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essing of Greek yogurt acid-whey
waste to develop folic acid encapsulated millet
powders

Sargun Malik,a Mohamed B. Bayati,b Chung-Ho Linbc and Kiruba Krishnaswamy *ad

Folic acid is an essential nutrient that is required to prevent anemia in women and neural tube defects in

infants. Hence, it is important to develop food products that can act as a source of folic acid and are

easily accessible. For product development, two encapsulation methods were used: spray drying and

extrusion. The encapsulated powder was formed using the matrix of acid whey, kodo, and proso millet.

The extrusion method used a folic acid-alginate solution that was dispensed in cross-linking solutions

containing acid whey and millets. The objective of the paper was to analyze the developed products for

shelf stability and commercial viability. Adding millets to acid whey led to a high yield and the obtained

powder was free-flowing. The encapsulated capsules were stable in different pH conditions. The in vitro

digestibility model indicated that both powder mix and alginate capsules were efficient sources of folic acid.
1 Introduction

According to the World Health Organization (WHO), 29.9% of
women of reproductive age (15–49 years) suffer from anemia
wherein 36.5% of pregnant women are anemic globally.1 Folate-
deciency acid anemia occurs when the folic acid in the blood is
not enough further causing megaloblastic anemia wherein the
red blood cells are fewer and larger than normal complicating
the pregnancy.2 In addition, folic acid deciency can also cause
neural tube defects as folic acid helps in the formation of the
neural tube. Hence, folic acid is important to prevent major
defects such as anencephaly and spina bida. Consequently,
the Centers for Disease Control and Prevention has recom-
mended that all women of reproductive age should have at least
400 mg of Dietary Folate Equivalent (DFE) of folic acid and
pregnant women should consume 600 mg of DFE daily to
prevent neural tube defects in babies.3

Folic acid (Vitamin B9) is one of the most essential nutrients
that naturally occur as folate. The primary function of folate is that
it acts as a coenzyme in the single-carbon transfer that further
leads to the synthesis of DNA and RNA. It also helps in the
metabolism of amino acids. The dietary source of folate includes
raw green leafy vegetables, seafood, nuts, broccoli, brussels
sprouts, kale, etc.4 Folic acid is the fully oxidized monoglutamate
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form of folate composed of pteridine, p-aminobenzoic acid (PABA),
and glutamic acid. The folates present in food products are very
sensitive to the environment, for example, high-temperature
conditions, UV light, metal ions, and extreme pH changes. If the
food product is stored for a long time, there is oxidation, and it gets
converted to its derivative compounds. Processing can also reduce
the vitamin content by 50–80%, especially in thermal processing.5

Encapsulation of bioactive ingredients helps in increasing the
shelf life of a product, protecting it from any adverse environ-
mental condition such as extreme temperature, light, oxygen, pH,
moisture, etc. It involves entrapping or coating the active agent
into a wall material or carrier agent. These carrier agents can be
made from different polysaccharides, proteins, and lipids.6 There
are various methods through which encapsulation of functional
components can be done such as spray drying, extrusionmethods,
coacervation, spray cooling, etc.7 Spray drying is a common and
extensively used bottom-down technique for microencapsulation
in which a liquid feed is atomized into a drying chamber wherein
it undergoes rapid evaporation, as it encounters a drying medium
such as hot air.8 The liquid feed containing the wall material
converts into a powder that encapsulates the functional ingre-
dient.9 Similarly, extrusion is a top-down technique wherein
a solution containing an active agent and carrier agent such as
alginate is passed through a nozzle to a gelling environment.
Alginate is a polysaccharide that is derived from brown algae and
can be used as a delivery system that preserves the bioactive
component.10 The ionic crosslinking is commonly used for this
gelling process wherein wall material is combined with cross-
linking agents such as divalent cations that combine with the
guluronate blocks present in the alginate chain.11

In the domain of food security and nutrition, there is always an
intersection of food loss and waste that needs to be addressed.12
Sustainable Food Technol., 2023, 1, 437–454 | 437

http://crossmark.crossref.org/dialog/?doi=10.1039/d3fb00009e&domain=pdf&date_stamp=2023-05-24
http://orcid.org/0000-0001-7916-0311
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fb00009e
https://pubs.rsc.org/en/journals/journal/FB
https://pubs.rsc.org/en/journals/journal/FB?issueid=FB001003


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 2
:1

8:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
TheGreek yogurt processing generates a large quantity of acid whey
that is dumped into the surroundings causing damage to the
environment. This acid whey has been found to have different
macro-micro nutrients and hence can be upcycled for the produc-
tion of value-added products.13 Likewise, millets are underutilized
climate-resilient ancient grains.14 The probiotic component from
acid whey can be combined with the prebiotic component of
millets to have a potential synbiotic food product.15–17 The formed
matrix can further be fortiedwith folic acid and spray dried for the
production of a nutrition mix that can be utilized to fulll the daily
requirement of folic acid. Alternatively, the extrusion method can
be used for the production of folic acid capsules wherein folic acid
can be combined with sodium alginate and dropped into a millet-
acid whey matrix that is rich in minerals and hence, a source of
cations and anions for crosslinking.

Hence, the objective of the paper is to develop a folic acid-
based food ingredient with the aid of acid whey and millets.
The study aims to analyze the physicochemical characteristics
of the constructed food ingredients and evaluate its shelf
stability and consequently commercial viability.
2 Material & methods
2.1 Development of encapsulated product

2.1.1 Preparation of folic acid encapsulated powder. The
sample matrix was prepared by mixing 50 g kodo and proso
millet (Manna ethnic millets®, Chennai, India) powder and
250 mg folic acid in the 100 mL acid whey. The folic acid was
purchased from Sigma Aldrich (Cas no. 59-30-3, St Louis, MO,
USA). The millet powder used for the matrix was obtained by
milling the kodo and proso millet grains respectively in a mixer
grinder (Buttery Rapid Mixer Grinder™, Buttery Gandhimati
Appliances®, Chennai, India) and sieving in a 20 cm diameter
stainless steel sieve (Makerstep®, Cypress, CA, USA).
Fig. 1 Development of folic acid encapsulated powder using ingredients
folic acid.

438 | Sustainable Food Technol., 2023, 1, 437–454
The utilized acid whey was separated from Greek yogurt
prepared in the laboratory. Greek yogurt was prepared by rst
heating 1 L of pasteurized milk (Grade A, Vitamin D fortied
whole milk, Central Dairy, Columbia, MO, USA) at 82 °C, cool-
ing it to 43.3 °C before adding 10 g of starter culture (Chobani®
Plain Greek Yogurt, Norwich, New York, USA). Aer the addition
of culture, the product was kept in an incubator at 37 °C for 8
hours. Subsequently, the formed yogurt was ltered using
a cheesecloth and acid whey was collected and stored at 4 °C.

For mixing all the three components (millet powder, folic
acid, and acid whey), a homogenizer (IKA Eurostar 40, Wil-
mington, NC, USA) was used at 1000 rpm for 30 minutes. Two
separate slurries were formulated wherein one contained kodo
millet and the other contained proso millet. The slurries were
then passed through a vacuum ltration process and the
ltered liquid was collected and spray dried as shown in Fig. 1.

Spray drying operation was conducted on the vacuum-
ltered permeates using a spray dryer (Mini Spray Dryer B-
290, New Castle, DE, USA). The process was carried out at an
inlet temperature of around 160 °C. The owmeter for spraying
air, feed ow rate, and aspiration rate was adjusted for
obtaining maximum yield. Likewise, two types of powders were
formed one containing kodo (KAWFP) and the other containing
proso millet (PAWFP). Aer each run, the obtained powder was
weighed and stored at 4 °C. The yield of the spray drying powder
was calculated based on eqn (1).

Yield ð%Þ ¼ solid content in spray dried powder ðgÞ
solid content in the feed to be spray dried ðgÞ
� 100

(1)

2.1.2 Preparation of folic acid encapsulated alginate
capsules. For the preparation of folic acid capsules, 100 mg of
folic acid powder was added to 60 mL of 1% sodium alginate
, acid whey from Greek yogurt processing, millets (kodo & proso), and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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solution and 40 mL of 0.1 M sodium bicarbonate solution. The
solution was then mixed using a homogenizer at 750 rpm for 45
minutes. The solution was then drawn up in a 20 mL syringe
and using a syringe pump was dropped in a 100 mL liquid of
cross-linking solutions as shown in Fig. 2.
2.2 Folic acid content analysis in the developed products

2.2.1 Extraction of folic acid from the matrix. For folic acid
extraction from the formed food product, 1 g of the sample was
added to a 15 mL centrifuge tube. Ten milliliters of extraction
solvent consisting of 1% glacial acetic acid in methanol was
mixed with the sample. For the capsule samples, a mortar and
pestle was used for grinding with the solvent. The solution was
vortexed for 10 minutes until the powders were completely
homogenized with the solvent. The mixture was sonicated for
30 minutes using a sonicator (Model no. 08895-21, Cold Palmer,
Vernon hills, Illinois, USA) and centrifuged at 5000 rpm for 15
minutes. The supernatant of the sample was then passed
through a 0.2 mm syringe lter (Whatman® Anotop®) with
a diameter of 25 mm. The ltered extracts were then collected in
10 mL centrifuge tubes.

2.2.2 LC-MS/MS analysis. The concentration of folic acid
was determined using a LC-MS/MS system (Waters Alliance
2695 HPLC system coupled with Waters Acquity TQ triple
quadrupole mass spectrometer (MS/MS) Milford, MA, USA). The
separation of folic acid was achieved using Phenomenex (Tor-
rance, CA) Kinetex C18 (100 mm× 4.6 mm; 2.6 mm particle size)
reverse-phase column. The mobile phase consisted of 100%
acetonitrile (A) and 10 mM ammonium acetate and 0.1% formic
acid in MilliQ water (B). The gradient conditions were 0–
0.5 min, 2% A; 0.5–7 min, 2–80% A; 7.0–9.0 min, 80–98% A; 9.0–
10.0 min, 2% A; at a ow rate of 0.5 mLmin−1. The ion source in
Fig. 2 Preparation of folic acid encapsulated capsules by the extrusio
solutions. The ionic crosslinking solution includes calcium chloride,1 acid

© 2023 The Author(s). Published by the Royal Society of Chemistry
the MS/MS system was electrospray ionization (ES) operated in
the negative ion with a cone voltage of 50 V, the ionization
source and desolvation temperature were programmed at 150 °
C, and 750 °C respectively. The MS/MS system was operated in
the multi-reaction monitoring (MRM) mode with the optimized
collision energy of 22 eV wherein the molecular ion and product
ion (m/z 440.35® 311.25) were determined from the spectra that
were obtained from injection of 30 mL of the folic acid analytical
standard of concentration 10 mg L−1. For data analysis, Water
Empower 3 soware (Waters, CA, USA) was used. The signal-to-
noise ratios of three and ten were employed to calculate LOD
and LOQ, respectively.

The folic acid amount obtained from the analysis was used
to calculate the encapsulation efficiency using eqn (2).

Encapsulation efficiency ðEE%Þ

¼ folic acid obtained in the final product ðmg g�1Þ
folic acid added in the matrix ðmg g�1Þ � 100 (2)

2.3 Color analysis

The color analysis was conducted using a colorimeter (Konika
Minolta® CR-410, Ramsey, New Jersey, USA) and based on to
Commission Internationale d'Eclairage (CIE) LAB system. The
samples were placed in a Petri dish and were gently spread. “L”,
“a” and “b” values were taken and using the obtained valued
Hue (eqn (3)), chroma (eqn (4)), and whitening index (eqn (5))
were calculated.

Hue angle = tan−1b/a (3)

Chroma ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
(4)
n-based method using folic acid alginate gel and ionic crosslinking
whey,2 kodo & acid whey solution3 and proso & acid whey solution.4

Sustainable Food Technol., 2023, 1, 437–454 | 439
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Whitening index ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð100� LÞ2 þ

�
ðaÞ2 þ ðbÞ2

�r
(5)

2.4 Moisture content and water activity

The moisture content was obtained using a moisture analyzer
(Model HE53, Mettler Toledo, Columbus, OH, US). For
measurement, 3 g of sample was weighed and poured over the
aluminum dish where it was spread evenly. The water activity
was measured using a water activity meter (Aqua lab model CX-
2, Pullman, WA). For measurement, the water activity meter
cups were lled with an appropriate amount of sample that
permitted the required headspace. The readings were taken in
triplicates.

2.5 Thermal analysis of samples

The thermal properties were analyzed using Differential Scan-
ning Calorimeter (Thermal Analyzer instrument Q 20, New
Castle, DE, USA). For measurement, 8 mg of sample was weighed
and placed in an aluminum pan. Further, the pan was sealed and
loaded into the instrument. The instrument was xed at ramp
mode wherein the heating rate was set at 10 °C min−1 and the
temperature range was kept at 20 to 250 °C. The data was
analyzed to obtain peak thermal degradation and glass transition
temperature. The analysis was conducted in triplicates.

2.6 Particle size analysis

The mean diameter, mean polydispersity index (PDI), and zeta
potential (z) were obtained using Dynamic Light Scattering
(DLS) system (Delsa Nano Submicron Particle Size and Zeta
Potential particle Analyzer, Beckman Coulter California, United
States). The scattering angle of the system was adjusted at 15°.
Water was used as a diluent for sample preparation. For the
preparation of the sample, 1 g of powder was mixed with 10 mL
of DI water to prepare a stock solution. The solution was further
diluted by taking 200 mL of the stock solution and mixed 9.8 mL
of DI water for DLS analysis.

For encapsulated capsules, open-source image processing
FIJI soware was utilized to calculate average diameter and
sphericity. The sphericity was calculated by taking ratio of
longest and shortest diameter.

2.7 Scanning electron microscopy

Scanning electron microscopy was used to analyze the
morphology of the formed encapsulated powder and capsules.
The analysis was conducted with the help of the Electron
Microscopy Core Facility, University of Missouri-Columbia. The
powder samples were sprinkled on the stub holders with the
help of carbon tapes. To prevent clustering air was passed
through the surface aer the placing step. For the capsule
samples, one to two capsules were placed. The samples were
then sputtered with 25 nm Pt for the imaging in FEI Quanta
440 | Sustainable Food Technol., 2023, 1, 437–454
600F ESEM (Hillsboro, Oregon, United States). The images were
taken under high vacuum conditions with the voltage of 5 kV,
working distance adjusted to 8mm, objective aperture of 30 mm,
and 3.5 spot size. Energy-dispersive X-ray spectroscopy (EDS)
analysis was conducted for the capsule samples to view
morphology along with chemical composition.
2.8 Stability of folic acid capsules

2.8.1 pH. The pH was measured using a digital pH meter
(Mettler Toledo™ Columbus, OH, USA) with a pH electrode (In
Lab® Expert Pro-ISM). The samples were stored under different
temperatures (5 °C and 25 °C) and light (light and dark)
conditions and the pH was taken aer 48 h. The results were
then compared with the initial pH. Before taking the
measurements, the pH meter was calibrated using a standard-
ized buffer solution that was at pH 2.00, 4.00, 7.00, and 10.00.
For each sample, three readings were taken.

2.8.2 Mechanical stability. The mechanical stability of
alginate capsules was analyzed using a texture analyzer (TA-
HDi, Texture Technologies Corp., Scarsdale, N.Y., USA). The
texture analyzer was equipped with a 100 kg load cell with
a cylindrical probe TA-93 of diameter 4 cm. The strain
percentage was set at 60% and the pre-test, test, and post-test
speeds were xed at 0.5 mm s−1. The data analysis was con-
ducted with the help of soware exponent connect. The
maximum force needed for compression was obtained as
a hardness value that further indicates the capsule's resistance
to the compression of the probe.18
2.9 Functional properties of spray dried powder

2.9.1 Particle, bulk, tap density & porosity. The particle
density wasmeasured using a pycnometer (Quantachrome Ultra
pycnometer 1000, Anton Paar, Boynton Beach, FL, USA). For the
analysis, 1 g of powder was weighed and poured into the cell.
The analysis was conducted under vacuum conditions. The tap
density was measured by mechanically tapping the 10 mL
graduated cylinder containing 1 g of sample. The tapping was
done 1250 times using an electronic shaker (IKA-VIBRAX-VXR,
Janke & Kunkel, Markham, ON, Canada). For bulk density
measurements, about 1 g of the powder sample was gently
poured into a 10 mL glass graduated cylinder. The volume on
the graduated cylinder was noted. The calculations were done
using eqn (6).19Using the values obtained from bulk density and
true density, porosity was calculated based on eqn (8). The
owability of the powder was estimated using Carr's Index (eqn
(9)) and Hausner's ratio (eqn (10)).

Bulk density
�
g mL�1�

¼ mass of the powdered sample ðgÞ
volume of powdered sample in the graduated cylinderðmLÞ

(6)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Tap density
�
g mL�1� ¼ mass of the powdered sample ðgÞ

volume of powdered sample after tapping grad: cylinder ðmLÞ (7)
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Porosity ¼ 1� bulk density
�
g mL�1�

absolute density
�
g mL�1� (8)
Hausner ratio ¼ tap density
�
g mL�1�

bulk density
�
g mL�1� (9)

Carr index ðCI%Þ ¼

tap density
�
g mL�1�� bulk density

�
g mL�1�

tap density
�
g mL�1� � 100 (10)

2.9.2 Angle of repose. For calculation of the angle of repose,
5 g of powdered sample was gently passed through a plastic
funnel with an outlet diameter of 1 cm. The height and base
diameters of the obtained heap was noted for the calculation of
the tan q value. The calculations were done using eqn (11).20

Tan q ¼ 2� height ðcmÞ
base diameter ðcmÞ (11)

2.9.3 Hygroscopicity. The hygroscopicity was observed by
weighing 1 g of spray dried powder on a 5 cm diameter Petri dish
and placing it in a desiccator wherein the humidity was set at 75%
RH. The humidity was set using sodium chloride wherein 200 g of
salt was mixed with 100 mL of DI water. The stored powder was
weighed again aer 24 hours, and the absorbedwater amount was
found. The result was then calculated according to eqn (12), as the
amount of water absorbed (g) per g of dry solids.21
Hygroscopicity ð%Þ ¼ final weight of stored powder ðgÞ � initial weight of stored powder ðgÞ
initial weight of stored powder ðgÞ � 100 (12)

Dispersibility% ¼ ½10þ weight of powderÞ �% total solid in filtered permeate

weight of powder ½100�moisture content of powder %�½100�moisture content of powder %�=100 (15)
2.9.4 Water solubility. For water solubility, 1 g of the
sample was weighed and mixed with 15 mL DI water in a 50 mL
centrifuge tube. The solution was vortexed for one minute. The
tube was then shaken in a constant temperature water bath
(Yamato™, Model number BT-25, Tokyo, Japan) for 30 minutes
at 37 °C. Centrifugation was done at 3018.6×g for 5 minutes at
25 °C and the supernatant was poured into an aluminum dish
and weighed. The solution was then dried in an oven (Unity™
Lab Services EWINC15, Thermo Fisher Scientic, Waltham, MA,
© 2023 The Author(s). Published by the Royal Society of Chemistry
USA) at 105 °C until complete drying and the weight of the dried
powder was noted.22 The calculation was conducted based on
eqn (13).

Water solubility% ¼ weight of dried supernatant ðgÞ
weight of dry powdered sample ðgÞ � 100

(13)

2.9.5 Dispersibility. For obtaining dispersibility
percentage, 1 g of the sample powder was weighed and mixed
with 10 mL of DI water in a 50 mL beaker. The solution was
then mixed well using a spatula and was through a 212 mm
sieve (#4041, Hogentogler, CO, MD, USA). The permeate was
collected and weighed in an aluminum dish. The total solid
content of permeate and moisture content of powder were
also obtained. For total solid content, the ltered solution
was dried in an oven (Unity™ Lab Services EWINC15, Thermo
Fisher Scientic, Waltham, MA, USA) at 105 °C for 30 min.
Aer complete drying, the weight of aluminum dish was
taken, and the solid matter was estimated based on eqn (11).
The moisture content values were obtained using moisture
analyzer (Model number HE53, Mettler Toledo, Columbus,
OH, USA) and calculations were done based on eqn (14)
and (15).

Total solid% ¼ weight of dry matter in filtered permeate ðgÞ
weight of liquid filtered permeate ðgÞ

� 100

(14)
2.9.6 Rheological properties measurement. Rheological
properties of the reconstituted samples were determined with

rheometer (Anton Paar Rheo MCR 302 modular compact, Ver-
non Hills, Illinois, USA). The reconstitution of the samples was
done by mixing 1 g of the powder with 10 mL of DI water. The
instrument was equipped with a cone (25 mm diameter, 1°
angle) and plate geometry. Flow behavior was analyzed using
the Power Law model. Each sample was measured in triplicate.
Sustainable Food Technol., 2023, 1, 437–454 | 441
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2.9.7 Refractive index. The reconstituted sample was
analyzed for refractive index (% Brix). For measurement, 1 g of
the powder was mixed with 10 mL of DI water. A digital
refractometer (WM-7 ATAGO™, Bellevue, WA, USA) was used
for the analysis wherein one to two drops of the sample were
poured on the prism of the device and the Brix value was noted.
The measurement was conducted in triplicate.
2.10 In vitro digestibility

The in vitro digestibility analysis was conducted based on the
protocol by Minekus et al.23 For the analysis of salivary phase
digestibility, 5 mL of reconstituted spray dried sample (PAWFP)
and 5 g capsule (PAWF) sample were taken respectively and
mixed with 3.5 mL of electrolyte solution. The electrolyte solu-
tion was prepared by mixing 15.1 mL of 0.5 M potassium
chloride, 3.7 mL of 0.5 M potassium phosphate, 6.8 mL of 1 M
sodium bicarbonate, and 0.5 mL of 0.15 M magnesium chlo-
ride, 0.06 mL of 0.5 M ammonium carbonate and 373.35 mL of
DI water. Mincing of the food was done using a mortar pestle
until paste-like consistency was achieved. To the paste, 0.5 mL
of salivary a-amylase of activity 75 U mL−1 was added which was
followed by the addition of 25 mL of 0.075 mM calcium chloride.
The whole solution was maintained at pH 7 and was kept in the
incubator at 37 °C for 2 minutes.

For the gastric phase, the 10 mL of oral bolus was mixed with
7.5 mL of gastric phase electrolyte solution. The electrolyte
solution was prepared by mixing 6.9 mL of 0.5 M potassium
chloride, 0.9 mL of 0.5 M potassium phosphate, 12.5 mL of 1 M
sodium bicarbonate, 11.8 mL of 2 M sodium chloride, 0.4 mL of
0.15 M magnesium chloride, 0.5 mL of 0.5 M ammonium
carbonate and 371 mL of DI water. To the gastric solution,
1.6 mL of porcine pepsin of activity 2000 U mL−1 was added,
followed by 5 mL of 0.075 M of calcium chloride. The solution
wasmaintained at pH 3 by the addition of 1 M hydrochloric acid
and was incubated for 2 hours at 37 °C.

For the intestinal phase, the 20 mL gastric chyme was mixed
with 11 mL of intestinal electrolyte solution. The electrolyte
solution was prepared by mixing 6.8 mL of 0.5 M potassium
chloride, 0.8 mL of 0.5 M potassium phosphate, 42.5 mL of 1 M
sodium bicarbonate, 9.6 mL of 2 M sodium chloride, 1.1 mL of
0.15 M magnesium chloride and 339.2 mL of DI water. To the
intestinal solution 5 mL of pancreatin from the porcine
pancreas of activity 100 U mL−1 and lipase of activity 2000 U
mL−1 was added, followed by the addition of 2.5 mL bile salts
and 1.31mL of DI water. The intestinal solution wasmaintained
at pH 7 by addition of 1 M sodium hydroxide and incubated for
2 hours at 37 °C.

From each phase aer incubation, 1 mL of solution was
drawn for folic acid extraction and ran in the LC-MS/MS system.
2.11 Statistical analysis

The statistical analysis was conducted using JMP soware (Cary,
NC, USA). One-way ANOVA was used for conrming the differ-
ence among samples. For the post-hoc test, Tukey's honest
signicant difference test was used as it helps in explaining the
442 | Sustainable Food Technol., 2023, 1, 437–454
pairwise difference among the samples. The signicance of the
results was considered at an alpha value of 0.05.

3 Results & discussion
3.1 Percentage yield & encapsulation efficiency

Spray drying is one of the most extensively used techniques for
biologically sensitive material with only a slight loss in activity.24

Even with a high inlet temperature of 160 °C, there is not much
deterioration because of a small residence time of the droplet in
the drying chamber of approximately 12 to 30 seconds and
subsequent evaporative cooling effect.25 The product yield of
71.49 ± 1.35% was obtained for KAWFP and 76.23 ± 2.65% for
PAWFP. A high percentage indicates that the powder was not
sticky and was able to be recovered from the collection
chamber.

Usually, acid whey due to its low pH range (3.6–4.5) is chal-
lenging to process. This difficulty is attributed to the behavior of
lactose with the present whey proteins, organic acids, and
minerals. The crystallization of lactose also gets affected by the
pH which further affects the processing performance. Millets
being of alkaline nature help in neutralizing the acid whey
which further helps in processing.14,26 Folic acid has a low
aqueous solubility of about 0.01 mgmL−1 below pH 5 and when
it is dispersed in water, the pH is in the range of 4 to 4.8.
However, it has good stability in the buffer solutions having
a pH of 5.39 to 10.40.27 The pH of the prepared feed containing
folic acid, millet, and acid whey was 4.78 and 5.09 for kodo and
proso millet species respectively. Since the pH was lower than
the stability requirement, the liquid feed had a lot of undis-
solved folic acid settled at the bottom of the ask forming
a cake. A substantial amount of folic acid was lost during the
vacuum ltration step. Consequently, the encapsulation effi-
ciency % of folic acid when calculated based on the folic acid
present in the powder and added in the matrix, varied from
1.65–1.73%. Fig. 3 illustrates the nal powder product formed
by the spray dryer. The amount of folic acid obtained in the nal
encapsulated powders, KAWFP, and PAWFP were found to be
similar as shown in Fig. 4 (p > 0.05).

The commercial vitamin mixes are available in form of
sachets that contain around 6.5 g (0.22–0.23 onz) of powder.
According to the said quantity, if a similar amount of powder
was to be used, the powder samples would have been able to
contain 850.2 mg and 806 mg of folic acid in the samples PAWFP
and KAWFP respectively. These values are equivalent to 510.12
and 483 Dietary Folate Equivalent (DFE) mg respectively
exceeding the daily required value of folic acid for adult males
and females i.e., 400 mg DFE. This additional amount of folic
acid (80–110 mg DFE) was considered permissible, considering
the loss of folic acid during storage of the powder.

The entrapment or encapsulation efficiency is dependent on
the lm-forming capacity and plastic behavior of the
biopolymer that is mixed in the matrix. The commercially
available encapsulating agents have limitations in terms of cost,
availability, and potential damage to human health. For
example, maltodextrin is a rened carbohydrate that can have
a strong effect on blood glucose, insulin, and lipid level in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Folic acid encapsulated powder was developed using kodo millet KAWFP1 and developed using proso millet PAWFP.2 Folic acid capsules
were developed using different crosslinking solutions such as calcium chloride CCF,3 acid whey AWF,4 kodo & acid whey solution KAWF,5 and
proso & acid whey solution PAWF.6

Fig. 4 Folic acid amount (mg) encapsulated by spray drying 100 mL of matrix consisting of acid whey, millets, and folic acid calculated using the
calibration curve. The same letters on the bar graph indicate there was no significant difference (p > 0.05) among the samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2023, 1, 437–454 | 443
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body post-ingestion.28 In comparison, the protein and carbo-
hydrates present in acid whey and millets are much healthier
options to be used as an encapsulant or a wall material. The
protein present in acid whey include lactoferrin, b-lactoglob-
ulin, a-lactalbumin, immunoglobulins, bovine serum albumin
(BSA), lysozymes etc. The amino acid prole includes primarily
lysine, tryptophan, and leucine. Additionally, lactose is the
main (4.18% w/v) sugar present in acid whey.29 It has been
observed that partial replacement of whey protein with lactose
can help in limiting the diffusion of apolar substances through
the formed wall.30 Likewise, millets are high-protein (11% in
kodo and 17% in proso millet) food with a rich carbohydrate
composition of starch, cellulose, free sugar, xylose, fructose,
maltose, glucose, sucrose, raffinose, maltotriose, and other
oligosaccharides.31

Furthermore, an alternate method consisting of extrusion-
based encapsulation was also performed with sodium alginate,
acid whey, and millets to form folic acid capsules. Alginate is an
anionic polymer derived from brown seaweed that has high
biocompatibility and low toxicity. The components of the poly-
meric chain of alginate include b-D-mannuronic acid (M blocks)
and a-L-guluronic acid (G blocks) wherein they are linked by
glycosidic linkages.1–4 When the monovalent ion of sodium
alginate is exchanged with divalent or trivalent ions, the low
viscosity liquid usually changes to a gel-like structure. The overall
gel strength depends on the molecular weight, structure, and
concentration of the gelling agent. Calcium-dependent gelation
is one such technique that is extensively used in Industry. Based
on the gelation process, there can be the formation of egg box
model like structure, 3/1 or 2/1 helical conformation.32 Various
studies have reported that calcium ions lead to dimerization of
the polymer chain by forming junction zones that also have
Fig. 5 Folic acid content is obtained in capsules and cross-linking solu
crosslinking solution. Different letters on the bar graph indicate a signific

444 | Sustainable Food Technol., 2023, 1, 437–454
further lateral interactions wherein weak inter-dimer associa-
tions occur because of electrostatic interactions.33 Acid whey
contains minerals as one of its main constituents wherein
a considerable amount of calcium, potassium, sodium, zinc etc.,
can be found.34 It has been reported that the concentration of
calcium in acid whey and zinc is three times greater than that of
sweet whey.35 Similarly, millets are also rich in minerals such as
calcium, copper, iron, potassium, magnesium, etc.36 Conse-
quently, when folic acid mixed with alginate was dropped into
the acid whey solution, capsules were formed as shown in Fig. 3.
For this product, a signicant difference was observed in terms
of folic acid in different crosslinking solutions, but no signicant
difference observed for folic acid encapsulated in capsules as
shown in Fig. 5.

The encapsulation efficiency varied from 4.09–6.77% for the
capsules and 11.33–47.06% for the cross-linking solution. Fig. 5
shows the folic acid amount obtained from 100 mL of the nal
product that consisting of capsules as well as the crosslinking
solution. In a similar study, Azevedo et al.,37 used alginate/chitosan
nanoparticles to encapsulate vitamin B2 wherein an efficiency of
about 56% was observed. The study suggested there is a direct
relation between encapsulation efficiency and particle size.

3.2 Color analysis

Color is one of the most important sensory properties of a food
product as it is an indicator of food quality and avor. It helps
the industry to be consistent and uniform with the food
product. Folic acid is available as multivitamins and individual
supplements in form of yellow uncoated tablets. Being photo-
sensitive, it is easily degraded and hence, it is important to
analyze the color of the form product. When combined with
acid whey and millets, the powder had a high lightness value (L)
tions when 20 mL alginate folic acid solution is dispensed in 100 mL
ant difference (p < 0.05) among the samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Color (L, a & b values), moisture content and water activity values for the folic acid encapsulated productsa

Samples Color (L) Color (a) Color (b) Hue angle Chroma Whiteness index Moisture content Water activity

KAWFP 97.56 � 0.0a −2.93 � 0.00d 12.03 � 0.02e 103.68 � 0.03a 12.38 � 0.02e 87.38 � 0.02a 4.60 � 0.98e 0.30 � 0.00b

PAWFP 96.81 � 0.05b −3.14 � 0.01e 15.06 � 0.02d 101.77 � 0.00c 15.38 � 0.00d 84.29 � 0.00b 3.91 � 0.15f 0.30 � 0.00b

CCF 81.79 � 0.04f −0.84 � 0.01b 22.36 � 0.01c 92.14 � 0.01e 22.38 � 0.01c 71.15 � 0.03d 96.42 � 0.49a 0.95 � 0.00a

AWF 82.50 � 0.02e −2.95 � 0.02d 29.94 � 0.14a 95.62 � 0.02d 30.08 � 0.14a 65.19 � 0.19f 94.27 � 0.54b 0.95 � 0.00a

KAWF 84.60 � 0.02c −2.37 � 0.00c 10.17 � 0.01f 103.13 � 0.03b 10.44 � 0.01f 81.39 � 0.02c 93.83 � 0.24c 0.95 � 0.00a

PAWF 83.96 � 0.10d 0.07 � 0.03a 28.23 � 0.13b 89.85 � 0.06f 28.23 � 0.13b 67.53 � 0.07e 92.07 � 0.27d 0.95 � 0.00a

a Different superscripts indicate signicantly different values of mean (p < 0.05) in the same column.
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of 97.56 and 96.81 for KAWFP and PAWFP respectively as shown
in Table 1. For the gel samples, the lightness (L) value was
highest for kodo based sample (KAWF). All the samples except
PAWFA had a negative “a” value indicating green color. The
positive “b” value of all the samples indicated the yellow color of
the powder. The hue of a color is the rst color that is perceived
indicating the dominant wavelength wherein 0° or 360°
describes red color, 90° yellow, 180° indicates green and 270°
stands for blue color. The hue value validated that the color of
the samples was observed as yellow and green color. Similarly,
chroma describes the purity of a particular observed in
a product. A high chroma value indicates that the color
observed is in its purest form.38 Acid whey had the highest
Fig. 6 Thermal degradation of powder samples (A) and capsule sample

© 2023 The Author(s). Published by the Royal Society of Chemistry
chroma value as compared to other products. Similarly, the
whitening index, describes the rating of a white or a near-white
surface in terms of distance away from a nominal white coor-
dinate wherein the L value is equivalent to 100 and a, b values
are zero.39 Hence, a high WID indicates a high value for white-
ness and vice versa. The highest whiteness value was observed
for the KAWFP powder sample.
3.3 Moisture content and water activity

Moisture content indicates the amount of water present in
a product that can inuence its properties. Water activity
explains the unbound water in the product that is available for
the growth of microorganisms. If the water activity is more than
s (B) indicating the peak melting temperature for the samples.

Sustainable Food Technol., 2023, 1, 437–454 | 445
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Table 2 Peak degradation & glass transition temperature were ob-
tained for the developed encapsulated products

S. no Samples
Peak degradation
temp. (°C)

Glass transition temperature
(°C)

1 KAWFP 148.63 � 1.93 152.19 � 1.36
2 PAWFP 148.83 � 6.13 143.18 � 5.76
3 CCF 107.68 � 6.49 96.60 � 3.67
4 AWF 109.17 � 2.61 83.795 � 5.73
5 KAWF 111.04 � 3.40 100.02 � 1.51
6 PAWF 107.95 � 2.95 97.3 � 0.169
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0.9, there are more chances for the growth of pathogenic
bacteria.40 The moisture content and water activity for the
capsules were observed to be high as shown in Table 1.
However, for the powder sample, the moisture content and
water activity were low indicating low microbial growth
susceptibility. Moisture also affects the ow of the powder by
interacting either with the surface or penetrating the bulk of the
solid. It leads to physicochemical changes depending on the
extent of the hydrophilic properties of the product. Typically,
the target moisture content for the food powder industry ranges
between 0.3–4%. Also, if the water activity is around 0.3, the
food product is microbiologically safe.

3.4 Thermal analysis

The glass transition temperature is an indication that at what
temperature thematerial changes from a rigid to a exible state.
Initially, at room temperature, the particles exhibit an amor-
phous state wherein there is a random arrangement of the
molecule and as the temperature increases, the structure of the
molecule changes to become a bit more exible. In food pro-
cessing, a lower glass transition temperature indicates that the
food is so and elastic and a higher describes the hardness and
brittle properties of food. Similarly, melting temperature, Tm,
describes the peak temperature wherein complete melting of
organic compounds occurs. Fig. 6 illustrates the thermogram
obtained for the samples and Table 2 describes the corre-
sponding glass transition temperature. The glass transition
Fig. 7 Intensity distribution curve for the spray dried powders KAWFP an
1.13 ± 0.02 mm respectively.

446 | Sustainable Food Technol., 2023, 1, 437–454
temperature of spray dried powder was higher as compared to
the encapsulated capsules. It was observed that there was no
difference in-between the encapsulated powders (p > 0.05).
Table 2 summarizes all the glass transition and peak degrada-
tion temperatures for all the samples. However, since all the
developed products are made with ingredients having
a complex composition of macro and micronutrients, it is
difficult to point at the exact glass transition temperature.

Water acts as a plasticizer in powder products as it modies
the glass transition temperature. Consequently, the moisture
content of a product is a key factor that affects the glass tran-
sition temperature wherein as the moisture content increases,
there is the decrease in the glass transition temperature.41 It
also helps in understanding the shelf stability of a powder as it
explains about wettability and solubility of the powder.
3.5 Particle size analysis

The particle size observed for the encapsulated powders was
found to be statistically similar (p > 0.05). The distribution curve
as shown in Fig. 7 illustrates the intensity distribution of
different sizes. The scattering intensity of a particle is propor-
tional to the square of the molecular weight. Table 3 summa-
rizes the characterization of encapsulated powder particles in
terms of polydispersity index (PDI), D10, D50, D90, and zeta
potential values. The PDI indicates the heterogeneity of the
sample obtained by taking the ratio of the average molecular
weight of particles and the number of particles. A higher PDI
(PDI > 1) indicates that the molecular weight has been distrib-
uted over a broader range as observed in the case of PAWFP. The
distribution can also be characterized by D10, D50 and D90
values on the distribution curve wherein these values are
dened by the point where 10%, 50%, and 90% of the particles
fall below the distribution curve respectively as shown in Fig. 7.
Likewise, zeta potential helped in estimating the physical
stability of the particles. It is the potential difference between
the dispersion medium and the layer of dispersed medium
attached to the particle that is dispersed. If the zeta potential is
high, the particles are more stable as compared to low zeta
d PAWFP corresponding to the cumulant diameter of 1.20 ± 0.13 and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Particle size characterization of the encapsulated powders KAWFP & PAWFPa

Sample Polydispersity index D10 (mm) D50 (mm) D90 (mm) Zeta potential

KAWFP 0.80 � 0.17a 0.80 � 0.08a 1.22 � 0.13a 1.86 � 0.2a −9.96 � 1.30a

PAWFP 1.09 � 0.62a 0.21 � 0.08a 1.10 � 0.20a 6.69 � 0.27b −8.44 � 0.49a

a Different superscripts indicate signicantly different values of mean (p < 0.05) in the same column.
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potential wherein the particles tend to aggregate due to the
present van der Waal forces. If the magnitude of zeta potential
(mV) lies between 0 to 5, it corresponds to matrix that has rapid
coagulation, 10 to 30 describes incipient instability, 30 to 40
stands for moderate, 40 to 60 for good and more than 61
describes excellent stability.42 The zeta potential obtained for
both the powders was approximately in the range of incipient
instability.

The size and sphericity of the encapsulated capsules are
affected by the ow rate, alginate concentration, size of the
needle, and crosslinking solutions.43 The average diameter was
found to be signicantly different (p < 0.05) wherein capsules by
acid whey crosslinking, AWF (0.180 ± 0.01 cm) was observed to
be the largest followed by KAWF (0.154± 0.01 cm), PAWF (0.145
Fig. 8 Scanning electron microscopy of encapsulated folic acid in kodo
proso acid whey matrix (PAWF) at magnification 5000× (C) and 15 000×

© 2023 The Author(s). Published by the Royal Society of Chemistry
± 0.02 cm) and CCF (0.135 ± 0.01 cm) respectively. In terms of
sphericity, PAWF (0.882 ± 0.12) was found to have the highest
sphericity as compared to CCF (0.755 ± 0.10), AWF (0.768 ±

0.14), and, KAWF (0.753 ± 0.13).

3.6 Surface morphology and elemental analysis

The surface morphology of the encapsulated powder samples
showed the formation of some wrinkled, spherical particles of
different sizes as shown in Fig. 8. The heterogeneity in different
sizes of the formed powder particles can be attributed to
different drying histories of the particles that occurs during the
spray drying process.44 The smaller particles appeared to adhere
to larger particles because of the hygroscopicity of the particles
that tends to bring particles in closer proximity and cause
acid whey matrix (KAWF) at magnification 5000× (A) & 150 00× (B) and
(D).
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coalescence. The morphology of the particles also depends on
the processing parameters such as inlet temperature, feed rate,
aspiration rate, the viscosity of the feed, nozzle type, etc. Studies
have found that by lowering the inlet temperature and outlet
humidity, the wrinkling effect can be reduced on the formed
particles which subsequently give higher owability.45 The Fig. 9
shows the SEM-EDS analysis of PAWF samples. The images
show the presence of minerals such as calcium, potassium,
phosphorous, nitrogen, and magnesium that are identied
when the characteristic x-rays are generated frommaterial when
an electron beam strikes the sample. These x-rays have discrete
energies, and the relative intensities of the mapped elements
can be compared through the formed spectra that correlate the
Fig. 9 Elemental analysis of PAWF capsules using electron dispersive
phosphorous (C), nitrogen (D) and magnesium (E). Part (F) shows the ove
capsule.

448 | Sustainable Food Technol., 2023, 1, 437–454
concentration of that element.46 The existence of these minerals
can be attributed to the millet-acid whey matrix that acts as the
cross-linking agent for the formation of these capsules sug-
gesting that they can be potentially used as a source of these
micronutrients.

3.7 Stability of folic acid capsules

3.7.1 pH. The pH analysis was conducted at different
temperatures and light/dark conditions. Since folates are sensi-
tive to heat, oxygen, and UV light, they tend to change into
inactive products under extreme conditions. Hence, to analyze
the stability of the food product, it is important to observe how
the product performs under different conditions in regard to pH.
X-ray spectroscopy for identification of calcium (A), potassium (B),
rlap of elements phosphorous, potassium, calcium and nitrogen on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 pH change of the encapsulated capsules kept in different crosslinking solutions for 48 hours under different temperatures (5 and 25 °C)
and light conditions (light & dark). Different letters on the bar graph indicate significant differences among the samples (p < 0.05).

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 2
:1

8:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The highest initial pH was observed for calcium chloride
(CCF) followed by proso-acid whey (PAWF), kodo acid whey
(KAWF) and nally acid whey (AWF) as shown in Fig. 10. Acid
whey cross-linking solution and capsules were observed to have
no pH change aer 48 hours indicating stability. Light condi-
tions did not signicantly impact the pH change, but the
temperature did inuence crosslinking solution including
calcium chloride, kodo acid whey and proso acid whey. Various
studies support that acid, alkali, and UV conditions affect the
degradation of folic acid wherein acidic conditions degrade
more than the alkali conditions. It has also been reported that
storage of folic acid should be stored in a container that has
minimum penetration of UV light.47,48

3.7.2 Mechanical stability. The mechanical stability of
capsules explains their ability to withstand the shear forces and
changes in the environment. In a similar experiment conducted
by Bhujbal et al.,49 factors that inuence the mechanical
stability of alginate-based microencapsulated cells were
analyzed and it was observed that gelling time, gelling, and
storage solution were the main factors impacting the rmness
of the capsule.

According to the observed hardness value, as shown in
Fig. 11, the capsules made from calcium chloride (CCF) cross-
linking solution exerted the maximum force followed by proso-
acid whey-based capsule (PAWF). The acid whey based (AWF)
and kodo acid whey based (KAWF) capsules exerted similar
force. The steadiness of an alginate-based capsule depends on
the alginate type, concentration, and the type of cation involved
in gelling. Proso has a rich mineral prole with 0.23 g/100 g
calcium, 0.4 g/100 g phosphorous, 2.24 g/100 g potassium, 0.26
g/100 g magnesium, 25 mg kg−1 iron, 16.3 mg kg−1 copper and
© 2023 The Author(s). Published by the Royal Society of Chemistry
18.5 mg kg−1 zinc.50 These minerals can act as a source of
cations (Ca2+, Mg2+, Zn2+ etc.) that induce gelling. In addition,
these cations can also affect the ionic radii, thickness, tensile
strength, and moisture content of the resultant alginate lm.51
3.8 Functional properties of spray dried powder

Density of a food powder is an important parameter for the
determination of handling and storage conditions. It also affects
the owability and appearance of the powder. Density can be
categorized into absolute, bulk, and tap density. Absolute density
does not account for the open pores and voids present in the
powder while doing the volumemeasurement. However, the bulk
density considers the pore spaces in the volumemeasurement as
the material is made to conform to the irregular contour of the
container. Hence, using the values of absolute density and bulk
density, the porosity of a material can be determined. Likewise,
tap density also accounts for interparticle voids but tends to have
optimum packing of particles. For the spray dried powders,
a signicantly higher absolute density was observed indicating
that the material was porous as shown in the Table 4.

According to Carr's Index and Hausner ratio, both the
powders were in the range of excellent owability (Hausner ratio
1–1.11 & Carr Index < 10). Flowability can also be determined
using the angle of repose wherein if a powder gives a higher
value, the powder is then considered to be stickier and has
lower owability. Conversely, if the angle of repose is low, the
powder is considered to be free-owing. For both the powder
samples a lower angle of repose was observed as shown in the
table validating the owability of the powder. There was no
signicant difference observed in the hygroscopicity of both the
powders as shown in Table 4. Various factors impact the angle
Sustainable Food Technol., 2023, 1, 437–454 | 449
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Fig. 11 Hardness value of encapsulated capsulesmade from different crosslinking solutions. Different letters on the bar graph indicate significant
difference among the samples (p < 0.05).

Table 4 Functional characterization of spray dried encapsulated
powder including density, flowability and reconstitution propertiesa

Functional property KAWFP PAWFP

True density (kg m−3) 2370 � 16.3a 1583.33 � 30.9b

Tap density (kg m−3) 492.06 � 11.2a 366.30 � 12.9b

Bulk density (kg m−3) 468 � 10.2a 337.60 � 14.4b

Porosity 0.80 � 0.00a 0.70 � 0.01b

Carr index 4.60 � 0.10b 7.83 � 1.32a

Hausner ratio 1.05 � 0.00a 1.09 � 0.02a

Angle of repose (°) 23.03 � 0.91b 25.60 � 0.69a

Hygroscopicity 0.26 � 0.04a 0.27 � 0.02a

Brix (%) 11.80 � 0.0a 10.35 � 0.05b

Water solubility (%) 95.00 � 2.9a 92.00 � 2.2a

Dispersibility (%) 97.17 � 1.3a 98.59 � 1.75a

Viscosity (mPa s−1) 1.18 � 0.02a 1.22 � 0.04a

a Different superscripts indicate signicantly different values of the
mean (p < 0.05) in the same row.
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of repose and hygroscopicity of a spray dried powder specically
the inlet temperature of the spray dryer that further determines
the moisture content of the powder.52 If the inlet temperature is
too high, the lower amount of moisture content results in to the
powder that further increases the tendency of the powder to
gain moisture present in the air.53

A powdered drink mix should not take time for dissolving
and agglomerate when coming in contact with water. Hence-
forth, in terms of reconstitution properties, it was observed that
both the powders were highly soluble and dispersible in water.
Reconstitution properties determines the quality of a food
product and depends on the composition of the product,
particle size, charge, density, on processing conditions. For
example, the presence of hydrophilic components such as
sucrose increases the solubility and dissolution rate.54 Similarly,
when the treatment temperature is too high, the denaturation
450 | Sustainable Food Technol., 2023, 1, 437–454
of proteins decreases the solubility.55 Considering folic acid is
sparingly soluble under neutral pH water conditions, mixing in
millets and acid whey helped in its viability as a commercial
product that can be used as the folic acid source.

Similarly, rheological analysis helps in validating the pro-
cessing parameters and consequently in their improvement. It
factors in when the processing requires steps such as mixing,
dispensing, pumping, cleaning, etc. wherein it can determine
the volumetric ow rates, pump selection, heat transfer coeffi-
cients, etc.56 Viscosity explains a uid's resistance to ow that
impacts the ow and texture of a product.57 It has also been
found that it has a strong association with satiety. The viscosity
of the reconstituted samples was found to be similar to water (1
mPa s−1 at 20 °C) and fruit juices (1.53–300 mPa s−1).58 Hence,
according to the obtained data, Newtonian ow behavior was
observed wherein shear stress (s) was observed to be in direct
proportion to strain rate (s−1). Furthermore, there is a linear
relationship between viscosity and refractive index.59 The Brix
percentage corresponds to the sugar content in the product that
must be regulated for maintaining consistency. The refractive
index changes with concentration, temperature, and different
pressure conditions.60 In between the powders KAWFP and
PAWFP, there was a signicant difference (p < 0.5) obtained in
terms of the refractive index wherein kodo based formulation
had the higher value. The dissimilarity can be attributed to the
difference in the sugar prole in the millets and the extent of
absorption of millets in the acid whey.
3.9 In vitro digestibility of samples

The in vitro digestion analysis helps in the determination of the
amount of folic acid that will be absorbed in blood aer it goes
through the digestion process. The digestion process mainly
consists of the mouth, stomach, and intestine wherein a-
amylase, trypsin, pepsin and lipase are the major digestive
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Folic acid bioaccessibility during digestion phases from proso based encapsulated Powder (PAWFP) and capsule (PAWF) sample.
Different letters on the bar graph indicate significant difference among the samples (p < 0.05).
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enzymes acting on the folic acid. Proso based encapsulated
capsules (PAWF) and encapsulated powder were used for
analyzing the in vitro digestion. Pure proso millet contains
a signicant amount of vitamins such as niacin, B-complex
vitamin, and folic acid. The folic acid content corresponds to
85mg/100.61 The powder samples had a higher bioaccessibility%
as compared to the capsule, wherein 45.86% was observed for
PAWF and 64.99% was observed for PAWFP. It was observed that
in both cases, the salivary phase had maximum release followed
by the gastric and intestinal phase. The folic acid release from
the powder sample was found to be signicantly higher as
compared to the capsules (p < 0.05) as shown in Fig. 12.

Bioaccessibility describes the release of the ingested nutrient
from the food matrix that is available for absorption and is
dependent on the digestion phases. For natural food-based
folates, factors such as stability before ingestion, during
digestion, and the presence of other compounds that might
hinder the stability of the vitamin affect the absorption. The
absorption occurs when it is converted into monoglutamate by
the enzyme pteroylglutamate hydrolase. The presence of
organic acids can lead to inhibition of this enzyme. Similarly,
folate binding protein can also affect the bioaccessibility of the
vitamin based on the pH conditions wherein there is lower
binding affinity at pH 5–7.4.62

Various studies have conrmed that folic acid is highly
stability aer in vitro digestion. For example, Neves et al.,63

investigated the thermal and in vitro stability of folic acid in
bread, the results indicated that 100% folic acid is free for
absorption in the small intestine. Shi et al.,64 suggested that
folic acid affects the activity of the digestive enzyme a-amylase,
pepsin, and trypsin by formingmulti non-covalent bonds. It was
observed that there is a formation of a complex that consists of
folic acid and the enzyme that inhibits the activity of the enzyme
© 2023 The Author(s). Published by the Royal Society of Chemistry
wherein a-amylase activity is affected the most and trypsin
activity is affected the least.
4 Conclusion

With the prevalence of folate deciency specically among
women because of insufficient dietary intake, it is important to
develop food products that can act as a source. Fortied food as
compared to supplements can provide a large variety of macro-
micronutrients fullling the daily calorie need as well. The
products developed in the study were able to encapsulate the
daily required amount of folic acid as suggested by the National
Institute of Health (NIH) Office of Dietary Supplements.
However, the encapsulation efficiency for the development of
the process was found to be low. For improvement in encap-
sulation efficiency, while upscaling the spray drying process,
drying aids could be utilized. Adding millets to acid whey led to
a high yield percentage of the powder. According to Carr Index
and Hausner ratio values, the obtained powder was free owing
in nature. The high-water solubility and high dispersibility
percentage indicated improvement in the limited aqueous
solubility of folic acid that can help in commercial viability. The
encapsulated capsules were found to be shelf-stable at refrig-
erated temperature. Proso-acid whey crosslinking solution was
able to form the capsule with the highest hardness value. The in
vitro digestibility model also validated that powder mix and
alginate capsules were an efficient delivery system for folic acid.
Data availability

The data supporting the results of this study are available from
the corresponding author, Kiruba Krishnaswamy.
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