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Optimization of pre-drying concentration and type
of foaming agents to produce shelf-stable black
mulberry juice powder using the foam mat drying
technique

K. P. Farzeen,® Hamid, 2 *2 Navjot Kaur,® Poonam Choudhary® and Sandeep Mann®

In today's world, consumers increasingly demand shelf-stable products with longer shelf life and high
levels of natural bioactive compounds. Mulberry (Morus nigra L.) juice powder is a cheap alternative at
the industrial scale for the development of instant products with significant bioactive composition.
This study explores the application of underutilized mulberry fruit juice through the foam mat drying
process using plant-based and dairy-based alternatives. The carrier type and concentration of the
foaming agents were optimized for the production of high-quality foam mat dried black mulberry
juice powder. A whey protein isolate (WPI), soy protein isolate (SPI) and WPIl:maltodextrin blend
(WPI:M) were used for foam mat drying at concentrations of 2-10%. The effect of these carriers on
the physicochemical properties, bioactive retention and subsequent powder functionality was
determined. The results revealed that WPI-treated mulberry powder (8-10%) had higher solubility
(68-71%), lower moisture content and improved flow properties. By contrast, lower concentrations of
WPI-treated mulberry powder (2-4%) contributed to the preservation of antioxidant activity (65.3%),
phenolics (180.6 mg GAE/100 g) and flavonoids (363.6 mg QE/100 g). For the blend of WPI:M, a 10%
concentration offered a balanced formulation which had good solubility (64.9%) and anthocyanin
stability (192.1 mg/100 g). FTIR spectroscopy confirmed the presence of phenols, proteins and
anthocyanins in both T2 (WPI) and T6 (SPI). The WPI (T2)-treated powder demonstrated superior
morphology and mineral distribution, along with stronger encapsulation, as compared to SPI (T6).
Overall, powder quality was strongly dependent on the carrier type and concentration. WPI offered the
most favorable functional attributes, SPI served as an effective plant-based alternative, and the WPI:M
blend provided enhanced stability of the bioactive components. These insights allow formulation
strategies to be tailored to specific industrial and nutritional requirements for the production of
mulberry juice powder.

Consumers in today's world demand shelf-stable products with extended shelf life while retaining natural bioactive composition. Given that fruit has a short

shelf-life, mulberry juice powder is an inexpensive, industrial-scale alternative for the development of instant products that are rich in natural bioactive
components. This study explores the industrial-scale development of this cheap but underutilized mulberry fruit juice through the sustainable foam mat drying

process using plant- and dairy-based alternatives.

1 Introduction

effects, which include antioxidant, anti-inflammatory, antidia-
betic, hepatoprotective, and neuroprotective effects. Black

Mulberry (Morus spp.) has gained increasing scientific recogni- mulberry (Morus nigra L.) is particularly notable for its high level
tion due to its rich composition of bioactive compounds, of cyanidin-3-O-rutinoside; an anthocyanin compound respon-
including anthocyanins, flavonoids, and ascorbic acid.'? These sible for intense pigmentation and strong free radical-scavenging
phytochemicals contribute to a wide range of health-promoting  properties, thus serving as a promising nutraceutical ingredient
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for the development of functional foods.>* The phytochemical
and health-promoting components of mulberry find use in
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Mulberry juice and beverages are new to the consumer market
and have attained popularity because of the attractive color,
pleasant taste and great antioxidant properties. Nevertheless,
mulberry juice is highly perishable, and its heat-sensitive nutri-
ents are prone to decay. During processing and storage, antho-
cyanins, vitamin C, and other phenolic compounds are easily
degraded by oxidation, enzymatic activity and microorganisms.
These problems reduce its distribution and shelf life significantly
and limit its industrial use, despite its nutritional value. Thus, to
enhance stability, reduce transportation expenses, and expand
the scope of its use in processed food manufacturing, the
conversion of the mulberry juice into a shelf-stable powder has
proven to be an efficient approach.®®

Several drying technologies, such as spray drying, freeze
drying, vacuum drying, and hot-air drying, are commonly applied
for producing fruit juice powders, yet they have notable limita-
tions. Spray-drying is a cost-effective and widely used method,
but it can cause degradation of heat-sensitive pigments. More-
over, high levels of carrier agents are required to counteract
stickiness due to the high sugar content of the mulberry juice.®
Similarly, hot-air or cabinet drying can lead to prolonged thermal
exposure, resulting in pigment darkening, reduced solubility,
and lower-quality powders.' On the other hand, freeze drying is
an effective way to preserve such heat-sensitive pigments, but it is
expensive, energy-intensive, and cannot be used in large-scale
commercial production."* These limitations have accelerated
interest in alternative technologies capable of preserving sensi-
tive bioactive compounds. Novel drying techniques offer several
advantages, including reduced thermal degradation, improved
rehydration ratio, lower risk of microbial contamination,
decreased bulk density and weight, and minimized oxidative
damage, thereby preserving the texture, color, nutritional quality,
and bioactive constituents of fruit juice powders.”” Foam-mat
drying has emerged as an effective technique for processing
liquid and semi-liquid fruit products, particularly those con-
taining heat-sensitive components. In this method, foaming
agents are used to whip the juice into a foam-like layer, and then
dried at low temperatures in thin layers.’*'* This method is,
however, dependent on the stability and expansion of the foam,
which is determined by the nature of the foaming agent as well as
the concentration of pre-drying solids.

Foaming agents commonly employed in the drying of fruit
juices include proteins such as whey protein and egg albumin,
as well as polysaccharides such as maltodextrin and carbox-
ymethyl cellulose (CMC). These agents are selected based on the
drying method employed and the desired physicochemical and
functional properties of the product.® Polyphenol compounds
can easily interact with proteins to form complexes that may
affect the structural properties, functional behavior, and nutri-
tional properties of these components. Key factors governing
these interactions include processing temperature, pH, protein
source and concentration, as well as the chemical nature and
structural features of the phenolic compounds involved.*® Plant-
based foaming proteins, such as SPI, are highly effective in
forming viscoelastic foams, which are more stable and offer
better protection to the antioxidant compounds, whereas high
concentrations of polysaccharides, such as gum arabic,
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although less expensive, reduce the solubility of antioxidant
compounds by increasing the viscosity.”” Similarly, CMC helps
to increase foam stability and preserve heat-sensitive nutrients,
including anthocyanins, but, in large quantities, has adverse
effects on reconstitution characteristics and mouthfeel. Lipid-
based agents such as glycerol monostearates enhance foam
structure but may reduce solubility at higher concentrations.*®*®
Therefore, foaming agents are important as they improve the
drying kinetics, foam stability, and bioactive retention, but their
concentration, type, and interaction with processing environ-
ments must be carefully optimized to balance functional
performance with nutritional quality and sensory acceptability.
Thus, the current research focuses on the concentration and the
choice of foaming agents to produce a high-quality, shelf-stable
black mulberry juice powder using the foam-mat drying
method. This approach aims to maximize the use of the
underutilized mulberry resources and enable the development
of useful and antioxidant fruit powders for industrial purposes.

2 Experimental
2.1 Materials

Mulberry fruits were gathered directly from mulberry plants at
LPU, Phagwara. Whey protein isolate and soya protein isolate
were purchased from Asitis Nutrition (Gratus Life Science Pvt.
Ltd, Bengaluru, India), and maltodextrin was obtained from
LOBA-CHEMIE Pvt. Ltd, Mumbai, Maharashtra.

2.2 Foam preparation

The fruits were cleaned properly and its juice was extracted by
squeezing using a muslin cloth (pore size: 2 mm), and kept in deep
freezer (—18 °C) for further research. The mulberry juice was mixed
with variable concentrations of whey protein isolate (2-10 g/100
mL), soya protein isolate (2-10 g/100 mL), and maltodextrin (2-
10 g/100 mL). Further, the formulations were freshly whipped
using a hand blender (Primesky, milk frother, wattage: 1200.00),
according to the method of Khatri and team (2024).° The samples
were then subjected to foaming and physicochemical property
analysis.

2.3 Drying method

Mulberry juice mixed with different concentration of foaming
agents was spread in a 5 mm thick layer on borosilicate glass
Petri dishes (120 x 200 mm). It was then dried in a hot-air oven
(Bio Techno Lab, Mumbai, Maharashtra) at 60 °C with an air
flow of 2 m s . After drying, the material was gently scraped off,
ground into a fine powder using a mortar and pestle, and sealed
in 0.5 mm thick plastic pouches covered with laminated wraps.
The powder was then stored in a deep freezer (Blue Star
CHF300, Mumbai) at —10 °C for later use. Fig. 1 represents the
flowchart and unit operations involved in the development of
foam mat dried mulberry juice powder.

2.4 Foaming properties

2.4.1 Foam expansion. Foam expansion (FE) was measured
using a modified version of the method outlined by Kandasamy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Process flowchart for the development of the foam mat dried mulberry juice powder.

et al. (2012).>* Mulberry juice was whipped for 5 minutes with
a handheld Primesky milk frother (4.5 W), which is used for
foaming beverages. The increase in foam volume was calculated
by comparing the volume before (V;) and after whipping (V;).

Foam expansion = [V — V/Vy] x 100

2.4.2 Foam stability. The foam stability (FS) was deter-
mined as previously described by Marinova et al. (2021).>* The
variation in foam volume was evaluated after resting for 2 h at
room temperature, with the foam stability reported as the final
foam volume in percentage of its initial foam volume.

2.4.3 Foam density. Foam density was measured according
to the procedure described by Falade et al. (2003).>* The foam
(50 mL) was transferred into a pre-weighed glass beaker using
a spatula. The mass of foam was then recorded, and foam

density was calculated and expressed as g cm™>.

Foam density = (mass of the foam)/(volume of the foam)

2.5 Physicochemical characteristics

2.5.1 Yield. The powder yield was calculated by weighing
the dried fruit juice sample using the formula:

Powder yield (%) = W,/ W x 100

where W, is the weight of the dried juice powder and W, is the
initial weight of the fresh juice used.

2.5.2 Bulk density (BD, kg m~?). Bulk density is a signifi-
cant parameter in the measurement of flowability, packing
capacity, and utilization efficiency of a powder in various
formulations. These properties have a significant impact on
storage, transportation, and reconstitution behavior. In the

© 2026 The Author(s). Published by the Royal Society of Chemistry

current study, 1 gram of dried mulberry juice foam mat powder
was loosely filled in a 10 mL graduated cylinder without exerting
pressure on the sample or compacting the sample. The powder
volume was measured, and the bulk density was calculated
using the formula:

BD (kg m ™) = (mass of powder in the cylinder (g))/
(volume occupied (mL))

2.5.3 Tapped density (TD, kg m®). To determine tapped
density, the same graduated cylinder used for bulk density was
dropped from a consistent height of 10 cm multiple times (100
taps) until no volume change occurred. The final volume was
recorded, and the tapped density was calculated as:

TD (kg m—>) = (mass of the powder in the cylinder (g)
tapped 100 times)/(volume occupied (mL))

2.5.4 Carr's index (CI, %). Carr's index is used to measure
the compressibility of the powders and indicates their behavior
when flowing. It is calculated from the bulk and tapped density
values:

% CI = (tapped density — bulk density)/(tapped density) x 100

2.5.5 Hausner ratio (HR). The Hausner ratio is an impor-
tant parameter utilized to quantify powder cohesiveness and
flowability. It is calculated as the ratio of bulk density to tapped
density:

Hausner ratio (HR) = TD/BD

Sustainable Food Technol.
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2.5.6 Color. Color measurement of mulberry powder was
carried out using a HunterLab colorimeter (Konica Minolta CR
410), calibrated with the standard white reference tile included
with the apparatus. The sample was placed in a glass Petri plate
beneath the lens in order to measure its color. The lens's nose
cone was positioned in a manner such that the sample's surface
was exactly perpendicular to the light source, and readings were
noted.

2.5.7 Total soluble solids. The total soluble solid (TSS; °Bx)
content of the mulberry fruit powder was determined, as
described by Ranganna (2009).>* Mulberry powder (2 g) was
taken and suspended in 20 mL of distilled water. The sample
was mixed well to ensure complete dissolution. The combined
mixture was then filtered over Whatman filter paper to remove
any undissolved residues. TSS content was measured by
analyzing a few drops of the filtrate placed onto a digital
refractometer, and the mean value of three replicates was
determined.

2.5.8 Ash. A known weight of the sample was placed in
a pre-weighed crucible. The sample was first ignited over
a flame until it was charred and no fumes were evolved. After
that, the charred crucibles were burned at 550 °C for 5 hours via
a muftle furnace to ensure organic material was completely
burned out. Following incineration, the crucibles were allowed
to cool in a desiccator to avoid adsorption of moisture. The ash
content was determined and expressed in terms of percent ash:

Ash% = (weight of ash)/(weight of sample) x 100

2.5.9 Water activity. Water activity (a,,) is the unbound free
water content of a product and a key parameter of its chemical
and microbial stability. Low a,, values are most often found to
be associated with good shelf life and product stability. Water
activity of foam mat dried mulberry juice powder in this
research was measured using a calibrated water activity meter
(NOVASINA LabSwift-a,). The powder sample was evenly
distributed across the sample holder to ensure uniform expo-
sure to the water activity meter and prevent gaps and surface
irregularities that would invalidate the readings. The sample
holder was placed in the measuring chamber of the instrument
and allowed to equilibrate. Each sample was scanned three
times, and the mean a,, value was recorded.

2.5.10 pH. The sample mulberry powder (2 g) was taken in
a beaker, 20 mL of distilled water was added, and the mixture
was homogenized by stirring thoroughly. The pH was measured
with a calibrated pH meter by dipping an electrode within the
sample mixture, and was allowed to stabilize prior to noting the
value. This procedure was repeated for three replicates in order
to determine the accuracy of the results.

2.5.11 Titratable acidity. The titratable acidity of mulberry
powder was measured using the method of Ranganna (2009).>
The powder (2 g) was dissolved in 100 mL of distilled water, and
the solution was well mixed to ensure optical clarity. A 25 mL
aliquot was taken from the mixture, and 2-3 drops of phenol-
phthalein indicator were added. Titration was carried out with
0.1 N sodium hydroxide (NaOH), which was taken in a burette.
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The titration was continued until a persistent pink color
appeared and lasted for 30 seconds, which showed the endpoint.
The acidity percentage was calculated using the formula:

Acidity% = (titre value x normality of alkali
x equivalent weight of acid x volume made up)/
(weight of sample for estimation
x aliquot taken for estimation x 1000) x 100

2.5.12 Ascorbic acid. The titrimetric method was per-
formed using 2,6-dichlorophenol-indophenol dye to measure
the ascorbic acid content in mulberry fruit. This was diluted
(100 mL) into a known volume of 3% metaphosphoric acid
solution. A dilution of the extract was titrated against a 2,6-
dichlorophenol-indophenol standardized dye solution until
a faint pink color wasobserved. To standardize the dye solution,
it was titrated into a standard solution of ascorbic acid that had
0.1 mg of L-ascorbic acid per milliliter of 3% HPOj; solution, and
dye factor was calculated. The ascorbic acid content of the
mulberry fruit sample was then determined and expressed as
milligrams/100 grams of the sample.*

Dye factor = 0.5/(titre value) x 100

Ascorbic acid (mg/100 g) = (titre value x dye factor
x volume made up)/(aliquot of extract taken
x weight/volume of the sample) x 100

2.5.13 Total anthocyanin content. The total anthocyanin
content (TAC) was measured in compliance with the method re-
ported by Shehata et al. (2020).* For this, 1 g of mulberry powder
was mixed with 5 mL of 95% ethanolic HCI, then stored at 4 °C
overnight. Filtration of the mixture was done using Whatman No.
1 filter paper. The obtained extract was kept in the dark for 2
hours before obtaining the optical density at 535 nm with
a visible-light spectrophotometer (HVGPS System, Ahmedabad).

Total optical density = (optical density value at 535 nm
x volume made for color estimation
x total volume)/(mL of aliquot taken for estimation
x weight of the sample) x 100

Total anthocyanin content (mg/100 g) = (total optical density)/
98.2 x 100

2.6 Functional properties

2.6.1 Hygroscopicity. The moisture absorption capacity
was determined as the moisture absorbed by 1 gram of
mulberry juice powder. The powder was placed in a sealed
container with a saturated sodium carbonate (Na,CO;) solution
to keep the humidity steady. After a certain time, the weight
gain was recorded to calculate the moisture absorbed, using the
method described by Cai and Corke (2000).%°

2.6.2 Solubility. Mulberry juice powder (0.5 g) was
dispersed in 10 mL of distilled water and then centrifuged at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3000 rpm (REMI R-8C BL, ILE Company, Chennai). The
precipitate was dried in a hot-air oven (Bio Techno Lab, Mum-
bai) at 105 £ 5 °C for 5 h. The solubility was calculated from the
mass of the dried residue, as per the method described by
Hogekamp and H. Schubert (2003).”

2.6.3 Total phenolic content. The total phenol content of
mulberry juice powder was measured in accordance with the
Folin-Ciocalteu method.”® Two grams of powder was homoge-
nized with 80% ethanol and centrifuged at 1200 rpm for 20 min.
The supernatant was transferred to glass tubes. To 1 mL of
extract, Folin-Ciocalteu reagent (0.5 mL) was added. After 3
minutes, 2 mL of 20% sodium carbonate (Na,CO;) was added
with thorough mixing. The test tubes were placed into a boiling
water bath for 1 minute, then cooled. The absorbance at 650 nm
of the final blue-colored material was determined by measuring
against a water blank with a spectrophotometer.

The calibration curve was created using gallic acid as a stan-
dard. A stock solution of gallic acid was prepared by adding 0.5 g
to 100 mL of distilled water. Aliquots (0-10 mL) of stock solution
were then transferred to volumetric flask and diluted with
distilled water. From each, 1 mL was transferred to a separate
100 mL volumetric flask, and 60 mL of water was added, followed
by Folin-Ciocalteu reagent (5 mL) and 20% Na,CO; (15 mL) in
order. The volume was made up to 100 mL with distilled water.
After 2 hours, the absorbance was measured at 650 nm and used
for the creation of the standard curve. The total phenol content in
the mulberry sample was determined from the curve and
expressed as mg GAE/100 g of sample.

2.6.4 Total flavonoid content. The total flavonoid content
of the mulberry juice powder was analyzed using a visible-light
spectrophotometer (HVGPS System, Ahmedabad) by the color-
imetric method.* Stock rutin solution was prepared from rutin
(=94% purity), and stock quercetin solution was prepared from
quercetin (=95% purity), both initially dissolved in 80%
methanol to obtain 1 mg mL~" solution. Different concentra-
tions (100-500 pL) of standards were diluted 1 mL distilled
water and 1 mL of 2% aluminum chloride and prolonged
during dark for one hour. The absorbance was measured at
415 nm. TFC was calculated from the standard curve and
expressed as mg RE/100 g and mg QUE/100 g.

2.6.5 Antioxidant activity. The antioxidant activity of
mulberry juice powder was evaluated using DPPH (2,2-diphenyl-
1-picrylhydrazyl) radical scavenging method.” A 0.5 g of powder
was mixed with 3 mL of methanol before filtration through
Whatman No. 1 filter paper. DPPH solution (3.9 mL) was added
to the filtrate, after which the mixture was kept for 30 min in the
dark. The absorbance measurements at 515 nm were performed
using the HVGPS System (Ahmedabad) visible-light spectropho-
tometer, with a methanolic DPPH solution as a blank solution.

Antioxidant activity = (optical density of blank

— optical density of sample)/
(optical density of blank) x 100

2.6.6 Oil absorption capacity. To study the oil absorption
properties, 0.5 g of mulberry powder was added to 10 mL of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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soybean oil (specific gravity 0.09092). The solution was mixed
for 2 min using a vortex mixer (Remi CM 101, Praxor Instru-
ments and Scientific Co., Chennai), then centrifuged at
3000 rpm for 30 min (REMI R-8C BL, ILE Company, Chennai).
The filtrate was then filtered through Whatman No. 1 filter
paper. The oil absorption capacity was measured and expressed
in terms of oil retained by the powder on a gram basis, using the
method explained by Egbuonu (2015).>°

OAC (g g~ ") = (final weight (g) — initial weight (g))/
(initial weight (g)) x 100

2.6.7 Water absorption capacity. To assess water absorp-
tion capacity, 0.5 g of mulberry juice powder was dispersed in
10 mL of distilled water and vortexed for 2 minutes using
a vortex mixer (Remi CM 101, Praxor Instruments and Scientific
Co., Chennai). The mixture was then centrifuged at 3000 rpm
for 30 min using a centrifuge (REMI R-8C BL, ILE Company,
Chennai). The supernatant was then filtered through Whatman
No. 1 filter paper. The water absorption capacity was calculated
and reported as grams of water retained per gram of powder.*

WAC (g g7") = (final weight (g) — initial weight (g))/
(initial weight (g)) x 100

2.7 FTIR

Qualitative analysis of the mulberry powder samples was con-
ducted using an FTIR analyzer (PerkinElmer) equipped with
Diamond ATR and a KBr beam splitter. 5 mg of potassium
bromide (KBr) was mixed with 5 mg of each sample. The FTIR

spectra were obtained in the range 400 to 4000 cm™".

2.8 FE-SEM

The shape and structure of the dried mulberry juice powder foam
mat were examined using FE-SEM. To make the samples electri-
cally conductive, a thin layer of gold was applied by sputter coating.
The microscopic examination was carried out at magnifications of
2000-4000x%, 4000-6000x, 6000-8000x and 8000-10 000x.

2.9 Statistical analysis

Triplicate observations of the parameters of dried mulberry
powder were run, and the mean and standard deviation values
were calculated in Excel. The significance among treatments
was evaluated using Minitab Statistical Software (version 19.1);
the statistically significant differences were assessed using one-
way ANOVA with a critical difference of p < 0.05.

3 Results and discussion

3.1 Foaming properties of foam mat dried mulberry juice
powder

3.1.1 Foam expansion. In this study, the foaming proper-
ties of foam mat-dried mulberry juice powder were evaluated
using whey protein isolate (T1-T5), soy protein isolate (T6-T10),

Sustainable Food Technol.
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and whey protein isolate-maltodextrin blends (T11-T15) as
foaming agents. The foam expansion (volume increase incurred
on air incorporation) appeared highly differentiated across
foaming agents. Whey protein samples foamed significantly
better as concentration increased, with foam expansion
increasing from 50% (T1) to 150% (T2), and 300% (T3), and
reaching a maximum of 400% (T4), before decreasing slightly to
380% (T5). This trend showed the surface-active superiority of
whey proteins with respect to their superior air incorporation
and foam volume.*" Notably, the low pH and the presence of
anthocyanins in mulberry juice lead to unfolding of the whey
proteins, increasing their interfacial activity and enhancing the
solubility. It has been demonstrated that acidic fruit matrices
enhance WPI denaturation and hydrophobic group exposure,
thus enhancing foaming activity.>> Mulberry sugars and pectic
substances also synergistically stabilize adsorbed whey protein,
which contributes to the high expansion.

In contrast, the foam expansion values of the soy protein
samples varied in a more moderate way from 30% in T6 to 80%
in T7, 140% in T8 to 200% in T9, with a slight decrease to 180%
in T10. This behavior is consistent with the moderate foaming
capacity of soy protein reported by Farid et al. (2023), which was
attributed to its globular structure, with formation of foams
optimized at maximum concentration.*® Additionally, hydro-
phobic and hydrogen-bond interactions enable polyphenols in
mulberry juice, including quercetin and anthocyanins, to
interact with soy protein, resulting in SPI-polyphenol
complexes.* This may slightly inhibit protein flexibility at the
air-water interface, thereby reducing the foam expansion
compared to WPI. Another study conducted by Wu et al. (2024)
also found that variations in the structure and functionality of
SPI-anthocyanin complexes, depending on the anthocyanin
type/concentration, can affect the foaming or interfacial
behavior.** The foam expansion with T11 to T15 ranged from 40
to 160% in the whey protein isolate:maltodextrin blend
samples. The results indicated that maltodextrin increased the
system viscosity and enabled air-bubble retention, while it
failed to confer foam volume enhancement beyond that ach-
ieved with whey protein alone, similar to previous observations
by Chandrakar et al. (2024).*¢ Maltodextrin can react with
soluble sugars and organic acids in mulberry juice, and increase
viscosity to enhance bubble retention but decrease the mobility
of WPI at the interface. This might have led to lower foam
expansion than achieved using pure WPI formulations.?”

The interaction behavior of polyphenols with soy protein
isolate (SPI) and whey protein isolate (WPI) differs due to
fundamental variations in protein structure, conformational
flexibility, and response to acidic, polyphenol-rich environ-
ments. SPI mainly consists of globular storage proteins, which
possess relatively rigid tertiary structures with defined hydro-
phobic domains.*® In the presence of mulberry polyphenols,
including anthocyanins, SPI readily forms non-covalent
complexes through hydrogen bonding and hydrophobic inter-
actions between phenolic hydroxyl groups and aromatic amino
acid residues.* These interactions result in the formation of
SPI-polyphenol complexes, which increase molecular rigidity
and limit protein unfolding at the air-water interface. In
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contrast, WPI exhibits greater conformational adaptability and
surface activity. Under the acidic conditions typical of fruit
juices, whey proteins undergo partial denaturation, which
enhances the exposure of hydrophobic groups and increases
their affinity for the air-water interface.*” Instead, polyphenols,
along with endogenous sugars and pectic substances present in
mulberry juice, can synergistically stabilize the unfolded whey
protein layer at the interface, reinforcing foam structure
without impairing protein mobility.*!

3.1.2 Foam stability. The foam stability of the whey protein
isolate (WPI) samples ranged from 50 to 53% (T1-T4), with
a slight decrease to 51% at higher protein concentrations (T5).
This observation is consistent with the study by Parmar et al.
(2020), which showed that enhanced stability arises from whey
proteins forming viscoelastic films that are resistant to bubble
collapse.*" Sugars and organic acids present in mulberry juice
probably contributed to increasing the WPI film elasticity
through protein unfolding and the development of hydrogen
bonds with the protein matrix that stabilize natural foams. The
anthocyanins may have acted by enhancing the viscosity and
interlocking with the network of proteins, which slows down the
process of liquid drainage.**> Moderate foam stability (T6-T9:
48%, T9: 52%) was reported for the SPI samples, consistent with
the observation of Farid et al. (2023), wherein soy proteins make
slightly less elastic films than whey proteins and hence foam
stability is somewhat lower.** Phenolic compounds may bind
soy protein in SPI-mulberry systems, and this increases the
rigidity of the interfacial layer, but decreases the film elasticity,
which accounts for intermediate foam stability.

Foam stability of 45.00% (T12) to 52.31% (T13) in whey
protein isolate-maltodextrin blends varied depending on the
balance of maltodextrin as a viscosity-enhancing agent and
whey protein as a film-forming agent. Hajiaghaei and Sharifi
(2022) reported that while maltodextrin increased viscosity and
slowed liquid drainage from foam, excessive maltodextrin
destabilized the foam.** Maltodextrin prevents pigment-protein
interactions in mulberry juice by binding free water, which
prevents over-hydration of the protein film and positively affects
stability. Nevertheless, excessive MD may limit the flexibility of
the WPI and decrease film strength at the interface. Similarly,
Ozcelik and Kulozik (2023) evaluated the effect of maltodextrin
concentration on the stability of anthocyanins and noted that
maltodextrin is effective in protecting anthocyanin stability.*
This suggests that maltodextrin can stabilize anthocyanins,
ascorbic acid, and color, among other quality parameters in
fruit juices.

3.1.3 Foam density. Protein concentration was found to be
a key parameter affecting drying efficiency in a foam-mat drying
process and was indicated to influence foam density, which
decreased with increasing protein concentration. However, WPI
samples showed a dramatic drop in foam density, from 0.57 kg
m~® (T1) to 0.15 kg m™> (T4), suggesting that significantly
lighter foams were generated at higher protein concentrations.
The observation of lower foam densities and elevated drying
rates at higher WPI concentrations in foam mat dried papaya
pulp parallels the results of this work.>* The decrease in foam
density can be associated with the reaction of WPI with

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00549c

Open Access Article. Published on 13 February 2026. Downloaded on 4/27/2026 4:11:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

mulberry organic acids, which enhances the partial denatur-
ation and film expansion that entraps more air and decreases
density.*

Soy protein isolate samples exhibited a declining foam
density from 0.66 kg m ™ for T6 to 0.26 kg m ™~ for T9, showing
that SPI had a moderate ability to reduce density as concen-
tration increased. Higher SPI concentrations in foam-mat dried
strawberry powder enhanced foam structure and reduced
density, as SPI acts to form cohesive protein networks that
entrap air effectively.** Foam densities from 0.29 kg m > (T15) to
0.64 kg m* (T11) were measured with the WPI-maltodextrin
(MD) blend samples, which demonstrated that the combination
of WPI and MD can reduce foam density. The conjugates
between WPI and MD reported by Chandrakar et al. (2024)
improved foam stability and decreased density, attributed to the
increased viscosity by MD and the WPI's ability to foam,
rendering them appropriate for efficient applications involving
drying.** The MD in mulberry matrices competes with sugars in
binding water, raising the viscosity and enhancing bubble
retention but reducing protein spreading at the interface,
explaining the moderate foam density reduction compared to
pure WPI formulations.*®

3.2 Physicochemical parameters of foam mat dried mulberry
juice powder

3.2.1 Yield. In the present study, powder yields varied
between 8.13 £ 0.23% and 20.5 + 0.5%, with WPI treatments
(T1-T5) yielding from 10.1 + 0.28% to 20.5 & 0.5%, SPI treat-
ments (T6-T10) from 8.13 + 0.23% to 19.8 + 0.1% and whey
protein isolate:maltodextrin blend treatments (T11-T15) of 10.4
£ 0.05%. The results are in agreement with those reported by
Shishir et al. (2016), wherein the powder yield of spray-dried
pink guava increased with optimized drying and formulation
parameters, showing the critical effect of carrier concentration
and type on the final product recovery.*” Table 1 lists various
physicochemical parameters of the foam mat dried mulberry
juice powder.

3.2.2 Bulk density. The treated samples showed decrease
bulk density values that decreased from 0.71 £+ 0.02 to 0.52 +
0.09 g cm ™ as the WPI concentration increased; the SPI treated
(T6-T10) samples ranged from 0.7 + 0.011 to 0.52 =+
0.001 g cm , and the whey protein isolate:maltodextrin blends
(T11-T15) ranged from 0.67 & 0.020 to 0.55 4 0.001 g cm . The
results obtained in this study are in accordance with those
observed by Aisyah et al. (2024), where they recorded a correla-
tion of decreasing bulk density with increasing foaming agent
concentration, indicating improvement in porosity and foam
structure of the powdered products.*®

3.2.3 Tapped density. Across all treatments, the tapped
density of the foam mat-dried mulberry powder decreased with
increasing foaming agent concentration: WPI (0.90 + 0.03 to
0.75 # 0.009 g cm ™ *), SPI (0.87 + 0.002 to 0.73 + 0.011 g cm ™ °)
and WPIL:M (0.86 + 0.004 to 0.72 = 0.009 g cm ). The reduction
is largely attributed to the greater foaming ability at greater
concentrations, leading to formation of more stable air bubbles
in the matrix during drying, thereby increasing the porosity and
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decreasing the particle packing density. Therefore, the structure
of the powder is more open, with a lower mass of bulk material
per unit volume. This behaviour is in agreement with the study
by Khatri et al. (2023), where an increase in the amount of
foaming agent reduced the tapped density.*

3.2.4 Carr's index. According to standard classifications,
Carr's Index (CI) values below 15% are considered to have
excellent fluidity, values from 15% to 20% are defined as good
fluidity, values from 20 to 35% are average fluidity, values from
35 to 45% are poor fluidity, and values greater than 45% are
considered very poor fluidity. The study indicates that foam mat
dried mulberry powders prepared with the foaming agents WPI,
SPI and WPL:M at varying concentrations, have an increasing CI
trend. The CI for whey was between 17.40 £+ 0.5% and 27.70 £
0.1%, 20.0 + 0.2% and 30.6 & 0.1% in the case of soy, and 19.20
+ 0.02% and 30 £ 0.37% for (WPL:M). These results are
consistent with the findings of Jakubczyk et al. (2011), who re-
ported that increasing the foaming agent concentration can
alter the powder flow properties. Moderate increases in foaming
agent concentration may reduce the Carr Index (CI) and
improve flowability, but excessive concentrations lead to
a deterioration in the flow properties.*

3.2.5 Hausner ratio. The Hausner ratio (HR) is frequently
used to evaluate the flowability of foam mat dried powders.
Values in the range of 1.0-1.10 are indicative of free-flowing
powders, whereas values above 1.25 represent poor flowability.
For the present study, the HR values varied between 1.21 and
1.42 for different foaming agents and concentrations. The HR
values for the treatments with WPI ranged between 1.21 and
1.36, with SPI between 1.22 and 1.42 and the WPI:M combina-
tion between 1.40 and 1.42, suggesting more cohesive, less free-
flowing powders at a higher foaming concentration. The results
agree with the findings of Jakubczyk et al. (2011), who found an
increase in HR with increasing levels of foaming agent and
carrier (maltodextrin) present in apple puree powders, also
indicating that the addition of carrier and foam incorporation
inhibits powder flowability.*

3.2.6 Color. Increasing the concentration of the foaming
agent significantly enhanced the color retention in the foam
mat dried mulberry juice powder. For treatments T1-T5,
where whey protein was used as the foaming agent, the L*
(lightness) values ranged from 32.45 + 0.06 to 42.40 + 0.15,
a* (red-green) values from 2.27 + 0.03 to 4.65 + 0.09, and
b* (yellow-blue) values from 1.50 + 0.01 to 5.13 + 0.04.
Formulations T6-T10, prepared using soy-based foaming
systems, exhibited L* values between 34.50 &+ 0.23 and 39.55 +
0.28, a* values from 3.25 + 0.02 to 4.34 + 0.04, and b* values
ranging from 2.02 + 0.04 to 4.20 + 0.05, indicating moderate
color preservation compared to whey-based formulations. In
contrast, treatments T11-T15, incorporating a WPI-maltodex-
trin blend, demonstrated superior color retention. Among
these, T15 showed the highest values for the color parameters
(L* = 42.29 + 0.44, a* = 5.01 £ 0.17, b* = 6.49 + 0.02), high-
lighting the synergistic effect of protein-carrier combinations in
stabilizing pigments during foam-mat drying.

The improvement in color properties with the increase in
foaming-agent concentration can be explained by the increase
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in the stability of the foam, the decrease in thermal exposure,
and the formation of protective matrices around the heat- and
oxygen-sensitive pigments. This trend aligns with the findings
of Belal et al. (2023), who indicated the optimum color stability
of foam-mat-dried tomato powder at higher concentrations of
foaming agents.*® Similarly, Chaipoot et al. (2024) reported
enhanced color retention in honey-bee-brood protein powder
dried using foam-mat technique, as the concentrations of car-
boxymethyl cellulose and glycerol monostearate increased.** All
these findings confirm that the type, concentration, and
compositional synergy of the foaming agents are crucial factors
in defining the visual characteristics of foam-mat-dried
products.

3.2.7 Total soluble solids. The TSS concentration of the
foam-mat-dried mulberry juice powders increases progressively
with foaming-agent content, especially in formulations with
whey protein isolate (WPI). The TSS values increased with WPI
concentration up to 12.1 °Bx (T1) to 18.6 °Bx (T5), and the same
trend was observed to a slightly smaller degree with powders
prepared using the soy protein isolate (SPI) and WPI-malto-
dextrin mixtures. Such an increase in TSS has been attributed to
the addition of solid foaming agents introduced into the
system, and less r