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Abstract: This study evaluated the color stability, bioactive compounds, and antioxidant activity of
roselle calyx powders dissolved at different pHs. The results showed that purple roselle calyx powders
revealed better color than red roselle, and foam-mat dried powders were better than the conventionally
dried powder. The best solution without pH adjustment was found in foam-mat dried purple calyces.
pH values significantly affected color stability and quality, bioactive compounds, and antioxidant
activity of roselle powder solutions. The lightness, redness, and yellowness of the solutions at different
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pH values ranged from 27.00 to 74.45, from 0.70 to 52.20, and from 3.9 to 47.50, respectively. The
non-adjusted pH solution had a lightness of 33.80—49.05, redness of 19.15-42.45, and yellowness of
7.10-18.35. The color quality, indicated by color intensity at different pHs, ranged from 0.03 to 15.24;
the non-adjusted pH solution had a color intensity of 1.37-33.48, revealing that pH decreased color
quality. Retention of phenolics and flavonoids was 8.02%-99.69% and 0.00%—81.05%, respectively,
indicating the instability of bioactive compounds. Roselle antioxidant activity was observed at
different pHs, ranging from 0.00 to 1.11 mg Trolox equivalent (TE)/g for DPPH (2,2-diphenyl-1-
picrylhydrazyl) scavenging activity and 0.46-104.16 mg TE/g for the ABTS [2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)] assay. Acidic pHs preserved better all dependent parameters. In
practice, the pH value should be considered when using roselle calyx powders in food products. This
study used a solution as a model for a watery food system. Suitable products to use roselle calyx
powders are water-based products with an acidic pH, such as syrups, yogurts and yogurt-based
products, fermented milk, and sour-taste beverages. Roselle calyx powders are suitable to use as
coloring agents or as bioactive compounds to provide healthy functional properties. The use of foam-
mat dried powders is suggested due to the better antioxidant activity and color preservation than
conventionally dried powder.

Keywords: antioxidant; drying; edible flower; pH stability; scavenging activity

Abbreviations: ABTS: 2,2- azinobis-3-ethylbenzothiazoline-6-sulfonic acid; BI: browning index; CI:
color intensity; DPPH: 1,1-diphenyl-2-picrylhydrazil; SSL: sodium stearoyl lactylate; TAC: total
anthocyanin content; TE: Trolox equivalent; TPC: total phenolic content; VI: violet index

1. Introduction

Edible flowers have been used for food and medicine since Ancient Rome and Greece, having
nutritional and functional benefits like phytochemicals for promoting good health [1]. The roselle
(Hibiscus sabdariffa L.) flower is a popular edible flower widely cultivated and readily available
worldwide. Roselle calyces, a crucial component of the plant, are abundant in bioactive compounds
like organic acids, phenolic compounds, anthocyanins, and minerals [2]. These bioactive compounds
make roselle calyces a valuable source of pharmacological properties with potential health benefits
and therapeutic applications [3]. The roselle can be enjoyed directly or used in products such as herbal
teas, cakes, candies, syrup, jam, or functional drinks [4]. Its rich anthocyanin content makes it a popular
choice for natural food coloring in various products [5]. Like other horticultural products, fresh
roselle flowers have a short shelf life and are not stable; processing dried roselle calyces aims to
combat this problem. Transforming fresh roselle calyces or their extract into powder via drying
processes allows for preserving, easily storing, and further using roselle in various products [6].

The conventional drying method, which utilizes direct heat from sources like sunlight, fire, or
electricity, is widely employed. However, this approach has its disadvantages, like requiring prolonged
drying temperatures and times, which can result in thermal deterioration of the color, aroma, bioactive
compounds, and physicochemical and organoleptic characteristics of roselle products, including low
solubility [7,8]. Drum drying is a drying technique that is limited by long exposure to the high-heated
surface of the drum. Meanwhile, spray drying is a suitable method due to the short heating time, but
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the equipment is quite costly. An effective technique is foam-mat drying, where liquid materials are
combined with foaming agents and foam stabilizers to produce a stable foam during drying. The benefit
of this method is that it hastens the drying process by increasing the surface area of the foam compared
to the liquid material. Consequently, the bioactive compounds of roselle are protected from thermal
damage, while the resulting solubility is notably high [9]. Moreover, food processing, specifically of
fresh roselle calyces and their extracts, might be influenced by various factors such as pH, temperature,
aeration, kneading, and processing time. Food can be processed under different pH conditions (i.e.,
acidic, neutral, or alkaline) [10], thus possibly affecting the stability of roselle powder.

Both red and purple varieties of roselle calyces contain high levels of anthocyanins and other
phytochemicals sensitive to pH changes [2,11,12]. Our previous study revealed that the red and purple
foam-mat dried roselle calyx powder has a considerable amount of total phenolics content and
anthocyanins [13]. However, different pH environments and heat treatment are often applied during
food processing, and both factors are frequently detrimental to anthocyanins [12]. The color of
anthocyanins is affected by the pH due to the ionic nature of their molecular structure. Anthocyanins are
found in different chemical forms, depending on the pH of the solution [14]. Friedman and Jurgens [15]
showed that some phenolic compounds such as chlorogenic, gallic, and caffeic acids are not stable in high
pHs. The molecular structure changes of anthocyanins in different pH affected their antioxidant
activity [16]. The pH sensitivity of antioxidant compounds in food is influenced by the food matrix [17].

Foam-mat dried powder is prepared by water extraction of fresh roselle calyces, foaming by an
emulsifier, stabilizing by maltodextrin, and drying the foam [13]. As such, a matrix different from
conventionally dried roselle powder is formed that does not involve water extraction. The matrix of
conventionally dried powder has a similar composition to that of fresh calyces in water (86.08%,
protein (2.95%), fat (0.90%), carbohydrates (6.21%), and crude fiber (2.59%) [18]. Rocha et al [19]
reported the presence of 15%—-28% mucilage in polysaccharides, depending on roselle varieties. These
differences might affect the color, bioactive compounds, and antioxidant activity of the roselle calyx
powder. A previous study explored the stability of roselle anthocyanin extract subjected to pH and
thermal treatments [12]. This study aims to evaluate the stability of foam-mat and conventionally dried
roselle calyx powder solutions at pH 2—13. Although extreme pH values (i.e., high alkaline and very
low acidic pHs) are rarely found in food processing, this research will contribute to knowledge about
the stability of anthocyanin and phenolic compounds. The main difference between this study and that
by Wu et al. [12] is that the latter studied the stability of roselle calyx extracts, while this study will
evaluate the stability of powder after water dissolution to obtain different solution pHs. The solutions
are prepared from different powder matrices at different pH values that might imply differences on
antioxidant activity and color. This study will provide an overview of the roselle powder stability when
subjected to different pH values in watery systems during food processing and aid in the selection of
the best pH for processing to preserve color, bioactive compounds, and antioxidant activity. The results
of this study will guide the food industry in producing roselle powder—containing food products.

2. Materials and methods
2.1. Materials

Fresh red and purple calyces (the varieties were not identified, and there was no local name
available) were obtained from a local farmer. The fresh roselle calyces were collected at the same time
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(only once) to avoid bias due to different harvesting times. The maturity of roselle calyces was
indicated by a size of £5 cm in length and £4 cm in width. Before processing into powder, fresh roselle
calyces were stored at —18 °C to prevent undesirable changes. Maltodextrin (Xingmao, China) with a DE
(dextrose equivalent) of 10—12 was used as foam-mat filler and stabilizer. Commercial sodium stearoyl
lactylate (SSL) was used as a foaming agent. All chemical reagents (at analytical grades) were purchased
from Merck (Darmstadt, Germany) and Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of conventionally dried roselle calyx powder

Fresh red and purple calyces were dried at 60 °C in a cabinet dryer until reaching a constant weight
(approximately 10—12 h). The dried roselle calyces were then pulverized in a blender (Phillips HR-211)
and sieved through 30 mesh sieves. The powder was stored in aluminum foil bags before further use.

2.3. Preparation of foam-mat dried roselle calyx powder

Foam-mat dried roselle calyx powder was prepared by blending 100 g of fresh roselle calyces with
water in a ratio of 4:10 w/v for 3 min (based on our preliminary research). The roselle calyx water
extract was obtained after filtering with filter paper and adding food-grade maltodextrin as a foam
stabilizer at a concentration of 10% w/v. The mixture was homogenized in an Ultra-turrax IKA T18
basic homogenizer for 1 min at 6000 rpm. SSL (at a concentration of 1% w/v) was added and the
mixture was homogenized again at 14,000 rpm for 7 min. The resulting foam was spread thinly (about
I mm) in trays and dried for 6 h at 60 °C in a cabinet dryer (local design, no brand) with an airflow
rate of 8 m/s as specified by the dryer. The position of the trays in the dryer during drying was changed
regularly for a uniform heating temperature. Finally, the dried foam sheet was ground and sieved using
a 30 mesh to obtain foam-mat dried roselle calyx powder. After drying, the moisture content of the red
and purple dried roselle was 9.45% + 0.1% and 7.58% = 0.05%, respectively, and that of red and purple
foam-mat-dried calyx powder was 6.40% + 0.33% and 6.16% =+ 0.00%, respectively. The powder was
stored at —18 °C. The analysis was conducted for three months after powder production.

2.4. pH adjustment

The pH of roselle calyx powder was adjusted by dissolving 1 g of sample in 10 mL (0.1 g/mL or
10% w/v) of hot water (80—100 °C) and then homogenizing. The solution was filtered using a filter paper
to separate the precipitate and filtrate. The filtrate was then transferred into a 25 mL measuring cup and the
pH was adjusted from pH 2 to pH 13 using HC1 0.1 N or 0.5 N or NaOH 0.1 N, 1 N, or 10 N. The final
volume was 15 mL and the final ratio of powder:liquid was 1:15 w/v. Each pH treatment was replicated
three times. An equilibrium time of 1 min was allowed for each measurement before the pH value was
recorded. pH stability during measurement was ensured by periodically standardizing with a pH 4 buffer
solution. The untreated solution of roselle calyx powder was prepared similarly but without pH adjustment.

2.5. Color stability and quality analysis

Color stability was evaluated by measuring the L*, a*, and b* values of the pH-adjusted (pH of 2-13)
and non-adjusted solutions of conventionally or foam-mat dried roselle calyx powder by using a
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chromameter (Minolta Chroma Meter CR-100, Japan). Color quality, including color intensity (CI),
violet index (VI), and browning index (BI) were assessed by the method outlined by Marpaung &
Paramaputri [20], and the results were calculated using Equations 1-3.

Cl = (A?xmax - A700) x DF (1)
VI = (Asso - A700)/(A520 - A700) (2)
BI = (A420 - A700)/(Axmax - A700) (3)

where Aimax 1s the absorbance at the wavelength of maximum absorbance; Asso is the absorbance at
580 nm; As2o is the absorbance at 520 nm; A420 is the absorbance at 420 nm; and A7oo1s the absorbance
at 700 nm.

2.6. Total anthocyanin and anthocyanin retention

The pH differential method determined the total anthocyanin content (TAC) [21]. Untreated or
pH-treated sample solutions (1 mL) were mixed with 25 mmol/L of potassium chloride pH 1 and 0.4
mol/L of sodium acetate pH 4.5 buffers, followed by incubation for 15 min at room temperature (25 +
3 °C). The absorbance was measured at 700 and 510 nm. The absorbance variation (A) was calculated
using the formula A = [Asi0 — A700] pr 1.0 — [Asio — A700] pH 45. Equation 4 was used to get the total
anthocyanin content.

(Ax MW x DF x V X 1000)
eEXL

TAC =

(4)

where A is the absorbance difference, DF is the dilution factor, V is the total volume of extract (mL), L is
the cell width (1 cm), € is the coefficient of molar extinction for cyanidin-3-glucoside (26,900 L/mole-
cm), MW is the molecular weight of cyanidin-3-glucoside (449.2 g/mole), and TAC is the total
anthocyanin content (mg/g). Anthocyanin retention was determined using the method described by
Huang et al. [22] and calculated using Equation 5.

Total anthocyanin content after pH treatment

TAC Retention (%) =

x 100 (5)

Total anthocyanin content without pH treatment

2.7. Total phenolic content and retention

The total phenolic content (TPC) was measured by the Folin—Ciocalteu method, as described by
Ifie et al. [23]. Namely, 5 mL of Folin-Ciocalteu's phenol reagent (10%) was added to 1 mL of the
untreated and pH-treated roselle calyx powders, which were then incubated in the dark for 5 min.
Sodium carbonate solution (75 g/L; 4 mL) was added and the mixture was incubated for 30 min in the
dark at room temperature. Finally, the absorbance was measured at 752 nm. Gallic acid was used as
the standard to estimate the total phenolic content. The retention of TPC was calculated by dividing
the TPC in the pH-adjusted solution with the TPC in the solution without adjusting pH using Equation 6.

Total phenolic content after pH treatment

TPC Retention (%) = x 100 (6)

Total phenolic content without pH treatment
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2.8. Antioxidant activity assay using DPPH

The antioxidant activity of conventional and foam-mat dried roselle calyx powder was estimated
using the DPPH assay and expressed as inhibition percentage (%) and equivalency to Trolox (mg
Trolox equivalent/g). The procedure was done following the method by Baliyan et al. [24]; however,
as that method used a solid sample and the present study used a solution, slight modifications were
made to sample quantity. Untreated and pH-treated sample solutions of 0.5 mL were mixed with 3.5
mL of methanol and 1 mL of 0.2 mM DPPH in methanol and incubated in the dark for 30 min. The
absorbance was then measured at a wavelength of 517 nm (As). The antioxidant activity (mg TE/g)
was estimated using the Trolox standard curve and expressed as mg Trolox Equivalent (TE)/g [23].
For the DPPH assay, the Trolox standard curve was built at concentrations ranging from 0 to 125 mM
and treated as samples.

2.9. Antioxidant activity assay using ABTS

The method by Thaipong et al. [25] was used to measure the ABTS radical scavenging activity,
with minor modifications in absorbance and sample quantity. Freshly prepared ABTS reagent was
created by combining ABTS and potassium persulfate solutions in a 1:1 (v/v) ratio and incubating in
a dark room for 12—16 h before use. After incubation, 1 mL of the mixture solution was mixed with
50 mL of methanol to create the ready-to-use reagent (absorbance 0.70 + 0.02). Untreated and pH-
treated solutions of roselle calyx powders (0.1 mL) were diluted with 10 mL of methanol. The diluted
sample of 0.15 mL was combined with 2.85 mL of the ABTS reagent, and the mixture was incubated
for 30 min in the dark. Absorbance was read at 745 nm (As). The antioxidant activity (in mg TE/g) was
estimated using the Trolox standard curve, and the antioxidant activity was expressed as mg TE/g. The
Trolox standard curve was built at 0-300 mM concentrations, with the same procedure as the sample.

2.10.  Data analysis

The statistical analysis of the treatments (three replicates) was performed using ANOVA at a
significance value of p < 0.05; Tukey's test was applied. Differences in color were analyzed by
MANNOVA. The software for statistical analysis was Minitab 17.

3. Results and discussion

3.1. Characteristics of roselle calyx powder solution without pH treatment

A roselle calyx powder dissolved in water without any pH adjustment was used as the control.
The color of this roselle calyx powder solution is shown in Figure 1. The foam-mat dried roselle calyx
powder solution was brighter than the conventionally dried roselle due to the water extraction during
preparation. Conventionally dried purple roselle calyces exhibited a reddish-purple color, while foam-
mat dried roselle powder presented a red color. The appearance of both powder solutions was quite
similar (Figure 1). Shruthi et al. [24] reported an attractive red color of roselle calyx water extract. The
conventional method used harsher conditions, such as longer drying times, compared to the foam-mat
method, which also had the protective effect from the maltodextrin.
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Figure 1. Roselle calyx powder solutions without pH treatment.

The color values presented significant differences (p < 0.05): the foam-mat dried powder
presented higher lightness, redness, and yellowness compared to the conventionally dried powder.
Extraction only dissolved the water-soluble compounds; using maltodextrin as the filler also lightened
the color. This interesting difference is possibly related to the type of dissolved anthocyanin in water.
Anthocyanins present in the roselle have been identified as delphinidin 3-glucoside, cyanidin 3-
sambubioside, delphinidin 3-sambubioside, and cyanidin 3-glucoside [26]. Song et al. [27] reported
the presence of cyanidin-3-sambubioside, cyanidin-3-glucoside, delphinidin-3-glucoside,
pelargonidin-3-glucoside, and petunidin-3-glucoside in a roselle extract. Yang et al. [28] reported two
types of anthocyanin in a roselle extract: delphinidin-3-O-sambubioside and cyanidin-3-O-
sambubioside. Unfortunately, these works did not describe the types of roselle and extraction solvent.
Cyanidin, delphinidin, pelargonidin, and petunidin present different colors; cyanidin is reddish-purple
(magenta), delphinidin is blue-reddish or purple, pelargonidin is red-colored, and petunidin is dark-red
or purple [29]. Delphinidin seems to be mainly responsible for the color of purple roselle calyces, and
cyanidin is the most influential anthocyanin for the color of the red roselle. Possibly, a mixture of
anthocyanins is present in the roselle calyces; therefore, the color of foam-mat dried purple roselle powder
differed significantly when compared to the corresponding conventionally dried powder (p < 0.05) due to
the fact that not all anthocyanins properly dissolved during extraction.

The foam mat and conventionally dried powder solutions presented higher lightness than the
roselle water extract reported by Aishah et al. [30] (29.55). This indicates that water extraction at a
roselle-to-water ratio of 1:2 (w/v) resulted in higher anthocyanins than when dissolving roselle calyx
powders in water at 10%.

The foam-mat dried purple roselle calyx powder solution presented lower color intensity (CI)
than the red powder (Table 1); this CI remarkably decreased when the powder was processed by foam-
mat drying (p < 0.05). CI represents the quality of color based on color intensity. Another common
parameter for determining anthocyanin color quality is the violet index (VI), which measures the ratio
of purple color intensity to red color intensity [31]. Table 1 shows that the VI of the red calyx powder
solution was higher than the purple one (p < 0.05). It is hypothesized that the purple calyces comprise
a mixture of anthocyanins that exhibit high purple and magenta intensity, thus resulting in lower VL.
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The browning index (BI) is a parameter for anthocyanin degradation [32]. Due to the higher
anthocyanin content, purple calyx powders had a lower browning index, indicating that degradation
was more intensive than in red calyces. Presumably, the abundant high-intensity red and purple
anthocyanins in the purple calyces might contribute to its deep color.

Table 1. Characteristics of conventional and foam-mat dried roselle calyx powder
solutions without pH adjustment.

Conventionally dried Foam-mat dried
Parameter

Red Purple Red Purple
Color
Lightness (L) 47.45+0.01"  33.80=£0.00° 49.05+0.35* 37.88+2.86°
Redness (+a) 19.15+£0.00°  34.38+0.32° 39.95+0.49° 42.45+3.04°
Yellowness (+b) 7.10 = 0.00¢ 15.68+0.11°  12.25+0.35° 18.35+0.78°
Color quality
Color intensity (CI) 8.36 +0.01° 33.48+0.81° 1.37+0.04  6.74+0.14°
Violet index (VI) 0.15+0.00° 0.14+0.01°  0.18+0.00°  0.14 +0.00°
Browning index (BI) 0.39 + 0.00° 0.38+0.02°  0.58 +0.00° 0.35 +0.02¢
Total phenolic content (mg GAE/mL) 6.52 +0.03° 23.07+0.02*° 2.47£0.03¢ 5.37+£0.02¢
Total anthocyanin content (mg/mL) 2.34+0.08° 12.03+0.02°  0.57+0.02¢  3.78+0.00°
Antioxidant activity
DPPH assay
Trolox equivalent (mg TE/g) 0.86 £0.02° n.d. 0.85 £ 0.00° 0.68 +0.00°
ABTS assay
Trolox equivalent (mg TE/g) n.d. 3.91+0.02° n.d. 11.94 £0.14°

Note: n.d. = not detected. Different letters indicate statistical differences for the data in the same row.

The roselle calyx powder solutions preserved the phenolics and anthocyanins compounds and
revealed antioxidant activity, except for the conventionally dried purple roselle, which did not show
scavenging activity to DPPH. Not all sample solutions exhibited antioxidant activity equivalent to
Trolox, which might occur due to very low antioxidant activity compared to Trolox. The dissolution
in water and filtering the solution might reduce the antioxidant compounds, although phenolic and
anthocyanin compounds were still detected in the solution.

Table 1 shows the DPPH and ABTS scavenging activity of dried roselle calyx powder dissolved
in water without pH adjustment. In general, better antioxidant activity was found for conventionally
dried than foam-mat dried red roselle powder (p < 0.05). However, the foam-mat dried purple roselle
presented better antioxidant activity than the conventionally dried (p < 0.05). Different phenomena of
different colors of roselle powder may be related to higher phenolics and anthocyanins in
conventionally dried powder (p < 0.05). Both compounds were much higher in purple than red roselle.
Interestingly, the purple foam-mat dried roselle powder solution exhibited better antioxidant activity than
the conventionally dried (p < 0.05). The high phenolic content might be attributed to the lower antioxidant
activity. At high concentrations, some phenolic compounds exhibit pro-oxidant activity [33—35]. Phenolics
are primary antioxidants that donate electrons to the free radicals and become weak free radicals. The
abundance of weak free radicals due to high phenolic concentration leads to pro-oxidant activity, thus
reducing antioxidant activity.
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3.2. Color stability

The color of roselle calyx powder dissolved at different pH values (from 2 to 13) is shown in
Figure 2. All solutions exhibited red color at low pH (2-3) except for conventionally dried purple
roselle calyces, which had a purplish color. The lightness, redness, and yellowness of the solution at
different pH values ranged from 27.00 to 74.45, from 0.70 to 52.20, and from 3.9 to 47.50, respectively.
Meanwhile, the non-adjusted pH solution had a lightness of 33.80—49.05, redness of 19.15-42.45, and
yellowness of 7.10-18.35. Foam-mat dried calyx powder had a lighter color than the conventionally
dried (p < 0.05) because its preparation involved extraction by water and, thus, not all bound pigments
were extracted. Similarly, the red roselle calyx powder produced a lighter solution than the purple
roselle. The pattern of color changes was quite different between powder types. The purple or red color
appeared at an acidic pH and the bluish color at an alkaline pH; increasing alkaline pH changed the
color into yellowish. No color was found at pH 10 for foam-mat dried red roselle calyx powder.

i i i l | | i
pH 2 pH3 pH4

H9S pH 10 pH 11 pH12 PpH13
pH2 pPH3 pH4 pHS

pHE PH7 pH10 pH11 pH12 PpH13
(B)

pH 4 H6 pH7 pH9 pH10 PpH11 pH12 pH13
(C)

pH 2 pH3 pH4 pHS H8

pHE6  pH7 pH9 pH10 pH11 pH12 pH13
(D)

Figure 2. Color appearance of conventionally and foam-mat dried roselle calyx powder
solutions at various pH values. (A) Conventionally dried red roselle calyx powder. (B)
Foam-mat dried red roselle calyx powder. (C) Conventionally dried purple roselle calyx
powder. (D) Foam-mat dried purple roselle calyx powder.

Figure 3 shows that redness (+a) sharply decreased at pH 5-7 depending on the powder types,
gradually increasing at higher pH and then declining at pH 13 (p < 0.05). The yellowness (+b)
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presented a more or less similar pattern: there was a high +b value at a very acidic pH that gradually
decreased until reaching a minimum at pH 4—6 depending on the type of powder, and then increased
to reach a maximum at pH 13. A different pattern was found for lightness (L*), which increased with
increased pH and achieved a small peak at pH 5-8 (depending on the type of powder), and then
continued to gradually increase at very high pH.

Aishah et al. [30] reported lightness changes of roselle water extract from pH 2.0 to pH 4.5;
lightness increased at pH 2 and decreased to a minimum at pH 4.5. A different patterns was found in
this study, in which lightness increased to achieve a peak at pH 5-8. The different roselle
concentrations between both studies resulted in different anthocyanin concentrations, which probably
explain the distinct findings. Wu et al. [36] showed that the lightness of roselle anthocyanin water
extract increased from pH 1 to pH 5 and decreased thereafter. Meanwhile, the +a value decreased
sharply from pH 1 to 6 and then increased at pH 7. These changes in +a are in accordance with the
findings of the present study. However, a different pattern was found for the +b value: in Wu et al. [36], it
decreased from pH 1 to 7 while in this work, it decreased to a minimum at pH 4 or 5 and then
increased (Figure 3). Different anthocyanin concentration probably explain the different results. The
color expression due to changes in anthocyanin-derived compounds at different pHs seem to be
concentration-dependent.
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Figure 3. Color of conventionally and foam-mat dried roselle calyces at various pH values.
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Anthocyanin contributed to the color changing for these solutions due to the different structure at
different pHs. According to Horbowicz et al. [37], anthocyanins are intensely orange or red under
acidic pH (below 2), but colorless at higher pHs; in alkaline pH, the color changes to bluish. Therefore,
*L tended to increase and then decreased at alkaline pHs. At very low pH, anthocyanin presents as a
flavylium cation, but at neutral pH uncharged quinones appear. At basic pHs, degradation with a
different pathway is likely to occur, producing colorless compounds [16]. Anionic quinoidal species
form as pH levels increase, resulting in colorless carbinol pseudo-base and chalcone structures [29].

Minimal coloration was observed at pH 4-5 due to the small amount of quinoidal anion and
flavylium cation present in dried roselle calyx powder solutions. At neutral pH levels, deprotonation
of the quinoidal species results in resonance-stabilized quinonoid anions, giving anthocyanins their
characteristic purple color [29]. Punyachareonnon et al. [38] reported that an anthocyanin solution
displayed a violet/blue color in alkaline conditions (pH > 8) due to the formation of quinoidal bases in
the R-A-O form. At the same time, the quantity of carbinol pseudo-base decreased, resulting in rapid
color formation, thus increasing the +a and +b values.

Foam-mat dried roselle calyx powders, both red and purple, presented lighter colors but exhibited
different appearances at similar pHs. This phenomenon might be attributed to the different matrices of
both powders. The foam-mat powder was prepared by using SSL as a foaming agent and maltodextrin
as a filler and stabilizer. The water-soluble constituents from roselle calyces could be entrapped in the
matrix of maltodextrin, thus resulting in a different reactivity to the altered pH from conventionally
dried powder. Millinia et al. [39] showed that different matrices of microcapsules of roselle
anthocyanin extracts produced different colors when dissolved at different acidic pHs. In roselle
calyces, anthocyanins are synthesized in the cytoplasm and stored in vacuoles. Anthocyanins could be
released after breaking the cell walls [40], indicating that anthocyanin release is not easy. This fact
indicates that the matrix of both powders may be different, which might affect the stability of
anthocyanins to different pHs, thus producing a slightly different color.

3.3. Color quality

Color quality, indicated by color intensity, at different pHs ranged from 0.03 to 15.24, and the
non-adjusted pH solution had a color intensity of 1.37-33.48, revealing that pH decreases color quality.
High color intensity (CI) of anthocyanins is desired because it reflects color density. Figure 4 shows that
the foam-mat dried powder had a higher CI than its corresponding conventionally dried powder (p < 0.05)
for both red and purple calyces along the tested pHs. The foam-mat powder matrix possibly contributed
to making the anthocyanin more stable to pH changes. The red calyx powder had lower CI than the
purple for both conventionally and foam-mat dried powders. The purple roselle calyx powder had
higher color density and thus presented better CI. The changes in pH also altered CI on roselle calyx
powder solutions. Both red roselle powders exhibited similar patterns, in which the CI decreased
gradually with increasing pH. Also, a similar pattern was shown by both purple roselle calyx powders.
The CI at pH 3 was the highest; at this pH, anthocyanins were deep purple for conventionally dried
powder but deep magenta for foam-mat dried, indicating the presence of delphinidin, petunidin (purple
color), and cyanidin (magenta color). Increasing pH to 7 decreased the CI, which then increased at pH
11 and 12 for foam-mat and conventionally dried powder, respectively. The foam-mat dried powder
exhibited a deep purple color at pH 11; meanwhile, the conventionally dried powder showed a similar
color at pH 12. Theoretically, the color of anthocyanins at high basic pH is violet/blue [38].
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Degradation of anthocyanins is indicated by the browning index (BI) [32], obtained by measuring
A at 520 nm (red color) and 420 nm (brown color). All powders had almost unchanged BI until pH 8
(p < 0.05). Further increases in pH sharply increased the BI for both red roselle calyx powders; this
increase was smaller for both purple roselle calyx powders. According to Dorris et al. [32], Bl is very
strongly pH-dependent. The lower anthocyanin in red calyces resulted in very obvious browning at
very basic pHs. The degradation of anthocyanin resulted in chalcone formation, which was further
degraded to brown products during heat treatment. Condensation reactions accompanied anthocyanin
degradation at pH 3.0; meanwhile, at higher pH, degradation was the main reaction [41]. Anthocyanins
are unstable at basic pHs and tend to decompose into dark-brown oxidized compounds [16]. The
increasing yellowness (p < 0.05) (Figure 3) was an indicator of browning formation at increased pH (> 4).
The yellowness of red roselle calyx powder was higher than that of purple roselle, resulting in higher BI.
Purple roselle calyx powders were more stable than the red. Interestingly, foam-mat dried powder had
lower BI than the conventionally dried, indicating a protective effect of the foam-mat matrix.
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Figure 4. Color quality of conventionally and foam-mat dried roselle calyces at various pH values.

The violet index (VI) is an indicator of the color quality of anthocyanins that measures the ratio
of purple color intensity (A = 580 nm) to red color intensity (A = 520 nm) [31]. Figure 4 shows that
VI tended to increase with increased pH values (p < 0.05), in accordance with the decrease in redness
(Figure 3). The purple calyx powders had higher VI, indicating better color quality than the red ones
along the evaluated pHs. The foam-mat dried roselle calyx powder revealed higher VI than those of
conventionally dried, both for red and purple calyces, indicating a protective role of the powder matrix.
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In conclusion, foam-mat dried roselle calyx powders, both purple and red, had a better color quality at
different pHs, indicated by higher CI and VI but lower BI. The matrix of this powder seemed to protect
the anthocyanins from degradation due to pH changes. The matrix in a conventionally dried powder
consists of protein, fat, and carbohydrates, including crude fiber and water-soluble polysaccharides,
whose stability might also be affected by pH.

3.4. Total phenolic and anthocyanin content

Total phenolic compounds (TPC) of roselle calyx powder solutions tended to decrease with
increased pHs (p < 0.05) (Figure 5). Anthocyanins are the main TPC in roselle calyces (Table 1).
Degradation of anthocyanins into brown compounds at basic pHs was likely to occur, as indicated by
the increased BI, thus decreasing the TPC. Its retention, compared to the untreated pH solution, also
decreased. Pasquet et al. [42] reported that phenolic compounds were stable at acidic pHs but decreased
sharply in alkaline pHs. Several studies reported that polyphenols were degraded, dimerized, and
oxidized in alkaline solutions, decreasing the total phenolic content [43], [44]. In addition, the pH level
had a significant impact on the overall total phenolic content degradation. Increased pH caused the
total phenolic content to decrease, which is in line with the results by Chen et al. [45].
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Figure 5. Total phenolic and anthocyanin content of conventionally and foam-mat dried
roselle calyces at various pH values and their retention.
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The TPC of conventionally dried calyx powders was higher than in foam-mat dried roselle
powders, and the TPC of purple roselle was higher than red roselle. Conventionally dried and purple
calyx powders had higher TPC (Table 1). The retention of phenolics and flavonoids was 8.02%—99.69%
and 0.00%—-81.05%, respectively, indicating the instability of bioactive compounds. However, the
retention of TPC was higher in red than purple calyx powders along the evaluated pHs. A different
pattern was observed between foam-mat and conventionally dried red calyx powders. Based on the
TPC retention data, conventionally dried red roselle calyx powders preserved TPC better than their
corresponding foam-mat dried powders. Meanwhile, an inverse phenomenon was found in purple
roselle calyx powders. There was a much higher TPC content in conventionally dried purple calyx
powders than in foam-dried powders (Table 1). Abundant phenolic compounds might lead to
polymerization at alkaline pHs, thus decreasing TPC and its retention. According to Pasquet et al. [42],
phenolic compound transformation to quinones is promoted at high pHs. Quinones are reactive species
susceptible to polymerization.

Total anthocyanin content (TAC) decreased with increasing pH (p < 0.05). All samples revealed
a sharp decrease until pH 7; further increases of alkaline pH seemed to slowly decrease the TAC.
Anthocyanins will degrade according to their substituent groups at a pH higher than 7 [14,46].
Degradation of anthocyanin leads to anthocyanin polymerization [41]. According to Marpaung &
Tjahjadi [31], the polymeric anthocyanin was resistant to pH changes in TAC measurements both at
pH 1 and 4.5. The TAC measurement was based on the differences in absorbance at pH 1 and 4.5.
Anthocyanin presented as red flavylium cation species (AH") at pH 1, and at pH 4.5 they converted to
colorless hemiketal. Hence, absorbance differences indicate the anthocyanin concentration.

The degree of anthocyanin degradation is highly species-dependent. Cabrita et al. [47] showed
that in some anthocyanin-3-glucosides, such as malvidin-3-glucosides, the bluish color intensity was
relatively stable at the alkaline pH region. Malvidin-3-glucosides exhibits a purple color, which is
supposed to be found in purple roselle calyces. Therefore, the TAC of the conventionally dried purple
calyx powders was the highest (Figure 5). The main anthocyanins in red roselle calyces are cyanidin
3-O-sambubioside and delphinidin 3-O-sambubioside [36]. Rakic & Ulrih [48] reported that the
stability of cyanidin was highly affected by pH values, even being unstable at alkaline pHs. Sui et al. [49]
indicated that increasing pH from 5.0 to 6.0 resulted in a significant increase in the degradation rate
constants of two species of cyanidins. As such, the TAC of red roselle calyx powders was lower than
that of purple roselle. The retention of anthocyanin decreased sharply until pH 7, and further increases
in pH only slightly decreased the anthocyanin retention. This means that changes in anthocyanins were
very low at alkaline pHs. Foam-mat dried powders exhibited better TAC retention than conventionally
dried powders, indicating good protection of the powder matrix. Maltodextrin had a higher interaction
affinity with anthocyanins due to its chemical structure [50]. The solubilization at different pH values
might still preserve this interaction to some extent.

3.5. Antioxidant activity

Anthocyanins are described as antioxidant compounds as they prevent or inhibit oxidation by
scavenging free radicals and reducing oxidative radicals [51]. Roselle calyx powder solutions at
various pH still exhibited DPPH and ABTS radical scavenging activity (Figure 6). The ability to
scavenge ABTS radicals was higher than that of DPPH for all samples. Floegel et al. [52] indicated
that the antioxidant activity measurement by ABTS assay was significantly higher than by DPPH assay
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for vegetables, fruits, and beverages. Hydrophilic and high-pigmented antioxidants were better assayed
by ABTS than DPPH methods.

Roselle antioxidant activity was still observed at different pHs, ranging from 0.00 to 1.11 mg
TE/g for the DPPH scavenging activity and 0.46—-104.16 mg TE/g for the ABTS assay. In general,
increasing the pH of solutions tended to decrease DPPH radical scavenging activity, except for
conventionally dried purple roselle calyx powders, which clearly showed an increase in antioxidant
activity until pH 6, followed by a decrease with further increases in pHs (p < 0.05). This sample also
exhibited the lowest DPPH radical scavenging activity, expressed in Trolox equivalent. The ABTS
radical scavenging activity of solutions exhibited different patterns than the DPPH, which tended to
increase until pH 6, decrease until pH 11, and then increase again at pH higher than 11. Meanwhile,
the antioxidant activity expressed as Trolox equivalent only showed slight changes along the evaluated
pH values, except for the conventionally dried purple roselle calyx powders, which showed a
distinctive pattern (p < 0.05). The antioxidant activity of this sample increased with increasing pH to
6, tended to be stable until pH 9, then decreased and sharply increased at pH 13.

=h
N

—a— Conventional-Red 120 , —*— Conventional-Red
#- Foam Mat-Red #- Foam Mat-Red

~ P Y =N x, Conventional-Purple Conventional-Purple T I
fr : = ‘ "I\\ il Foam Mat-Purple 1 Foam Mat-Purple I

=i
- HH
H =
—
=}
=}
4

o

)
M
@
o

o
'S

(mg Trolox Equivalen/g)
i [~
o o

ABTS Scavenging Activity

e
N

DPPH Scavenging Activity
(mg Trolox Equivalen/g)
&
¥

~
S

—
”

-~ € e S — — ~ il E =
4 = n 2 < S B— S—

2 3 - 5 6 7 8 9 10 11 12 13 2 3 4 5 6 7 8 9 10 11 12 13
pH pH

l
|
r
i

Figure 6. Antioxidant activity of conventionally and foam-mat dried roselle calyces at various pH values.

The instability of the phenolic compounds at alkaline pHs may be responsible for the decreasing
antioxidant activity of roselle calyx powders at different pH levels assayed by four assays (ABTS""
scavenging, Fe**-reducing activity, phosphomolybdate method, and H202 scavenging) [53]. Sun et al. [54]
also found that the antioxidant activity of sweet potato leaf polyphenols, assayed by DPPH, OH
radicals, and oxygen radical methods was stable at pH 5—7 but decreased as the pH became more
alkaline. Similarly, Kungsuwan et al. [55] reported that the decreasing antioxidant activity of Cliforea
ternatea in alkaline conditions, assayed by the DPPH method, was due to the properties of
anthocyanins, which are more stable in acidic conditions than in neutral and alkaline pHs.

The molecular structural changes of anthocyanin and phenolic compounds at different pHs
affected the antioxidant activity. At acidic pHs, anthocyanin presents as a flavylium cation structure
(AH"); this molecule acts as an acid and directly relates to its antioxidant activity [51]. Thus, at acidic
pHs, the antioxidant activity was high and decreased with increasing pH. No detection of antioxidant
activity of conventionally dried purple roselle calyces at pH 2 was related to the bias of solution color
due to the deep purple at this pH value. Sui et al. [49] also indicated the lowest antioxidant activity of
anthocyanin solutions at pH 2.2. Some samples preserved high DPPH scavenging activity at acidic
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pHs and in this pH region, the ABTS scavenging activity increased (Figure 6). The antioxidant activity
was related to phenolic compounds including anthocyanins. According to Yu et al. [56], the phenolic
compounds were unstable at pH 7 but had the strongest DPPH radical scavenging capacity; meanwhile,
acidic pHs seemed to maintain antioxidant activity better than alkaline conditions. Phenolic
compounds were more stable in acidic than alkaline conditions, and this stability prevented their
degradation and oxidation [15].

The structural changes of anthocyanins were cation flavylium at pH < 3, carbinol pseudo-bases
at pH 4-5, quinoidal bases at pH 6—7, and chalcone at pH > 6 [57]. Quinoidal bases and chalcones of
anthocyanins had a double bond conjugated to the keto group and acted as antioxidants for scavenging
free radicals [51]. Therefore, the antioxidant activity was preserved at high pHs, although the activity
decreased. A sudden increase in ABTS radical scavenging activity at pH 12—13 might be related to the
abundance of chalcone. Kudlickova et al. [58] reported higher ABTS radical scavenging activity than
DPPH of chalcones. Therefore, in this study, the DPPH radical scavenging activity was not observed
at a very high pH value. Foam-mat dried roselle calyx powders had better antioxidant activity both for
ABTS and DPPH radical scavenging activity in the range of evaluated pHs, indicating this powder can
preserve antioxidant compound stability during pH treatments.

The total phenolic content and total anthocyanin content of the conventionally dried roselle calyx
solutions were higher than foam-mat dried roselle calyces (p < 0.05). The preparation of foam-mat
calyx powders involves water extraction while the conventionally dried powder is prepared from the
whole calyces without extraction. Thereby, the bioactive content of the foam-mat dried powder is
lower than that of the conventionally dried powder [13]. However, the retention of phenolic
compounds and anthocyanins is better in foam-mat dried powders, indicating better protection of the
powder matrix to changes in pH, resulting in better antioxidant activity of the foam-mat powder.

The foam-mat dried roselle calyx powders, both purple and red, had better color quality at
different pHs, indicating higher CI and VI but lower BI. Higher CI and VI and lower BI indicate better
protection of the foam-mat matrices during drying and thus better retention of phenolic compounds
and anthocyanins, resulting in higher antioxidant activity of foam-mat dried powders.

3.6. Practical application

This study evaluates the color stability, bioactive compounds, and antioxidant activity of roselle
calyx powders dissolved in different pHs. This study showed that acidic pHs better preserve roselle
color, bioactive compounds, and antioxidant activity. In practice, the pH value should be considered
when formulating roselle calyx powders into different food products. This study used a solution as a
model for a watery system of foods. Suitable products to use roselle calyx powders are water-based
products with acidic pHs such as syrups, yogurts and yogurt-based products, fermented milk, and sour-
taste beverages. Roselle calyx powders are suitable to use as coloring agents or for bioactive compound
enrichment to provide healthy functional properties. The use of foam-mat dried powder is suggested
due to better antioxidant activity and color preservation than conventionally dried powder.

4. Conclusions

The color change pattern among different roselle powders is quite different at various pHs. The
changes in color and color quality at different pH were related to the structural changes of anthocyanin
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molecules. Foam-mat dried roselle calyx powders, both red and purple, presented lighter colors but
different appearances at similar pHs. The foam-mat dried powder was more stable at several pHs than
the conventionally dried powder. Protective effects were observed on foam-mat dried powder,
indicated by better anthocyanin and phenolic retention and color quality. pH-induced structural
changes in anthocyanins affected the antioxidant activity. The ABTS radical scavenging activity was
higher than that of DPPH, indicating that the ABTS method was more suitable for roselle calyces. The
pattern of changes in antioxidant activity of both assays was also different. The phenolic compounds
may also contribute to stability at different pH values since these compounds are also pH-sensitive.
Using foam-mat dried roselle calyces for food formulations is recommended; also, purple roselle
calyces revealed a better performance than red roselle. pH changes during processing and storage
should be a main concern when using roselle calyx powders in food formulation. This study evaluated
the stability of roselle calyx powders in solution with different pH values, but these did not fully
represent the food model systems. Further work is necessary to study food models with different
matrices and processing techniques. Based on the findings of this study, the best pH for conventional
and foam-mat dried roselle calyces formulation is an acidic pH, which seems to preserve antioxidant
activity, color, and bioactive compounds. Suitable food products for roselle calyx powder formulations
are watery high-acid foods such as fruit syrups, yogurt-based drinks, candy, and other sour-taste food
products.
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