with slight modifications. The sample solutions were distributed into 50 mL glass tubes
sealed with screw caps and wrapped with aluminium foil (dark environment). The tubes were immediately
cooled in an ice bath before determining TC retention (%) and greenness (-a*/b*) values.

Light Stability Analysis

The light stability of the reconstituted amaranth powder samples in the current study was determined
according to Shaaruddin et al. [50] with minor alterations. Each powder (0.4 g) was added to distilled
water (20 mL) containing 0.5% potassium sorbate and stirred. The solution was distributed in three 10
mL test tubes with screw caps. The solutions were exposed to white fluorescent light (18 W) elevated
50 cm above the samples or left in the dark at room temperature (25 + 1°C) for five days. The TC retention
(%) and greenness (-a*/b*) of the powders were assessed in triplicates.

Results and Discussion

Storage Degradation Kinetics of Total Chlorophyll Content in Amaranth

Powders

Table 1 summarises the rate constant (k) and half-life (t'2) values of TC retention of the amaranth powder
samples. The samples were subjected to room and accelerated temperature conditions during the
assessment. The spray-dried powder with the highest half-life value at a 25°C storage temperature was
ZnCAP (256.72 weeks), followed by ZnHICAP and CuHICAP powders (239.02 weeks). Meanwhile, at
45°C, the ZnGA powder exhibited the highest half-life value (48.14 weeks), followed by the CuGA (38.51
weeks) encapsulated powders. Cai and Corke [51] suggested that the negative charges on the OSA-
modified starch molecules could contribute to the high pigment retention, thereby enhancing the stability
and extending the shelf life of amaranth powders encapsulated with HI-CAP® 100 and CAPSUL®.
Additionally, Ramakrishnan et al. [52] found that tamarillo powders prepared with GA had the highest
retention of carotenoids, attributed to the thermo-protective effect provided by GA during exposure to the
high temperature of spray drying.
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The results of this study indicated that the CuRMD powders had the highest rate constant value (k =
22.4 x 10 week") and the lowest half-life value (t/2 = 30.94 weeks) at 45°C. The CuRMD powders
recorded a more significant chlorophyll degradation due to the high-temperature storage [53]. The results
coincided with Koca et al. [54], in which the half-life of chlorophyll in green peas decreased with rising
blanching temperature. In another study, Weemaes et al. [34] demonstrated that the kinetics of
chlorophyll degradation in broccoli during heat processing at 80 to 120°C was temperature-dependent.
The study results revealed that the OSA-modified starch (HI-CAP® 100 and CAPSUL®) and GA powders
had higher storage stability and lower chlorophyll degradation than the other wall materials employed at
a 25°C storage temperature.

Table 1. Degradation kinetics of total chlorophyll retention in Cu- and Zn-amaranth powders encapsulated in different wall materials

Temperature Rate constant Linear regression

1
Powder (C) (k x 10 week™") (R?) t’2 (week)
25 4.2 0.9398 165.04
Control 45 17.6 0.8537 39.38
25 4.4 0.9599 157.53
CuMD 45 20.2 0.9002 34.31
25 4.4 0.9236 157.53
CuRMD 45 22.4 0.9019 30.94
25 2.9 0.9072 239.02
CuHICAP 45 18.7 0.9247 37.07
25 4.2 0.8986 165.04
CuCAP 45 18.3 0.9031 37.88
25 3.6 0.9308 192.54
CuGA 45 18.0 0.9058 38.51
25 4.0 0.9322 173.29
ZnMD 45 19.9 0.901 34.83
25 4.4 0.9489 157.53
ZnRMD 45 19.6 0.9494 35.36
25 2.9 0.9233 239.02
ZnHICAP 45 18.5 0.9305 37.47
25 27 0.9459 256.72
ZnCAP 45 18.8 0.9556 36.87
25 3.7 0.9128 187.34
ZnGA 45 14.4 0.9400 48.14

(Note: Cu: Copper, Zn: Zinc, MD: Maltodextrin, RMD: Resistant maltodextrin, HICAP: HI-CAP 100, CAP: CAPSUL, GA: Gum Arabic)

Figures 1 and 2 illustrate the chlorophyll degradation plots of the amaranth powders at 25 and 45°C
storage temperatures. The results indicated that the samples followed the first-order reaction kinetics at
room (25°C) and accelerated (45°C) storage temperatures. The first-order kinetics model also describes
the degradation of chlorophyll derivatives in pandan leaves [55, 26], broccoli [34], and spinach [56]. The
plotted graphs also recorded a linear regression (R2 > 0.85) of [In (C¢/Co)] with a negative slope. The
finding coincided with several reports on pigment retention, including red pitaya [45], spray-dried
Amaranthus powder [51], and roselle calyces [14].
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Figure 1. The first-order kinetic plots of the chlorophyll retention in (a) Cu-amaranth, control, and (b) Zn-amaranth powders encapsulated
in varying wall materials during storage at 25°C

Colour Changes in the Amaranth Powders During Storage

Figures 3 and 4 illustrate the effects of storage period and temperature on the greenness (-a*/b*) and
lightness (L*) values of the Cu-, Zn-amaranth, and control powders. Based on Figure 3, the
encapsulating agent significantly impacted the greenness values of the samples. At both storage
temperatures, the highest greenness value was recorded by the CuGA, followed by CuCAP and
CuHICAP. Nevertheless, storage temperature and time had minimal effects on the amaranth powders.

The amaranth powder samples revealed minimal colour changes at 25 and 45°C throughout the storage
period, indicating enhanced amaranth stabilisation with Cu and Zn against high temperatures. The
observations supported by Idham et al. [14] concluded that storage temperatures at 4, 25, and 37°C did
not influence the colour of spray-dried encapsulated anthocyanins from Hibiscus sabdariffa L. in 105
days. Nonetheless, they revealed that wall material types (MD and GA) affected the colour variations of
the powder. Comunian et al. [40] also demonstrated that GA-encapsulated chlorophyllide powder
denoted the highest stability during 90-day storage at 10 and 25°C.

As depicted in Figure 4, the L* values of the Cu- and Zn-amaranth powders remained stable throughout
the 16 weeks and six months of storage. Conversely, noticeable differences were observed in the control
powder compared to the encapsulated powders at both storage temperatures. The control powder also
showed increased L* values at 25 and 45°C. The observations could indicate discolouration [57] due to
the degradation of chlorophylls during storage, which resulted from fresh amaranth without Zn or Cu
stabilisation. According to Schwartz and Lorenzo [58], temperature and pH are critical factors influencing
chlorophyll stability in maintaining its green colour. The spray-dried powders procured in this study are
demonstrated in Figure 5.
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Figure 2. The first-order kinetic plots of the chlorophyll retention in (a) Cu-amaranth, control, and (b) Zn-amaranth powders encapsulated
in different wall materials during storage at 45°C

Stability of the Reconstituted Cu- and Zn-Amaranth Powders
Under Different pH, Temperature, and Light Conditions

Effects of pH

The highest greenness value (-a*/b*) of 0.7, 0.6, and 0.6 was observed in the CuGA solution at pH 4,
followed by CuCAP and CuHICAP, respectively [Figure 6(a)]. The differences in the greenness values
of the reconstituted powders could be attributed to the wall material utilised [59] and pH. Nonetheless,
all Zn-amaranth powder solutions recorded lower colour stability than their Cu-amaranth counterparts.

The reconstituted control powder in the current study recorded the lowest colour stability in the pH range
evaluated [Figure 6(a)] . As the control sample was produced from fresh amaranth puree without Cu or
Zn addition, the discolouration occurred due to conversions of chlorophyll to pheophytin in acidic
conditions [60]. Conversely, the samples reflected chlorophyll retention above 90% at pH 4, 5, and 6
before diminishing to below 80% at pH 7 [Figure 6(b)]. The results indicated that the powder solutions
had a stable green colour and retained more chlorophyll under acidic conditions.

The study results paralleled the findings reported by Reshmi et al. [61]. Although the red colour of
betacyanin solutions was stable under neutral and acidic conditions, it was unstable in alkaline solutions.
Cai et al. [62] also reported that the betaxanthin pigment from Celosia argentea was significantly stable
within the 4.0 to 7.0 pH range. On the other hand, Selim et al. [48] reported that the red colour of
anthocyanins from roselle was stable under acidic conditions (pH < 3.0) when stored at room
temperature.
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Figure 3. Changes in the greenness (-a*/b*) values of the Cu- and Zn-amaranth and control powders at (a) 25°C and (b) 45°C

Effects of Temperature

The amaranth powder solutions obtained in this study demonstrated a slight decrease in chlorophyll
retention (%) during the initial 15 mins of heat treatment at 40, 60, 80, and 100°C, which persisted for 90
mins (Figure 7). Nonetheless, increases in time and temperature produced minimal effects on chlorophyll
stability, thus indicating that the wall materials ensured adequate stability during heating [63]. According
to Jafari et al. [64], wall materials act as physical barriers that reduce oxygen, light, heat, and moisture
impacts on encapsulated ingredients.

Natural pigments are susceptible to degradation at higher storage temperatures [45]. In the present
study, the reconstituted control amaranth and followed by ZnGA powder recorded the most significant
losses during heat treatments (Figure 7). The results indicated that non-stabilised chlorophylls are more
prone to losing their green colour and chlorophyll content when subjected to heat treatment above 60°C
[58]. The highest chlorophyll retention was observed in reconstituted CuMD, with an initial chlorophyll
content of 1.33 mg/g powder. When treated at 40, 60, 80, and 100°C for 90 mins, respectively, 95.5,
96.4, 93.1, and 91.9% chlorophyll retention were documented. The results indicated that chlorophyll
stability was affected by storage temperature. Chlorophyll derivative entrapment within powders
augmented their storage stability [39]. Similarly, Kang et al. [39] revealed that MD-coated chlorophyll
powders denoted the highest storage stability (94.7-97.5%) after 10 days of storage at 4, 20, and 40°C,
respectively. The lower molecular mobility of the CuMD powder in the present study might be due to its
lower moisture content (4.66%) compared to the other powders.

The reconstituted ZnGA powder recorded an initial 1.35 mg/g powder chlorophyll content with lower
retentions (81.5, 76.2, 66.5, and 69.8%) than the Cu-amaranth powders after 90 mins of treatment at 40,
60, 80, and 100°C. The results might be attributable to the higher water activity (0.51) of ZnGA compared
to other powders. According to Tonon et al. [46], water activity is critical in facilitating the physicochemical
reactions of powder degradation. These findings are consistent with those reported by Ramakrishnan et
al. [52]. The study found that tamarillo powder prepared with GA had the highest degradation rate at
25°C after 24 days due to its high of water activity.
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Figure 4. Changes in the L* values of the Cu- and Zn-amaranth and control powders at (a) 25°C and (b) 45°C

Figure 5. The (1) Cu- and (2) Zn-amaranth powders encapsulated in 10% (w/w) (A) MD, (B) RMD, (C) HICAP, (D) CAP, and (E) GA

Effects of Light
The colour and chlorophyll stability evaluations of the reconstituted Cu- and Zn-amaranth powders were

performed at 25°C for five days. The samples were assessed in the presence and absence of light. The
results are illustrated in Figure 8.

Generally, the reconstituted powders in this study exhibited better colour and chlorophyll stability when
stored in the dark compared to under light conditions. Nonetheless, the greenness values of the Cu-
amaranth samples were higher than their Zn counterparts [Figure 8(a)]. The CuMD conferred better light
protection for chlorophyll retention than the other samples. After being stored for five days under
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fluorescent light at 25°C, the MD-encapsulated Cu-amaranth retained approximately 54.1% of its initial
chlorophyll content. The sample also exhibited the highest chlorophyll retention, approximately 79.5%,
when stored in the dark.
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Figure 6. The effects of pH on the (a) greenness (-a*/b*) values and (b) chlorophyll retentions (%) of the reconstituted Cu- and Zn-
amaranth and control powders
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Figure 7. Temperature influences on the chlorophyll retention (%) in the reconstituted Cu- and Zn-amaranth and control powders
encapsulated with 10% (w/w) of different wall materials

Chlorophyll degradation in the Cu- and Zn-amaranth powders might be due to the absorption of visible
radiant energy from the fluorescent light, resulting in unstable and excited molecule formations [65]. The
excited molecules were converted into excited triplet-state molecules, which directly interact with electron
acceptors, such as quinones and phenol compounds, forming free-radical ions [65, 66]. Further
conversions of the ions could break the porphyrin structure of chlorophylls and leads to the loss of green
colour [67].
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Lee et al. [68] reported a similar finding that chlorophyll content decreased faster under light than in the
dark. Similarly, Acosta Murillo [69] observed a decrease in the chlorophyll content by 20.7% after 60 min
exposure to UV-light. In another study, Sanja Petrovi¢ et al. [70] reported that chlorophyll had 50%
decrease in 30 min when exposed to UV light.
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Figure 8. The influences of light on the (a) greenness (-a*/b*) values and (b) chlorophyll retentions (%) of the reconstituted Cu- and Zn-
amaranth and control powders stored under fluorescent light (15 W) and in the dark at room temperature (25 + 1°C) for five days

Conclusions

The findings of this study indicated that the thermal degradation of chlorophylls in the Cu- and Zn-
amaranth powders exhibited first-order kinetics during storage at accelerated (45°C) and room (25°C)
temperatures. The rate constants of the samples also increased with rising temperature, leading to
enhanced chlorophyll degradation. The spray-dried powder with the lowest degradation rate constant (k)
and the most prolonged half-life (t1/2) at 25°C storage was the ZnCAP powder at 256.72 weeks, while
ZnHICAP and CuHICAP both recorded 239.02 weeks.

The present study results suggested that storage at 25°C and encapsulation with OSA-modified starch
could prolong the shelf life of amaranth powders. Although the types of wall materials protected the
colour of the powders, storage temperatures negatively influenced it. The reconstituted powders in the
study also demonstrated better green colour and chlorophyll retention in acidic conditions. Over 90% of
chlorophyll derivatives in the powders were retained at pH 4. The CuMD powder recorded better heat
and light stability. The powder retained over 90% and 50% chlorophyll after being heated at 40 to 100°C
for 90 minutes under light conditions for five days.
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