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Abstract

Stevia rebaudiana leaves and extracts need to be promptly dried after harvest to prevent
microbial activity and preserve their bioactive compounds, including glycosides, flavonoids,
and essential oils. Effective drying also reduces moisture and volume, which lowers
packaging, storage, and transportation costs. Therefore, innovative drying methods are
necessary to maintain stevia’s physicochemical, sensory, and nutritional properties for
functional food formulations. This review evaluates various drying technologies for stevia
leaves and extracts, including convective hot air, infrared, vacuum, microwave, freeze, and
shade drying, and their impacts on product quality and energy efficiency. It also explores
the growing applications of dried and extracted stevia in food products. By comparing
different drying methods and highlighting the benefits of stevia in these food formulations,
this investigation aims to identify future research directions and optimization strategies for
utilizing stevia as a natural sweetener and functional ingredient. Convective hot air drying
at higher temperatures was found to be the most energy-efficient, though several studies
have reported moderate degradation of key bioactive compounds such as stevioside and
rebaudioside A, particularly at elevated temperatures and extended drying times. Infrared
drying enhanced antimicrobial activity but resulted in lower levels of polyphenols and
antioxidants. Vacuum drying effectively preserved anti-inflammatory compounds like
flavonoids. Microwave drying presented strong protection of antioxidant activity and
superior particle morphology. Freeze drying, while less energy-efficient, was the most
effective at retaining antioxidants, polyphenols, and volatile compounds. Shade drying,
though time-consuming, maintained high levels of polyphenols, flavonoids, and essential
oils. Advanced techniques like spray drying and electrospraying have been reported
to enhance the sensory qualities and stability of stevia extracts, making them ideal for
food applications such as dairy and baked products, confectionery, syrups, snacks, jams,
preserves, and meat products. Overall, stevia not only serves as a natural, zero-calorie
sweetener but also contributes to improved health benefits and product quality in these
diverse food formulations.

Keywords: Stevia rebaudiana Bertoni; drying methods; food quality; low-calorie sweetener;
dietary foods; spray drying
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1. Introduction

Nowadays, a high percentage of people across the world are facing the problem of
diabetes due to changes in lifestyle and genetic predisposition. According to the World
Health Organization (WHO), approximately 830 million adults—around 14% of the global
adult population—were living with diabetes in 2022, and more than half were not receiving
appropriate treatment [1]. Similarly, the International Diabetes Federation (IDF) estimated
that 529 million adults aged 20-79 years (11.2%) had diabetes in 2021, a number projected
to rise to 643 million by 2030 and 783 million by 2045 [2]. High consumption of added
sugars and excess caloric intake are key dietary factors contributing to the development of
type 2 diabetes. Although both nutritive and non-nutritive sweeteners are widely used to
reduce sugar intake, their long-term metabolic effects remain a topic of ongoing scientific
debate. Sweeteners can be broadly categorized into natural and artificial sweeteners. Cane
sugar is a natural sweetener with high calories, which is commonly used, while artificial
sweeteners such as aspartame and saccharin offer low-calorie options. However, both
types have their drawbacks. Excessive consumption of natural sweeteners contributes to
obesity and diabetes, and the prolonged use of certain artificial sweeteners (e.g., aspartame
and acesulfame potassium) has been subject to public health debate, with some studies
suggesting potential associations with adverse effects, such as headaches, gastrointestinal
discomfort, or possible carcinogenicity. However, conclusive evidence from human studies
remains limited and inconsistent [3,4]. These concerns have led to growing interest in
natural, low-calorie sweeteners such as Stevia rebaudiana, presenting both sweetness and
potential health-promoting bioactive compounds.

S. rebaudiana (Bertoni), commonly known as sweet herb, sweet grass, candy leaf, sweet
leaf, sugar leaf, or S. rebaudianum, is an example of a natural sweetener. It is a dicotyle-
donous plant (a plant with two seed leaves) belonging to the Compositae (Asteraceae)
family. Native to South America, particularly Paraguay, Brazil, and Argentina, stevia
was first utilized by the indigenous Guarani people. Stevia’s sweetness, 300 times higher
than sugar, is due to the high content of Steviol glycosides in the leaves. It is calorie- and
carbohydrate-free, posing no risk of sudden spikes in blood sugar levels [5-7]. Incorporat-
ing this ingredient into various food products could help to overcome the aforementioned
health problems caused by the consumption of high-calorie natural sweeteners and artifi-
cial sweeteners.

Stevia leaves are commonly consumed in different forms, such as fresh, dried, or
crushed, as well as through the extraction of their sweet components. However, steviol
glycosides are not suitable for certain food applications that involve heating, such as
baking, sterilization, and frying, or for applications requiring controlled release of the sweet
taste (Figure 1). This is because hydrolysis of part of the molecule can occur, leading to
a loss of sweetness. To address this limitation, microencapsulation is often employed for
sweeteners to provide protection against high temperatures, enhance fluidity, and prolong
the sweetness sensation by controlling release [8-10]. The microencapsulation process
typically involves preparing an emulsion or dispersion containing the encapsulating agent
and the core material (sweetener), which is then dried.
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Figure 1. Schematic illustration of stevia leaf extracts in food applications.

Different drying techniques (e.g., solar drying, shade drying, far-infrared (IR) radia-
tion, medium- and short-wave IR drying, hot air (convective) drying, microwave drying,
vacuum oven drying, spray drying, and freeze drying) are commonly used for the microen-
capsulation of stevia leaves and extracts (Figure 2). These methods are applied to enhance
the stability of stevia powder under various environmental conditions, mask off-flavors,
and control the release of encapsulated stevia under pre-determined conditions by reducing
hygroscopicity and reactivity [11]. The selected drying conditions affect the quality of the
stevia powder [12]. Therefore, this review critically compares drying methods for Stevia
rebaudiana in terms of their effects on bioactive compound retention, drying efficiency, and
suitability for various food applications.
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Figure 2. Set of technologies for drying stevia leaves and extracts.

2. Bioactive Compounds of Stevia rebaudiana

S. rebaudiana is known for its sweet-tasting compounds, primarily steviol glycosides,
which are the bioactives responsible for its sweetness. The main steviol glycosides in
S. rebaudiana are stevioside (4-13%) and rebaudioside A (2-4%). In addition, several
minor glycosides such as Rebaudioside B, Rebaudioside C, Rebaudioside D, Rebaudioside
E, Rebaudioside F, dulcoside A, steviolmonoside, steviolbioside, and Rubusoside are
present in smaller quantities [8,13]. The concentration of steviol glycosides is influenced
by different factors such as cultivar, farming methods, and environmental conditions [14].
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These glycosides have distinct sensorial and physicochemical properties. For instance,
Rebaudioside A, which contains an additional glucose unit compared to stevioside, is
considered superior in terms of sweetness and taste quality, while pure stevioside often
has a noticeable bitter aftertaste. The natural ratio of stevioside to rebaudioside A in
S. rebaudiana leaves is typically around 2, leading to the characteristic bitter aftertaste
associated with extracts containing stevioside [8,13,14].

In addition to glycosides, stevia is abundant in ascorbic acid, 3-carotene, amino acids
(excluding tryptophan), and various minerals such as chromium, cobalt, magnesium,
iron, potassium, phosphorus, riboflavin, thiamin, tin, and zinc [15]. Stevia leaves are
also known for their richness in phenolic compounds, including vanillic acid 4-HAI-
B-D-glucopyranoside, protocatechuic acid, caffeoylquinic acids, dicaffeoylquinic acids,
chlorogenic acid, and cryptochlorogenic acid [16] and flavonoids such as apigenin-4-O-f3-
D-glycoside, kaempferol-3-O-rhamnoside, quercetin-3-O-3-D-arabinoside, quercetin-3-O-
glucoside, and quercetin-3-O-rutinoside [17]. Furthermore, the leaves are a valuable source
of carbohydrates, protein, fiber, and antioxidant compounds [14,18].

3. Health Benefits and Safety Considerations of Stevia Products

Stevia leaves, which have been used for centuries as a traditional medicine in South
America, are increasingly studied for their health benefits [19]. According to JECFA [20],
the acceptable daily intake (ADI) of steviol glycosides is 0-4 mg/kg body weight per day.
This natural sweetener contains various bioactive compounds that offer a wide array of
health benefits. In a recent study, Morissette et al. [21] investigated the effects of chronic
administration of two components of S. rebaudiana (rebaudioside A and rebaudioside D)
on reducing adiposity and hepatic lipid accumulation in an animal model. Another study
found that the cookies enriched with stevia powder and extracts led to a reduction in blood
glucose levels (4.54% to 7.0%) and an increase in insulin levels (4.27% to 6.13%) compared
to the control group [22]. Skeletal muscle plays a crucial role as the primary consumer
of insulin-stimulated glucose in the body. However, in type 2 diabetes mellitus, insulin
resistance can result in muscle damage. Han et al. [23] reported that the administration
of stevia extracts reduced insulin resistance by regulating mitochondrial function and
oxidative stress in skeletal muscle.

Several studies have evaluated the anti-inflammatory effects of stevia leaves and
extracts [24-26]. Farid et al. [27] found a reduction in interleukin (IL)-10, a key anti-
inflammatory cytokine, levels by 1.49-fold using 40.5 mg/mL of stevia extract. Although
some studies suggest that stevia extracts may modulate cytokine activity, including IL-
10, the biological significance of reduced IL-10 levels remains unclear, as this cytokine
is typically associated with anti-inflammatory responses. Further research is warranted
to clarify the implications of these effects for inflammation control, tissue repair, and
autoimmune regulation [28].

Extensive research has been conducted on the antioxidant activity, antibacterial capa-
bilities against a wide range of foodborne pathogens (such as Escherichia coli, Salmonella
typhimurium, Pseudomonas aeruginosa, Staphylococcus aureus, and Listeria monocytogenes), and
anticancer properties of stevia leaves and extracts [19,29-36]. Stevia’s antioxidant activity
has been reported to mitigate the spread of free radicals, including superoxides, which
are known to cause DNA damage [37]. These antioxidant properties can also inhibit cell
damage, potentially reducing the risk of developing carcinogenesis and tumors. Chakma
et al. [38] explored the impact of different stevia extraction methods on antioxidant and
antibacterial properties and found that the most effective extraction method was using 80%
aqueous ethanolic extracts as a solvent, yielding the highest activity. The synthesized stevia
nanoparticles exhibited notable characteristics, which exhibited the highest antioxidant
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activity (~75 mg gallic acid equivalent (GAE)/g extract) when chloroform/methanol (2:1
v/v) was used as a solvent. Furthermore, these nanoparticles demonstrated significant
antibacterial activity against foodborne pathogens such as E. coli and S. aureus, as well as
superior anticancer activity against the lung cancer cell line of A549 [39].

4. Drying Technologies of Stevia rebaudiana Leaves

Drying is a widely utilized method for preserving plant materials worldwide [40]. This
process enhances food stability and extends shelf life by significantly reducing water content
and inhibiting microbial growth as well as preventing certain physical and biochemical
reactions that could degrade product quality. Moreover, drying leads to a considerable
reduction in weight and volume, thereby reducing packaging, storage, and transportation
costs [14,16,41-43]. Although low drying temperatures (30 °C to 50 °C) are recommended
for drying of medicinal plants, drying at such temperatures significantly prolongs the
processing time and consequently reduces the capacity of the drying instrument. Selecting
the appropriate drying method is essential to preserve the characteristics of food and
minimize any nutritional and physicochemical changes [4,40].

Similar to other plant materials such as medicinal herbs and aromatic plants, drying is a
critical post-harvest handling process for freshly harvested stevia leaves. The high moisture
content of fresh stevia leaves, around 80%, makes them susceptible to oxidative blackening,
resulting in the degradation of bioactive compounds and storage challenges. The drying
process reduces the moisture content, enhancing storage stability by inhibiting microbial
growth, and maintaining stable quality [16,44]. Furthermore, reducing the moisture content
decreases the volume requirements for packaging and storage space, thereby lowering
transportation costs.

The selection of a drying method is influenced by various factors, including the plant
species, the moisture content of the leaves, and the nature of the active compounds (such
as steviol or antioxidants), which can be affected by the drying temperature. However,
the costs associated with the drying method should also be considered [14]. The effect of
different drying methods on the physicochemical, sensory, and nutritional properties of
stevia leaves and extracts is discussed below (Table 1).

Table 1. An overview of drying methods, equipment, conditions, and key findings for stevia
(S. rebaudiana).

Equipment Industrial
Drying Method Specifications Applicability Drying Conditions Findings Ref.
(Processing Scale) (Industrial Use Cases)
- 210 min for natural . .
convection and 300 min - Indirect drylr}g
for forced convection offered benefits
Direct drying Natural convection hke.moc}erate
(cabinet-type dryer) Small- to medium-scale drying: 42 °C and 44 °C drying times,
and indirect drying applications in with a maximum value of bette%‘ FOHtrOl of
Solar drying (tunnel-type) assisted  solar-rich regions 53°C conditions, and [7]

by flat plate solar
collectors (Mostly
batch)

(Herbal teas, rural
medicinal herb drying)

Forced convective drying:
36 °C and 40 °C with a
maximum value of 45 °C
Initial moisture content
(MC): ~80%, Final MC:
not reported

improved
protection from
temperature effects
compared to direct
drying.
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Table 1. Cont.
Equipment Industrial
Drying Method Specifications Applicability Drying Conditions Findings Ref.
(Processing Scale) (Industrial Use Cases)
MFSCD (Efficiently
A developed solar drle.s herba}l le.aves, The MFSCD
dryer of mixed mode retains ant19x1dants - 870 min for open sun achieved an overall
forced convection and flavor, ideal for drying and 330 min dryer efficiency of
type (MFSCD, small herbal processing for forced convection 33.5% and an
pilot/batch scale but enterprises in sunny - Air entering average exergy
easily scalable to reglons with limited temperature to the efficiency of 59.1%.
small-medium grid 'ac.cess), OsD . chamber was Solar-dried [12]
industrial), and open (tradltlonal.l y used in between 42.1 °C and samples had higher
sun drying (OSD, ru:ta.l or .alrtlsanalt but 62'-5_ °C. antioxidant and
simple trays/mats Settngs; low-cost but - Initial MC: ~80%, flavonoid content
laid outdoors under slow and .lower quality Final MC: 5.03%, and better color
direct sun; strictly preservation, less . Sample load: 100 g preservation
batch, informal scale) suitable for commeraal compared to OSD
food and nutraceutical samples.
production)
Solar air collector:
(Area: 2.5 m? (2.5 m
length x 1 m width),
Material: Black
galvanized sheet iron
absorber, ordinary
glass cover,
Inclination: 30°, )
. Single circulation, The effective
Solar drying glazed; Centrifugal moisture
fan: (Flow rate: diffusivity of stevia
0.084 m3/s leaves ranged from
(adjustable 0.0296 to 507 x 107! to
0.0889 m®/s), Power: 3.14 x 10710 m?/s,
0.1kW, 220V, increasing with
Theoretical air - Small-scale higher drying
velocity: 1.7 m/s); industrial drying temperatures and
Ventilation duct: (used in stevia, Air temperatures: 50, air flow
(Power: 0.1 kW, herbal, and spice 60, 70, and 80 °C, Higher drying
Includes a double T processing; Air flow rates: 150 temperatures [44]
for partial or total air off-grid or and 300 m®/h (80 °C) and air flow
recirculation); eco-friendly led to quality
Thermo regulator: setups). degraFlation,
(Temperature range: reducing
0-99 °C, Connected chlorophyll, total

to PT100 platinum
probe and 4 kW
resistive heaters);
Drying chamber:
(Dimensions: 1.40 m
(height) x 0.90 m
(length) x 0.50 m
(width), Includes

10 racks, uniform hot
air distribution)
(Pilot/batch,
expandable to small
industrial)

phenolic, and
flavonoid content,
and causing
microstructural
deformation.
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Table 1. Cont.
Equipment Industrial
Drying Method Specifications Applicability Drying Conditions Findings Ref.
(Processing Scale) (Industrial Use Cases)
Drying temperatures:
45°C,50°C, 55 °C, Far-IR drying
60 °C, and 65 °C technology
Batch-scale Irradiation height: enhanced the
phytoproduct drying 60 mm, 120 mm, formation of
drvi (used in drying of 180 mm, 240 mm, micropores on both
Far-IR radiation Far-.I R drying h herbs, tea leaves, and and 300 mm the surface and [45]
equipment (Batch) plant-based ingredients Initial MC: 77.55%, within the
with structural Final MC: 10%, materials, leading
sensitivity) Drying time: to improved
75-285 min, Sample quality of the dried
load: 40 g on each stevia.
tray (30 cm x 30 cm)
Dryer with both )
medium-wave IR Medium-and
(MIR) and short-wave IR
short-wave IR (SIR) Batch-scale Sample th.ickness: dry%ng rgduced
emission lamps, MIR thermal drying 3 cm, Drying drying time by
lamps: Three (used in temperatures: 40, 50, 15.38% and better
medium-wave IR . 60,70, and 80 °C, preserved steviol
processing of Radiation dist . | id d
lamps (24 pm), heat-sensitive adiation distance: glycosides and
radiation power of lant materials 10 cm (for uniform chlorogenic acids
; p ’ heating), Radiation than other
Medium-and 450 W, 225 W, and teas, and g), [16]
short-wave IR drying 225 W, SIR lamps: nutraceutical power: 450, 225, and methods‘,
Three SIR lamps powders with 225W MIR drying at
(0.75-2 pm), improved Initial MC: 35%, 40%, 60 °C was the most
radiation power of efficiency and 45%, and 50%, Final suitable, offering
450 W, 450 W, and compound MC: 10%, Drying the best balance of
225 W, Thermal reservation) time: 6 h, Sample drying time,
. ° P load: 400 ener
sensor: £0.1 °C : & 8y
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Table 1. Cont.
Equipment Industrial
Drying Method Specifications Applicability Drying Conditions Findings Ref.
(Processing Scale) (Industrial Use Cases)
- IR-assisted

continuous
belt conveyor
dryer with four
floors. Hybrid
heating system
combining
solar and gas
water heaters.
Water pump to
deliver water
to the
gas-liquid heat
exchanger Higher inlet air
(tube-fin type). temperatures and
Centrifugal Continuous- Inlet air IR lamp power
blower for scale hybrid temperatures: 30 °C, significantly
ambient air drvin }Zuse din 40 °C, and 50 °C. shortened stevia
intake. auzr,orr%a ted Inlet air velocities: leaf drying times.
Invert(.er (LS, drying of herbs, 7m/s,8 m/s, and The ANN model

IR-assisted SV040iG5-4, leafv b . 9m/s was the most

eafy botanicals, . .

continuous hybrid Anyang, and food IR lamp input precise for [5]

solar dryer Ko.rea). for ‘ powders; powers: 0 W, 150 W, pref:hctmg .
adjusting air cuitable flor and 3100 VCV , zn(;lsture rat)lo
velocity. .. Initial MC: 77.63%, R%=0.9995),
Temperature 'enctlergy—.e f1f1c1ent Final MC: 9.46%, indicating strong
and relative mn “s“?a Drying time: 10 h, accuracy over
humidity processing) Sample load: 30 g ANFIS and
sensors mathematical
(Aosong, models.
AM?2301/DHT?21,
Guangzhou,
China). Digital
anemometer
(Lutron Model
YK-80AM,

Taipei, Taiwan)
to measure air
velocity. IR
lamps (250 W)
power placed
above the
conveyor belts
(Continuous)
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Table 1. Cont.
Equipment Industrial
Drying Method Specifications Applicability Drying Conditions Findings Ref.
(Processing Scale) (Industrial Use Cases)
- Drying
chamber:
Transparent
plastic
chamber with
a perforated
tray (0.35 m?).
Motor-
centrifugal fan: Air circulates
1/20 hp motor, longitudinally
centrifugal fan through the upper
with a and lower parts of The highest drying
maximum the drying tray. rate of 0.05 kg
airflow of The air is heated by water/kg dry
570 m3 /h. - Batch-scale the resistances and matter min was
Heating convective then enters the achieved at 65 °C
system: Three drying (used in drying chamber. and 4 m/s air
finned drying of herbs, Temperature (45 °C, velocity.
resistances tea leaves, and 55 °C, and 65 °C) and The Page model
(1.5 kW each, plant-derived air velocity (2, 3, and accurately fitted [40]
totaling ingredients; 4 m/s) are controlled the drying data
4.5 kW). widely adopted and monitored (RZ > 0.9994), with
- Temperature in food and during the drying temperature and
control: PID herbal process. air velocity
(Proportional— industries) Initial MC: increasing AE (total
Integral- 81.58-83.40%, Final color difference)
Derivative) MC: 6.71-8.46%, and glucoside
. . controller with Drying time: 240, 330, values.
(Copvectlve) hot air PT 1000 anc}:ll 4§0 °C, Sample
drying thermocouple load: 20 g on each
to regulate perforated tray
temperature.
Air velocity
control:
Variable
current
transformer for
fan speed
regulation
(Batch)
The ANFIS model
(R? = 0.9998)
provided a more
accurate prediction
_ _ of drying kinetics
?;tﬁ]};:tcizlee At 30—80.°C, 1m/s for stevia leaves
drying (used in air velocity, and 16% than ANN and
- Lab-scale 440 V ) ymng humidity, with mathematical
. aboratory-scale .
convective dehvdrati P weight checked every models.
dryer with ehydration 10 min until stable. Higher dryin,

A herbs, leaves, - Gher arying
temperature and botanical Initial MC: 80.66%, temperatures [6]
control and owders for Final MC: <10%, reduced water
blower fan p lit Drying time: activity, ascorbic
(Batch) q“i‘ir‘niyzaﬁ and 60-530 min, Sample acid, and

r(fo del o load: 1200 g on each ant.iox'idant lgvels,
development) tray while increasing

water solubility,
hygroscopicity,
particle density,
and flowability of
the dried stevia
powder.
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Table 1. Cont.
Equipment Industrial
Drying Method Specifications Applicabilit Drying Conditions Findings Ref.
rying P PP y rying 8
(Processing Scale) (Industrial Use Cases)
- Temperature: 30, 40,
- Adrying 50, 60,70, and 80 °C, Vitamin C content
chamber is . Batch-scale Constant air velocity: in stevia leaves
connected to i 2~Q m/ N ) decreased with
an Interface ;(;nymec (ll‘ise din - Initial sample w.elght: increasing drying
System (Ohaus re}zicisfon drvin 80 g, Loadzdensrcy: temperature.
. ) RS232, Pf botani 1y & 2.08 kg/m?, Phenolics and
(Convective) hot air Parsippany, NJ, 0 otlanlfca Refrigerated storage flavonoids [17]
drying USA), which zzﬁp :ssiti(())rnal at5.2 °C before increased below
links the B AN drying 50 °C, while
analytical censitivit - Initial MC: 76.64%, sweeteners rose to
balance to a anal sis)y Fma} MC: 4.5-7.7%, 50 °C with no
computer y Drying time: 570, 480, significant increase
(Batch) 270, 180, 120, and above it.
60 min, Sample load:
80g
- Microwave Power Microwave drying
Levels: 180, 300, 450, at720 W preserved
720, and 900 W, the maximum
- Batch-scale Sample Size: 25 g of stevioside,
) dielectric drying stevia leaves per trial, rebaudloslc.le A.,
A domestic (used in rapid Final moisture and ascorbic acid
microwave oven (IFB drying of small content target: content in stevia
Industries, 900 W, botanical 0.1 g/g (dry basis); leaves. .
Microwave drying 2450 MHz) with a samples; suitable Weighing interval: At900 W, stevia [46]
rotating 30 cm glass for Defined time gaps samples achieved
plate (Ba.tch-scale and high-throughput with completion in peak total phenol
lab- or pilot-level lab screening of under 10’ s content and
application) thermosensitive - Initial MC: 80.66%, antioxidant
compounds) Final MC: <10%, capacity, with
Drying time: gffectivg diffusivity
2.5-15 min, Sample mcreasing
load: g alongside power
levels.
Freeze dryer - —40 °C for 30 min in Frg?ze—dr.isld ’
(FDU-830, Tokyo Batch-scale freeze a circulation bat, re ?plers1 . teh
Rikakikai Co., Ltd., drying (used in ~5Pafor24h farhlcl es ‘;’1
Tokyo, Japan), a preservation of with/without rtebii ose torm
laboratory device sensitive emulsions trehalose to stabe, inal
which requires and bioactive-rich Ivophilize gastromtestme';l § [47]
precise temperature botanicals for Iiigoemulsions SOhLbﬁe erfrllulsmns,
control to prevent nutraceutical and containing enla ing flavanone
degradation of pharmaceutical transelyvcosvlated release via
o . - glycosy. stevia-G-based
. sensitive freeze-dried  applications) stevia (stevia-G) -
Freeze drying materials (Batch) submlFron
emulsions.
Batch-scale freeze
drying (used in
food-grade Freeze-dried stevia
Laboratory freeze preservation of ° absorbed more
d 3’ L Cha moisture-sensitive - 24h,-50°C,and water vapor
ryer model Christ ingredients; applicable 0.1 mbar, after being compared to the [31]

ALPHA 1-2 LD plus
(Batch)

to powders for
functional foods,
nutraceutical blends,
and encapsulated
bioactives)

frozen overnight

other treatment
(gamma
irradiation).
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Table 1. Cont.
Equipment Industrial
Drying Method Specifications Applicability Drying Conditions Findings Ref.
(Processing Scale) (Industrial Use Cases)
The encapsulation
efficiency reached
84.37%, with
Batch-scale freeze optimal sweetness
drying (used in mi- . release achieved at
][Sjllgl?l;gﬁ/\e]?gl((i]ﬁ‘(/)\; cro/nanoencapsulation Freezing at —56 °C 5% sweetener and
Hertfordshire ! of bioactive ingredients; for 6 h{ o 5% wall material
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intestinal fluids.

4.1. Solar Drying

Drying stevia plants and leaves is commonly accomplished by exposing them to direct
sunlight. Solar dryers are more energy-efficient compared to other industrial dryers because
they use available solar energy. This drying method offers additional advantages, including
space efficiency, higher product quality, environmental friendliness, and reduced CO,
emissions [44,53,54]. However, this approach has some drawbacks, including inadequate
drying, susceptibility to rain damage, and vulnerability to pests, affecting the final product’s
quality, leading to color changes and the loss of valuable nutrients [19,53].

To dry stevia effectively, branches should be exposed to sunlight for 4-6 h and har-
vested when they reach 10-12% humidity [7]. During open-sun drying, branches and
leaves are spread out without overlapping on surfaces such as cloth or plastic. If not fully
dried by sunset, they are stored indoors, and the process is repeated daily until leaves are
completely dry, then separated from stems. Stevia leaves can achieve a humidity reduction
from 80% to 10% within 9 to 10 h under low humidity and thin layering conditions. In
solar drying, heat is transferred primarily through convection and radiation, and mass
transfer occurs via diffusion of water vapor to the surface. However, the relatively low
and fluctuating temperatures can lead to incomplete drying or uneven internal moisture
gradients. These conditions may cause surface hardening (case hardening), which inhibits
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further moisture escape and promotes oxidative degradation of thermolabile compounds
like steviol glycosides and polyphenols [44]. However, if the leaves are not dried quickly
after cutting, their quality deteriorates due to oxidation, with up to a third of the stevioside
content being lost after three days of exposure [12].

Solar drying technologies vary widely, with common types including direct cabinet
dryers, indirect dryers often using solar air heaters, and mixed dryers that combine direct
and indirect methods. Several studies evaluated the feasibility of using this method to dry
stevia plants and leaves. For instance, Castillo-Téllez et al. [7] studied the characteristics of
dehydrated stevia leaves using various solar drying technologies. They compared direct
drying (cabinet type) with natural and forced convection to indirect drying, with air heated
by a solar water heating system. Both methods were found to be technically feasible for
drying stevia leaves. Indirect solar drying offered benefits such as moderate drying times,
better control over operating conditions, and enhanced protection against temperature
effects than direct solar radiation exposure. Drying kinetics were similar for both methods,
with equilibrium achieved between 240 and 270 min. Temperature was found to be the
most significant factor affecting color degradation. Using a shadow-mesh cover in the direct
solar dryer improved leaf quality and reduced discoloration. The Weibull and Two-term
exponential models were identified as the best fit for the experimental results of direct solar
drying, while the Weibull model was optimal for indirect solar drying [7,55].

Another study compared the drying of stevia leaves using a newly developed mixed-
mode forced convection solar dryer (MFSCD) and open sun drying (OSD) [12]. The MFSCD
achieved a final equilibrium moisture content of 0.053 d.b. in 330 min, whereas the OSD
method required 870 min to reach the same moisture content level. The MFSCD achieved
an overall dryer efficiency of 33.5% and an average exergy efficiency of 59.1%. Solar-
dried samples had higher antioxidant and flavonoid content and better color preservation
compared to OSD samples. Sensory analysis showed that solar-dried stevia leaves received
higher flavor, aroma, and taste scores than OSD samples. Sensory analysis, conducted
with 15 untrained panelists using a balanced 9-point hedonic scale, showed that solar-
dried stevia leaves received significantly higher scores for flavor, taste, texture, and overall
acceptance [12].

Hidar et al. [44] investigated the effects of solar convective drying on the kinetics and
quality of stevia leaves from Morocco. Drying was conducted at different temperatures (50,
60, 70, and 80 °C) and air flows (300 and 150 m3/ h). Effective moisture diffusivity ranged
from 5.07 x 10711 t0 3.14 x 10~1° m?2 /s, with an activation energy of 37.81 k] /mol. They
observed an increase in the effective moisture diffusivity at higher drying temperatures
and airflows. While the study demonstrated the technical feasibility of solar drying for
stevia, it also highlighted that those drying conditions, particularly temperature and airflow,
significantly impact the quality of the leaves. Higher temperatures and airflows decreased
chlorophyll, total phenolic, and flavonoid content. Microstructural deformations occurred
athigh temperatures (e.g., 80 °C) and air flows due to rapid water diffusion and evaporation.
The drying kinetics of stevia leaves using a convective dryer at different air velocities (2,
3, and 4 m/s) and temperatures (45 °C, 55 °C, and 65 °C) was recently studied [43]. The
highest drying rate was achieved at 65 °C and an air velocity of 4 m/s, with a rate of
0.05 kg water/kg (dry matter min). The experimental data were fitted to the Page model,
which showed a good fit (correlation coefficients (R?) > 0.9994). Equations were derived
to correlate the model’s variables with air velocity and temperature. The results indicated
that total color difference (AE) and glucoside values increased with higher temperatures
and air velocities [43].
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4.2. Infrared Drying

Infrared (IR) drying is a technique that employs IR radiation to extract moisture
from a variety of materials. Unlike conventional methods that depend on convection or
conduction, IR drying directly heats the material, leading to quicker and more effective
drying [16,45]. IR drying methods utilize specific wavelengths of IR radiation. These
include near-IR drying, medium- and short-wave IR drying (MSWID), and far-IR drying
with wavelengths ranging from 0.7 to 1.5, 1.5 to 3.0, and 3.0 to 1000 pm, respectively.

Several studies have assessed the impact of this method on drying stevia leaves. For
instance, far-IR drying was used to dry stevia leaves, exploring drying rate, kinetics, gly-
coside content, and surface structure at different temperatures (45-65 °C) and irradiation
heights (60-300 mm). It was found that far-IR drying minimized color changes and enzy-
matic browning more effectively than natural air drying (Figure 3), while its color impact
was comparable to hot air drying [45]. They also displayed that far-IR drying resulted in
more micropores and minimal shrinkage due to rapid heating and synchronized heat and
water migration, preserving the structural integrity of S. rebaudiana leaves. In contrast, hot
air drying caused severe shrinkage and quality degradation, including discoloration due to
chlorophyll loss, reduced steviol glycoside content, and diminished antioxidant activity
(Figure 3). Moisture rate decreased and drying rate increased significantly with higher
temperatures and lower irradiation heights. The Weibull model fit well (R? > 0.99), with es-
timated water diffusion coefficient D, ranging from 0.8418 x 10~% t0 2.9453 x 10~* m?/s,
and effective diffusion coefficient D¢ ranging from 0.8359 x 107° t0 3.6291 x 107% m?/s.
The activation energy was 28.79 k] /mol as per the Arrhenius equation. Increasing the
drying temperature from 45 °C to 55 °C increased the levels of stevioside and rebaudioside
A. Far-IR drying also increased the number of micropores on and within the material
surface, enhancing the quality of the dried product [45]. The micropore formation observed
during IR drying enhances moisture diffusion by increasing internal surface area and
reducing resistance to water transport. This rapid moisture removal helps prevent thermal
degradation of steviol glycosides and polyphenols, which are otherwise sensitive to pro-
longed heat exposure [45]. Bakhshipour et al. [5] investigated the impact of an IR-assisted
continuous-flow hybrid solar dryer on stevia leaves, varying inlet air temperatures (30 °C,
40 °C, and 50 °C), air inlet velocities (7, 8, 9 m/s), and IR lamp input powers (0 W, 150 W,
and 300 W). They found that both inlet air temperature and IR lamp input power signifi-
cantly affected drying time (p < 0.05). The study compared various models for predicting
moisture ratio during drying, including mathematical models, artificial neural network
(ANN) models, and Adaptive Neuro-Fuzzy System (ANFIS) models, with ANN being the
most accurate. Among the mathematical models, the Midilli model demonstrated the best
fit. They concluded that artificial intelligence models effectively predict the drying kinetics
of stevia leaves in this type of dryer.

Previous studies have explored the potential of MSWID for drying various fruits
and vegetables. These investigations found that the drying efficiency, which significantly
impacts product quality, depends on factors such as wavelength, applied temperature, ma-
terial absorption behavior, sample thickness, and the distance between the MSWID device
and the sample [56,57]. Ai et al. [16] recently compared the physicochemical properties of
stevia leaves dried using MSWID and other methods (e.g., hot air impingement drying, hot
air drying with temperature and humidity control, and shade and sun drying). MSWID
significantly reduced drying time by 15.38% and better preserved nutrients, particularly
steviol glycosides and chlorogenic acids, attributed to the formation of a distinct microp-
orous structure. Furthermore, medium-wave IR drying was superior to short-wave IR in
retaining steviol glycosides and color while improving drying efficiency. An observational
association between greenness and chlorogenic acid content was reported, although this
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relationship was not statistically validated in the original study. For optimal drying results,
medium-wave IR drying at 60 °C was recommended due to its highest comprehensive score
(0.723), considering factors such as drying time, energy consumption, and product quality.

10.6mm x500 SE(U) E(U) 100um

Figure 3. Photographic (A-D) and scanning electron microscopic (SEM; E-H) images of S. rebaudiana
leaves under different drying conditions: (A,E) Fresh samples. (B,F) Natural air drying. (C,G) Hot air
drying at 55 °C. (D,H) Far-IR drying at 55 °C. Adapted and reprinted from Huang et al. [45] with
permission from Elsevier.

4.3. (Convective) Hot Air Drying

Convective hot air drying is a popular method for drying a wide range of agricultural
goods in field, industrial, and commercial settings due to its ease of use, low cost, and ability
to provide consistent and efficient drying rates across a wide temperature range. This
method extends shelf life and is beneficial in the development of processed foods. It is a
common postharvest technology for extending shelf life, preserving quality, and improving
stability by reducing moisture content. Proper management of the drying process can
lead to a higher yield of high-quality products. Monitoring control variables, such as
air-drying temperature, can minimize the undesirable effects of hot air drying and improve
the nutritional value of the food product [6,17,58,59]. Convective hot air drying relies on
external heat conduction and internal moisture diffusion. As temperature increases, water
vapor pressure gradients intensify, accelerating internal moisture migration. However,
elevated drying temperatures can collapse plant cell walls, disrupt microstructure, and
impair mass transfer. This structural collapse may hinder the release of intracellular steviol
glycosides and antioxidants or expose them to oxidative degradation, depending on the
balance between enhanced release and thermal breakdown [6,7,17,18].

In a recent study by Kalsi et al. [6], the drying of stevia leaves was investigated using
a lab-scale convective hot-air dryer with temperatures ranging from 30 to 80 °C. To better
understand the drying kinetics, the drying behavior and the development of predictive
models were analyzed using mathematical, ANNs, and ANFIS approaches. The physico-
chemical properties of the dried leaf powders were also analyzed after drying. The results
showed that the ANFIS model, with an R? of 0.9998, provided a more accurate prediction
of the drying kinetics compared to the mathematical and ANN models. The convective
drying process significantly impacted the color properties of the dried leaves, including L*,
a*, b*, hue angle, and chroma values. Furthermore, increasing the drying temperature from
30 to 80 °C led to a 50.90% decrease in water activity (aw), a 10.10% decrease in tapped
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density, and a 23.26% increase in water solubility index. The hygroscopicity increased
by 32.93%, particle density by 54%, and bulk porosity by 10.59% in dried leaf powders.
Ascorbic acid and antioxidant activity decreased with increasing temperatures, while total
phenolic content (TPC) increased up to 50 °C. The bulk density of the dried samples re-
mained largely unchanged with increasing temperature, while the flowability of the stevia
powder improved.

In a study by Lemus-Mondaca et al. [17], the impact of different temperatures (30,
40, 50, 60, 70, and 80 °C) at a constant air velocity (2.0 m/s) on stevia leaves” bioactive
compounds, antioxidant capacity, sweetness, and mineral content was investigated. The
study found that vitamin C content decreased proportionally with drying temperature.
Phenolics and flavonoids showed an increase when dried at temperatures below 50 °C. The
highest antioxidant activity was observed at 40 °C, with a stronger correlation with phenolic
and flavonoid contents. The study also determined the content of eight natural sweeteners
in stevia leaves and found an increase in seven of the sweeteners, excluding steviolbioside,
at drying temperatures up to 50 °C. However, the content increase of sweeteners was not
significant at temperatures between 60 and 80 °C.

4.4. Microwave Drying

In recent years, microwave drying has become increasingly popular due to its ability
to reduce drying time, ensure uniform energy dissipation, enhance energy recovery, and
improve final product quality. Microwaves, with frequencies ranging from 300 MHz to
300 GHz, cause polar particles in the material to rotate, generating friction and producing
thermal energy. This creates significant volumetric heat and a gradient of internal vapor
pressure, moving moisture from the core to the surface. The internal vapor pressure
gradient facilitates fast moisture transport without requiring high external temperatures,
thereby limiting the thermal degradation of heat-sensitive compounds like ascorbic acid
and rebaudioside A. Unlike traditional drying methods that transfer heat from the surface
to the core, which prolongs the drying process, microwave drying is more efficient and
faster, leading to better food product quality and lower energy consumption [46,60-62].

Kalsi et al. [46] investigated the impact of different microwave power levels (180 to
900 W) on the drying process of stevia leaves. The drying behavior was assessed using five
thin-layer models, and the semiempirical Page model demonstrated a strong fit with an R?
value exceeding 0.997. Increasing microwave power resulted in an increase in the effective
diffusivity from 3.834 x 10! to 1.997 x 10~1% m?/s. The specific energy consumption
initially increased to 9.77 MJ/kg at 320 W and then decreased. The moisture ratio during
microwave drying was predicted using a multilayer feed-forward (MLF)-based ANN. A
high R? value of 0.999 was achieved by the ANN model with 15 neurons in one hidden
layer, indicating the effectiveness of this model in predicting drying kinetics. Furthermore,
significant differences in color properties were observed between fresh and dried samples,
except for the hue angle, which remained consistent regardless of the microwave dryer’s
power output. At the 720 W power level, the highest stevioside (11.84 mg/g) and rebau-
dioside A (7.11 mg/g) contents were obtained, along with approximately 86% retention of
ascorbic acid. Additionally, microwave drying at 900 W resulted in the highest total phenol
content (56.98 mg GAE/g) and antioxidant capacity (74.22%) in the dried samples [46].

4.5. Vacuum Oven Drying

A vacuum oven is a specialized appliance designed to operate under reduced at-
mospheric pressure, typically below standard atmospheric pressure. This unique setting
enables gentler drying at lower temperatures compared to conventional ovens, a concept
supported by the principles of thermodynamics. Nurhad et al. [63] showed that under
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low absolute pressure (vacuum conditions), the evaporation of water vapor can occur at
lower temperatures compared to normal conditions. This reduction in pressure effectively
lowers the boiling point of liquids, which is advantageous for drying delicate materials or
substances prone to thermal degradation. Because the drying occurs below typical boiling
points, the risk of Maillard reactions and glycoside decomposition is minimized, preserving
bioactive integrity [46]. Vacuum drying has been shown to mitigate non-enzymatic brown-
ing, a process influenced by temperature [64]. Research indicates that vacuum dryers tend
to produce more amorphous forms compared to crystalline forms [63].

A few studies have examined the use of vacuum oven drying for stevia leaves and
extracts. These studies have investigated the potential of integrating vacuum drying while
adding a coating below the glass transition temperature of the stevia solution to improve
the drying efficiency. Fishi et al. [37] investigated the impact of different ratios (1:1, 1:2, and
1:3) of Arabic gum and maltodextrin on the physicochemical properties of vacuum-dried
stevia extract powder. Stevia leaves were extracted using the microwave-assisted extraction
method. The addition of maltodextrin increased the powder’s hygroscopicity and angle
of repose, while Arabic gum reduced both properties. Arabic gum was more effective
in preserving bioactive compounds, whereas higher levels of maltodextrin decreased the
bioactivity of the stevia extract powder after vacuum drying. The stevia extract powder
produced using a 1:1 ratio of Arabic gum to maltodextrin exhibited the lowest hygroscopic-
ity (1.40 x 10~* g H,O/g) and angle of repose (31.35 + 0.4°), as well as the highest total
phenolic activity (1.52%) and stevioside content (0.073%) [37].

4.6. Spray Drying

Among the various encapsulation methods, spray drying is a widely used, simple,
and cost-effective technology in both the food and pharmaceutical industries. This method
transforms liquids into powders through a three-step process: atomizing the liquid, drying
the resulting droplets, and recovering the powder [65]. The widespread use of spray drying
for microencapsulation can be attributed to the availability of spray-drying equipment,
low operational expenses, a wide variety of encapsulating agents, and the stability of
the final product [8,11]. The rapid moisture removal in spray drying, driven by a high
temperature gradient and fine droplet atomization, reduces thermal exposure time, thereby
limiting degradation of heat-sensitive compounds. Moreover, encapsulating agents form a
protective matrix that entraps bioactives within an amorphous structure, enhancing their
thermal stability and resistance to oxidative degradation [59].

Several studies have evaluated the feasibility of using spray drying to dry aqueous
extracts of stevia. Recently, Chaparro-Herndndez et al. [49] investigated the impact of
spray drying process variables, including inlet air temperature (160-180 °C) and flow rate
(2-3 kg/h), on the concentration of total polyphenolic compounds, total flavonoids, and
antioxidant activity of stevia aqueous extract. The application of spray drying reduced the
polyphenolic compounds and antioxidant activity in all process conditions. Compared to
the fresh aqueous extract, the lowest phenolic concentration (38.69%) and antioxidant activ-
ity (3.76%) were observed in the samples treated at 160 °C and a flow rate of 2 kg /h. They
also observed significant changes in the polyphenolic profile when spray drying was used
at 200 °C and a flow rate of 2 kg /h. Fourteen polyphenolic compounds including phenolic
acids, flavonols, flavones, dihydroflavones, and isoflavones detected in the aqueous extract
were reduced to one phenolic acid under those conditions. Using spray drying at a lower
temperature of 160 °C and a higher flow rate of 3 kg/h was found to have the least effect
on altering the phenolic compound profile [49].

In a study by Zorzenon et al. [51], the potential of microencapsulating a stevia fraction
in a maltodextrin matrix (DE 17-19) was explored using a spray-drying process to allow for
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higher dosages. The findings showed a microencapsulation efficiency of 84%. The micro-
capsules exhibited solubility three times higher than the non-encapsulated stevia fraction.
Moreover, the microcapsules displayed increased hygroscopicity and reduced moisture
content compared to the free stevia fraction. Chranioti et al. [8] studied the encapsulation of
steviol glycosides from stevia leaves using spray drying to reduce bitterness and improve
their sensory properties. They used a blend of maltodextrin and inulin (80:20 ratio) and
tested three steviol glycoside levels (1.5%, 2.5%, and 3.5%). The formulation with 2.5%
steviol glycosides in total solids had the most favorable sensory and quality characteristics,
making it the best option for enhancing steviol glycoside properties. Martono et al. [3] con-
ducted a study to clarify and encapsulate the water extract of stevia using a spray-drying
method. Acid-activated kaolin was used for clarification, which reduced the green pigment
by 95% and the yellow pigment by 65%. The stevioside and rebaudioside A contents were
found to be 0.83% and 2.25%, respectively. The final products had a moisture content of
9.8% and hygroscopicity of 12.91%. The organoleptic results showed a reduced sweetness
level in the encapsulated products.

5. Comparison of Drying Technologies for Stevia Leaves and Extracts
5.1. Stevia Leaves

Several studies have compared the effects of different drying techniques for encap-
sulating stevia leaves and extracts (Table 2). For instance, Lemus-Mondaca et al. [66]
evaluated the effects of different drying methods on stevia leaves, including convective
hot air, IR, and vacuum drying at 40, 60, and 80 °C. Microstructural analysis showed that
convective hot air drying best-preserved leaf characteristics. In terms of energy efficiency,
convective drying at 80 °C showed the lowest specific energy consumption (61.86 kWh/kg)
and highest efficiency (8.5%). The study signified that drying methods remarkably impact
the thermophysical properties and energy efficiency of dried stevia leaves, presenting
insights into optimizing drying processes [66,67]. Lemus-Mondaca et al. [19] investigated
the effects of seven drying methods (freeze drying, shade drying, sun drying, IR drying,
vacuum drying, microwave drying, and convective drying) on the quality of stevia leaves.
Polyphenols and antioxidant capacity increased in all dried samples, with freeze drying
and shade drying yielding the highest values, and IR drying the lowest. IR and convective
drying showed longer antimicrobial inhibition periods. The strongest anti-inflammatory ef-
fects were seen in vacuum- and microwave-dried samples. Furthermore, microwave-dried,
sun-dried, and shade-dried stevia were most effective against TPA-induced inflammation.
This study demonstrates how different drying methods affect the bioactive compound
content and activity in stevia leaves [19].

The effects of various drying methods (e.g., hot air drying at 100 °C and 180 °C, freeze
drying, and shade drying) on steviol glycosides (stevioside, dulcoside A, rebaudioside A,
and rebaudioside C) and antioxidants in stevia leaves were previously investigated [13].
Stevioside, the major glycoside in fresh leaves (81.2 mg/g), was significantly reduced
in all drying methods, with shade drying causing the least reduction. Hot air drying
at 180 °C was the most effective for enhancing the content of phenols, flavonoids, and
total antioxidants. The study concluded that the optimal drying method depends on the
intended use of stevia leaves and identified hot air drying at 180 °C as the best overall
choice [13]. The effects of freeze drying and gamma irradiation (1 kGy) on the moisture
sorption behavior and thermodynamic properties of stevia leaves under various storage
temperatures (30 °C, 40 °C, and 50 °C) have been recently studied by Hidar et al. [68].
Freeze-dried leaves exhibited higher moisture sorption capacity and surface area due to
their porous structure, indicating a need for careful packaging to prevent moisture uptake.
Gamma irradiation also increased moisture adsorption compared to untreated leaves.
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All stevia samples maintained water activity below 0.4, suggesting good biochemical
and microbial stability during storage. These findings support both treatments as viable
preservation methods, with considerations for optimal storage conditions [68].

Gasmalla et al. [69] examined the effects of three drying methods, including sun, oven,
and microwave drying, on the nutritional composition of stevia leaves. Compared to the
other drying methods, the heavy metal analysis revealed that the sun-dried samples had the
highest levels of lead (4.77 pg/g), cadmium (0.49 pg/g), and arsenic (0.30 ug/g). Another
study investigated the impact of sun, oven, and microwave drying methods on the volatile
compounds, thermal stability, and surface morphology of stevia leaves [70]. The results
showed that the morphology of the dried leaf powders depended on the drying technique:
microwave drying resulted in even, regular, and compact particles, while sun-dried and
oven-dried particles had angular, brick-like shapes. The choice of drying method was
also found to have a significant impact on the structural properties, thermal stability, and
volatile compound profile of the stevia leaves [70].

Al-Amrani et al. [14] compared the effects of eight different drying methods, including
solar drying, shade drying, oven drying at 40 °C, 50 °C, and 60 °C, and microwave drying
for 1,2, and 3 min, on the total glycoside composition in the leaves and branches of stevia. In
leaves, the highest dry matter percentage was observed in samples treated by shade drying
and microwave drying for 2 min, while solar drying and oven drying at 50 °C resulted in
the best total glycoside sweetener composition. Specifically, the highest stevioside content
in leaves was found with oven drying at 50 °C (5.32%), microwave drying for 3 min (5.29%),
and solar drying (5.28%), while the highest rebaudioside A content was recorded under
microwave drying for 1 min (2.77%) and solar drying (2.58%). For the branches, the highest
dry matter percentages were achieved with shade drying and microwave drying for 1 min,
but the highest percentage of total steviol glycosides (stevioside and rebaudioside A) was
obtained through oven drying at 60 °C (stevioside: 0.655%, rebaudioside A: 0.355%) and
microwave drying for 2 min (stevioside: 0.595%, rebaudioside A: 0.350%), followed by
solar drying and oven drying at 50 °C [14].

The effects of different drying methods (i.e., hot air drying, freeze drying, and shade
drying) on flavonoid, phenolic, and volatile compounds in stevia leaves were previously
studied by Periche et al. [71]. Each drying method was found to differently influence
the antioxidant and volatile compound profiles of the dried stevia leaves. Freeze drying
and shade drying produced the highest levels of 2-hexenal, hexanal, and x-pinene, while
hot air drying yielded the highest levels of tetrahydrofuran and x-pinene. Shade drying
resulted in the highest content of volatile compounds, whereas freeze drying generally led
to higher concentrations of most flavonoids and phenolic acids, although some of these
compounds were more abundant following hot air drying. Periche et al. [71] reported
that freeze drying preserved the highest concentrations of most phenolic compounds,
including chlorogenic acid (191.84 mg/100 g), coumaric acid (91.35 mg/100 g), and sinapic
acid (178.56 mg/100 g), with statistically significant differences (p < 0.001) compared to
air and shade drying. Shade drying resulted in the highest total volatile content (e.g.,
2-hexenal: 21.09 ug/g), while hot air drying produced higher levels of certain flavonoids
such as 4-methoxybenzoic acid (26.28 mg/100 g), than freeze drying (7.48 mg/100 g).
Although freeze drying is widely regarded as the most effective method for preserving
thermolabile bioactives in S. rebaudiana, one study cited in Table 2 reported the highest
total phenolic content following hot air drying at 180 °C. This may be due to thermal
breakdown of cell walls and enhanced release of bound phenolic compounds during
high-temperature exposure. However, given the potential for degradation of sensitive
compounds under such conditions, the suitability of hot air drying at 180 °C should be
considered concerning the specific intended application, such as maximizing phenolic
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content versus preserving antioxidant or glycoside stability. Such findings highlight the
complexity of plant matrix responses and suggest that optimal drying conditions may
vary depending on the target compound. Moguel-Ordéfiez et al. [72] investigated the
drying characteristics of stevia leaves using radiation, convection, sun, and shade-drying
treatments. Convection- and shade-dried samples exhibited better color and the highest
total pigment contents. Extracts from leaves dried using convection- and shade-drying
showed higher Trolox equivalent antioxidant capacities and ferric-reducing power. Among
the different drying techniques, convection drying and shade drying were found to be the
least aggressive. Abdul Halim et al. [15] evaluated the effects of microwave and freeze
drying on antioxidant activity, TPC, and steviol glycosides in stevia leaves. Microwave
drying yielded the highest TPC (53.95 mg GAE/g) and antioxidant activity (89.16%), while
freeze drying resulted in the highest stevioside content (176% increase) and rebaudioside A
(0.0335 mg/g), with statistically significant differences compared to other methods.

5.2. Stevia Extracts

A few studies also compared the effects of different drying techniques for encapsulating
stevia extract. Oikonomopoulou et al. [65] investigated the impact of different encapsulation
methods, such as spray drying and electrospraying, on the quality of stevia extract powder
and the reduction of its glycoside aftertaste. Maltodextrin-inulin (50:50) was used as the
matrix for spray drying, while zein was used for electrospraying. The study reported encap-
sulation efficiencies of 66.37% for spray drying and 67.47% for electrospraying. SEM images
revealed that the resulting particles were spherical, with mean diameters of 1.35 um for elec-
trosprayed particles and 6.02 um for spray-dried particles. Differential scanning calorimetry
(DSC) showed that the glass transition temperature (Tg) of the encapsulated structures was
lower than that of the pure matrices, with T being influenced by the processing conditions.
Sensory evaluations conducted by trained panelists in an ISO 17025-accredited laboratory
indicated that both electrospraying and spray drying significantly reduced the bitterness of
stevia extracts, improving their sensory acceptability for incorporation into innovative food
formulations. Another study by Ozyigit et al. [73] examined the effects of various drying meth-
ods (i.e., sun, shade, air conditioning, and oven) on the chemical composition and bioactivity
of stevia extract. Antioxidant activity was highest in the extracts dried in the shade and in the
oven. However, air-conditioned drying resulted in the highest concentration of 2-tetradecyl
acrylate and showed strong antibacterial activity, as well as cytotoxic effects evaluated via XTT
assay against MDA-MB-231 (human breast carcinoma) and L929 (mouse fibroblast) cell lines,
suggesting potential selective toxicity toward cancer cells. Chranioti et al. [11] compared the
effects of different drying methods, including spray drying, freeze drying, and vacuum oven
drying on reducing bitterness and improving the properties of steviol glycosides. Various
maltodextrin-to-inulin ratios were tested, with the concentration of steviol glycosides kept
constant at 2.5%. The study found that spray-dried steviol glycosides exhibited the most
favorable physicochemical and sensory characteristics. FI-IR analysis confirmed that the
chemical integrity of steviol glycosides was preserved during spray drying, and the reduc-
tion in hygroscopicity enhanced stability. Arriola et al. [74] investigated the encapsulation
of S. rebaudiana aqueous leaf extract in sodium alginate beads and its impact on TPC and
antioxidant stability (Figure 4a). Wet and lyophilized beads demonstrated high encapsulation
efficiency (69.8% and 97.7%, respectively) and maintained TPC and antioxidant potential
over 30 days at 4 °C. Lyophilization influenced bead size and morphology but effectively
preserved polyphenols. Wet beads exhibited a smooth, spherical morphology (1.90 mm), while
lyophilization reduced their size (1.24 mm) and introduced a spongy texture with cavities
(Figure 4(bA,bB)). Confocal microscopy confirmed phenolic compound retention through red
fluorescence emission (Figure 4(bC,bD)), supporting high encapsulation efficiency.
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Figure 4. (a) Schematic representation of the encapsulation procedure of the optimized aqueous
stevia extract with sodium alginate. (b) Microscopic and SEM images of calcium alginate beads:
(A) wet (bar = 500 um) and (B) lyophilized (bar = 100 pm); confocal microscopy images of (C) wet
(bar = 100 pm) and (D) lyophilized (bar = 100 um) beads encapsulating aqueous S. rebaudiana leaf
extract. Retrieved (Figure 4a) and reprinted (Figure 4b) from Arriola et al. [74] with permission
from Elsevier.
Table 2. A comparative study of drying techniques, parameters, apparatus, and main observations
for stevia (S. rebaudiana) leaves and extracts.
. Equipment . s pads
Compared Drying - Industrial Applicability . iy
Methods Specifications (Industrial Use Cases) Drying Conditions Key Results Ref.

(Processing Scale)

Stevia leaves

Spray, Freeze, and
Vacuum oven drying

. - Spray drying:
- SEray dr.yl.ng : High-throughput )
Biichi Mini microencapsulation for - Spray drying: Inlet - Spray-dried steviol
Spray Drier ) functional ingredients air t{e):mperature:' glycosides had the
(8-191, Flawil, (natural sweeteners, 160 °C, Outlet ali‘ best
Switzerland; flavorings, beverage temperature: 88 °C, hvsicochemical
Continuous owders) Feed temperature: phy
p o . . and sensory
(lab to _ Freeze drving: 60 °C, Air pressure: . .
a4 Ze drying: ) h . properties, with
pilot-scale)) Precision preservation 5 bar, Aspirator: reduced
- Freeze drying: of heat-sensitive 90%, Pump: 40%, hveroscopicity and
Christ Alpha compounds Compressed air Zfs ervec{oche}tinical
1-4 LD Plus (nutraceutical powders, flow rate: 500 L/h ipntegrity [11]
e e N L
4 antioxidant-ric : i
Gormony e 0017 miar it matods
- Vacuum oven - Vacuum oven drying: Temperature: difference;gin mi-
I‘}Irying: Gentle dehydration for \;57 °C, Time: 48 h croencapsulation
I eraeus prototype development ) acuum pressure: efficiency, moisture
nstruments (polyphenol <20 mbar, content. and
Vacutherm VT stabilization Temperature: solubili;
6025 (Batch; encapsulated botanical 45°C, Time: 25 h y
London, UK) extracts, functional

food trials)




Foods 2025, 14, 2801 23 of 38
Table 2. Cont.
. Equipment . C g
Comlf\);::;lol;:ymg Speciﬁcations Iai‘;::;:;ﬁ%gllcg;g:)y Drying Conditions Key Results Ref.
(Processing Scale)
Convective drying;:
Temperature: 40,
60, and 80 °C,
Airflow: 1.0 m/s,
Load density:
- Convective 0.938 kg/m?, Inlet
drying: Drying air humidity: 63%,
chamber: Sample load: 15 g,
Stainless steel Convective drying: Initial moisture:
basket, Energy-efficient 351.01 g water/kg
Airflow: dehydration of plant d.m., Drying time
Constant materials (herbs, teas, to reach the
airflow system, and food powders in Equilibrium MC:
Hygro- small-scale processing) 270-930 min Convective drvin
Thermometer: IR drying: Rapid Vacuum drying: at 80 °C exhibi}jce dg
Model 445 703, surface heating for Pressure: 150 mbar, the highest
Extech delicate ingredients Temperature: . tg
Instrument Inc. (botanical leaves, 40 °C, 60 °C, and ??fls 1.1r‘et bett
Convective hot air, IR, (Batch; nutraceutical carriers, 80 °C, Time: Until lela fusixlcf{lr: er
and Vacuum drying Waltham, MA, and pigment-rich constant weight, reservation. and [66]
USA) materials) Sample load: 15 g, It)he lowest eI;er
- Vacuum Vacuum drying: Initial moisture: consumption ngg’h
cabinet dryer: Low-temperature 351.01 g water the hi hlz ot
Model VO400, preservation of kg~! d.m., Drying ffici 8
Memmert sensitive compounds time to reach the ethciency
GmbH (Batch; (polyphenol-rich Equilibrium MC:
Schwabach, extracts, functional 270-930 min
Germany) ingredients, and IR drying:
- IRradiation powders for Temperature:
oven: Model supplements) 40°C, 60 °C, and
HT490, Teka 80 °C, Time: Until
(Batch; Madrid, constant weight,
Spain) Sample load: 15 g,
Initial moisture:
351.01 g water
kg~! d.m., Drying
time to reach the
Equilibrium MC:
270-930 min
Hot air drying: Rapid
thermal dehydration
for plant materials
(herbs, teas, and
polyphenol-enriched
powders) Shade drying at The most suitable
- Convective Fr.eeze dryil?g: 20 °C for 30 days drying method was
dryer (Batch) High-retention Hot air drying at hot air at 180 °C, as
Freeze dryer ’ preservation of 100 °C and 180 °C it significantly
Hot air, Freeze, and (Batch), Shade sensitive bioactives for 3minina increased total
Shade drying drying, (nutraceuticals, convective drier phenols, (71]
(Traditional functional sweeteners, Freeze drying ata flavonoids, and
batch) antioxidant-rich vacuum pressure antioxidants
powders) 0f9.5 x 10~ mm compared to fresh
Shade drying: Hg for24h stevia leaves

Low-cost, natural
drying for artisanal
processing (rural herbal
products, teas, and
traditional botanical
remedies)




passive drying

(preserves polyphenols
in artisanal herbal and

functional food
products)

weight is reached
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Table 2. Cont.
. Equipment . C g
Comlf\);::;lol;:ymg Speciﬁcations Iai‘;::;:;ﬁ%gllcg;g:)y Drying Conditions Key Results Ref.
(Processing Scale)
Freeze drying:
High-retention
preservation of
sensitive bioactives Freeze drvine:
- Freeze drying: (nutraceuticals, Initial freZzi r%
Virtis Benchtop functional sweeteners, ~18°C for 1 ogh
3 L Freeze antioxidant-rich Pressure: 0.125 ’
Dryer, powders) mbar, Te;n .erature'
Gardiner Convective drying: _50 J C Till')ne' 10 h'
(Batch) Energy-efficient Convec/t ive dI: in !
(Gardiner, NY, dehydration of plant Temperature: yineg:
USA) materials (herbs, teas, 60 og Air Veiocit )
- Convective and food powders in 15m ’/s Time: ¥:
drying: Hot air small-scale processing) ~'3 h ! '
dryer (Batch; Vacuum drying: Vactium drvine:
Universidad Low-temperature y : & Freeze drying and
de La Serena, preservation of Tex?perature, shade drying
Chile) sensitive compounds 60 °C, Vacuum resulted in the
- Vacuum (polyphenol-rich }Flamress.uie}; 15 kPa, highest polyphenol
drying: extracts, functional e o content and
Memmert ingredients, and Microwave drying: antioxidant
Vacuum Oven powders fo; Power: 800 W, capacity, while IR
VO 400 (Batch; supplements) Sample eright: drying s/howed the
Freeze, Conyective, Frankfurt, Microwave drying: 20;80 & Time: lowest values.
Vacuum, Microwave, Germany) Rapid moisture - dml.n . Microwave drying  [19]
IR, Sun, and Shade - Microwave removal for lab-scale IR drying: and vacuum
drying drying: IRT applications Ter?cpera}tur-e: h drying exhibited
Microwave (anti-inflammatory 60°¢, T1mg : 3 . the strongest
Oven botanical extracts, EiI:rI;l; g §111 tiitlon. anti-inflammatory
oty powdery | Sun drying Comvectve drying
Santia,go IR drying: Temperature range: showed prolonged
Chile) ' Surface-focused 285; C t9d58'5 °C antimicrobial
- IR drying: thermal drying (used ral; eurﬁ SI[E/Y to activity.
Teka HT490 IR for antimicrobial- 53 5§> /' Tir.ne(‘) Until
Radjiation enhanced powders and coﬁs t(;n ¢ wei ht s
Dryer (Batch; leaf-based reached (var?a ble
Velen, nutraceuticals) drying time)
Germany), Sun drying: Traditional Sh}; d eg Arvine:
- Sundrier open-air drying (used T ying: .
e . emperature range:
(Traditional in small-scale rural 25.5°C to 301 °C
batch) processing of herbs and A" humidi o
- Shade drier teas) IE/ um 13’ rapge:
(Traditional Shade drying: ?Jzn’:if (Zéﬁia:{tﬂme'
batch) Low-temperature,




Foods 2025, 14, 2801 25 of 38
Table 2. Cont.
. Equipment . N
Compared Drying - Industrial Applicability . i
Methods (Pf(izc;f;;agtl;:asle) (Industrial Use Cases) Drying Conditions Key Results Ref.
Stevia leaves
Sun drying: Natural, maintained a high
cost-effective drying carbohydrate
for low-tech settings content
(rural herbs, teas, and (63.10-73.99%)
- Oven (Batch; traditional botanical across drying
Model products) Sun drying: methods,
DGG-9070A, Oven drying: Exposed to direct supporting their
Shanghai, Controlled thermal sunlight for about use as a natural
China) dehydration in 5 days sugar substitute,
- Microwave: lab-scale setups Oven drying: with fiber
Sun, Oven, and. (Batch; Midea (fibrous plant materials, Dried at 60 °C for remaining stable [69]
Microwave drying MG720FC8- teas, and functional 16 h despite drying
NS, Foshan, food prototypes) Microwave drying: Lead levels
China) Microwave drying: Processed at differed by drying
- Sun drier Rapid dielectric drying 2450 MHz and method, with
(Traditional for small botanical 700 W for 6 min sun-dried leaves
batch) loads (natural showing the
sweeteners, leaf highest
extracts, and concentration
nutrient-retentive (4.77 ug/g) than
powders) oven (0.14 ug/g)
and microwave
(216 ug/g) drying
Sun drying: Natural,
low-cost dehydration
for traditional use
(rural herbs, teas, and Drying method
) botanical materials significantly
- Oven (Batch; with minimal . influenced the
Model equipment) Sun drying: structure, thermal
DGG-90704, Oven drying: Uniform Exposed to direct stabilit ,and
Shanghai, thermal }c,iry%ﬁg under sunlight for about Volatiley ’compound
B ;{}}ma) . controlled heat SOdays drving: content of stevia
Mo, bl
Microwave drying M G726F Cs- ingredients, teas, and 16h Microwave drying [70]
fiber-rich materials for . . produced even,
Igﬁ.’ Foshan, small-scale processing) Il\j/hcrowa:i/e ;:lrymg: regular, and
ma)' Microwave drying: rocessed a compact particles,
- Sundrier . . . 2450 MHz and .
. Rapid, uniform drying . while sun and oven
(Traditional ithi d 700 W for 6 min drvi lted i
batch) with improve rying resulted in

structural preservation
(functional leaf
powders, natural
sweeteners, and
volatile-sensitive
compounds)

angular brick-like
particles.
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Table 2. Cont.
. Equipment . N
Compared Drying - Industrial Applicability . e
Methods (Pf(izcsgf;;agtl;:asle) (Industrial Use Cases) Drying Conditions Key Results Ref.
Solar drying: Passive
solar-assisted
dehydration for
low-cost applications
(used in rural botanical Solar drving:
- Microwave and herbal product Ex osur}é ’rog ;iirect
drier (Batch; processing) surlljli ht in open air
Samsun. ! Shade drying: at 4 4go C for 211 h The highest
Model & Low-temperature, Shade drvine: glycoside content
ME731K non-invasive drying for Air-drvi yIns: in leaves was
4 quality retention (ideal 1rmdrying n a achieved with solar
ﬁu?la L.umpur, for preserving ;};aodce(;l ar7e; Et drying (7.86%) and
A T %ysmt) glycosides in herbs and Mi ot dri oven drying at
B aboratory teas under artisanal icrowave drier 50 °C (7.84%).
Sogul‘\,/[S.hade, Oven, fan-oven dryer conditions) (Frequency: Shade drying and 14
nd Microwav . Bi .
jlrying crowave (C];3atch, Binder Oven drying: 2450 MH.Z’ Fower: microwave drying (4]
mbH, Controlled heat dryin: 800 W, Time for 2 min produced
Germany) ontro crymg intervals of 1, 2, or £ i produce
; for balanced moisture . the greatest dry
- Shadg flrler removal (used in and 3 min) . matter in leaves,
(Traditional small-scale preparation Fan-oven drying reaching 23.52%
batch) £l b h d (Temperatures: d22.819
- Solar drier o' feaves, branches, an 40°C, 50 °C, and and 22647,
o plant-based powders) o T respectively.
(Traditional Mi drvine: 60 °C, Time for
batch) lerowave Crymg: leaves: 24 h, Time
Fast and uniform i’
dehydration with for Branches: 48 h
effective moisture
reduction (applied to
functional leaves and
sweetener-rich
botanicals)
Radiation drying:
Focused energy-based
drying for bioactive
retention (used in
antioxidant-rich Convection drying:
botanicals and Stove temperature
phytochemical set at 60 °C, and
L . preservation) leaves were
) éaaif)l on drier Convection drying: weighed every 4 h
- Convection Energy—efficient Shade/Sun drying:
(Batch; stove dehydration of plant Temperature Convection and
was us,e 4 for materials (herbs, teas, monitored at shade drying
o . and food powders in 29.7°Cand preserved better
Radiation, gonyectlon oC small-scale processing) relative humidity color, higher
Convection, Sun, and ‘ ryl}r:g fa. t60 Sun drying: Natural, at 70%, with leaves pigment content, [72]
Shade drying tor tt N 1rtst two low-cost dehydration weighed every 24 h and enhanced
B Sr}fg dr:/eguiz for traditional use The best time for antioxidant and ion
drier (rural .herbs, tea.s, and radiation was 8 h chelation capacities
(Traditional b(?tamc‘al‘materlals Final. MC: 8.06%
batch) w1t}} minimal (Radlatlop), 7.45%
equipment) (Convection),
Shade drying: 6.97% (Sun), and
Low-temperature, 7.72% (Shade)
passive drying for drying

pigment and
antioxidant retention
(artisanal herbal
products and
functional botanicals)
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Table 2. Cont.
. Equipment . C g
Comlf\);:::ltliol;:ymg Speciﬁcations Iai‘;::;:;ﬁ%gllcg;g:)y Drying Conditions Key Results Ref.
(Processing Scale)
- Ovendrying:
Controlled heat-based
dehydration for
small-scale processing
(used for teas, herbs,
and functional food Microwave drying
ingredients) exhibited the
- Sundrying: Oven drying at highest DPPH
Cost-effective 60 °C for 5 h and radical scavenging
traditional drying 80 °Cfor3h, activity and total
method (applied in microwave drying phenolic content,
rural herbal processing at 1200 W for 3 min, comparable to
d and low-tech freeze drying the freeze-dried and

Oven, Sun, B I}T)otieg?rtte environments) stevia leaves for fresh leaves.

Microwave, and (Probably, in - Microwave drying: 48 h, sunlight Microwave drying [15]

Freeze drying batch scale) Rapid, non-degradative drying (direct did not degrade
drying for bioactive sunlight for 12 h), stevioside or
and sweetness final MC for all the rebaudioside A
preservation (suitable methods: Until MC content,
for phenolic-rich and reach <20% of maintaining the
sweetener compounds) weight sample sweetening

- Freeze drying: Gentle
drying for maximum
retention of sensitive
compounds (used in
high-value
nutraceuticals, stevia
sweeteners, and
antioxidant powders)

properties of stevia
leaves
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Table 2. Cont.
. Equipment . C g
Comlf\);::;lol;:ymg Speciﬁcations Iai‘;::;:;ﬁ%gllcg;g:)y Drying Conditions Key Results Ref.
(Processing Scale)
Oven drying:
Controlled thermal
drying for small-scale
processing (preparation
of plant-based
powders, sweeteners,
- Ovendrying and herbal products)
(Batch; GCA, Shade drying: Passive,
Parsazma low-heat method for
ovens, Tehran, preserving sensitive Oven drvine: with
Iran) compounds (used in a d'ustabi/e &
- Freeze drying artisanal tea and te r]n eratures
(Batch; botanical processing) (45 i 1°C and Freeze drying and
Laboratory IR drying: 75+ 1°C) sun-drying
freeze dryer Surface-directed drying Shade drvine: methods preserved
(VaCo 5-45, for low-temperature 16-25 ° C}Ziufi'n the highest levels
ZiRBUS, Bad applications (applied to the da & of steviol
Grund, delicate botanicals and Freezeydr ine: glycosides,
Germany)) glycoside-rich leaves) Vacuum yresgs.ure' including
- IRdrying Microwave drying: 91 x 10,})1 H- stevioside and
OYen, Shade, IR, (Batch; Electric Short-duration T. m.m & rebaudioside A.
Mlcrowave?, Sun, and IR drying dielectric heating for e;r;lzegature. Oven, shade, IR, [75]
Freeze drying machine) rapid moisture removal I_R drvine: and microwave
- Microwave (suitable for Ra dlra};llgi drying resulted in
drying (Batch; bioactive-rich temperature: 40 °C lower steviol
Samsung sweeteners and Micfowave ar o glycoside content,
digital antioxidant powders) Duration: 60 sy & with freeze drying
microwave Sun drying: Low-tech, Sun dr iﬁ . Direct and sun drying
(2450 MHz, cost-effective method Y fgo’ 36 I showing the least
1000W, Kuala with natural heat (used ixmp;iselie ’ loss.
Lumpur, in rural herbal temperature varied
Malaysia) processing and witlf sunlieht
- Shade/Sun traditional products) &
drier Freeze drying:
(Traditional High-retention
batch) technique for
thermosensitive
ingredients (ideal for
preserving steviol
glycosides and
antioxidant-rich
extracts)
Qe doingt
Controlled thermal : 5 y
. . . increased
drying with variable .
temperature impact stevioside,
. rebaudioside, and
(used in small-scale
drying of botanical carbohydrate
ying of botanic
- Not reported extracts, though it may content, but
L Oven drying: 60, reduced the rebau-
(Probably, reduce sensitive 70, 80, and 90 °C dioside/stevioside
Oven and Shade batch 'and glycosides at high f01; 6 }’1 ratio. 26
drying traditional- temperatures) Shade drying Shade drying [76]
batch, Shade drying: Gentle, 27°C for. 72 h, lted i
. . . or resulted in lower
respectively) passive dehydration

method preserving
sensitive compounds
(used in artisanal teas,
sweetener leaves, and
traditional herb
preparations)

sweetener content
than
high-temperature
oven drying and
showed greater
quality decline
over storage.
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Table 2. Cont.
. Equipment . N
Compared Drying - Industrial Applicability . e
Methods (Pffczc;f;;agtl;:asle) (Industrial Use Cases) Drying Conditions Key Results Ref.
Stevia extracts
Spray drying: Scalable Spray drying:
- Sprav drver encapsulation method Using different
w}z th}::lua}ll fluid for powdered flow rate
nozzle tvpe bioactives (used in (600-1000 mL/h),
(Con tim}xlgus) functional beverages, temperature
sweeteners, and (160 °C to 180 °C), Encapsulation
} Electrospraying phenolic-rich food maltodextrin: efficiencies of
Spray drying and apparatus powders) . . inulin ' 66.?{70/0 for spray [65]
Electrospraying equipped with Electrospraying: Mild, concentration drying and 67.47 %o -
a variable high room-temperature (5 and 10%) for electrospraying
voltage 0-30 technique for nano- Electrospraying;: were observed.
KV 16gO ower /microencapsulation Using variable
suppl l(DLab— (applied to high voltage
Plp ty 1 thermolabile bioactives, 0-30 kV 160 power
/pilot-scale) polyphenols, and supply at the room
targeted delivery in temperature
nutraceuticals)
Sun drving: Air conditioning
A ying: drying yielded the
verage highest
ghes
temperature

Sun, Shade, Air
conditioner, and
Oven drying

- Allthedrying

instruments
were on the
batch
laboratory
scale.

Sun drying: Low-cost
natural drying (herbs,
teas, botanicals)
Shade drying: Gentle
drying for antioxidant
retention (artisanal
herbal products)

Air conditioner drying;:

Controlled low-temp
drying (bioactives,
antimicrobial
compounds)

Oven drying: Thermal
drying for small-scale
use (functional
powders, extracts)

(34.2 °C), Average
humidity (52.12%),
Sunshine duration
(9.71 h/day)
Shade drying:
Average
temperature

(26.05 °C), average
humidity (66.21%),
sunshine duration
(0 h/day)

Air conditioner
drying: Average
temperature

(22 °C), average
humidity (49.3%),
sunshine duration
(0h/day)

Oven drying:
Average
temperature

(45 °C), average
humidity (25%),
sunshine duration
(0h/day)

2-tetradecyl
acrylate content
(25%)

Shade drying had
the best anti-DPPH
activity

(ICsp = 57.94 pg/mL),
while oven drying
excelled in
ABTS-inhibition
capacity

(ICs0 = 44.03 pg/mL)
All methods
inhibited S. aureus,
with air
conditioning and
oven drying
showing the
strongest effects.
Air conditioning
drying showed the
highest cytotoxicity
on MDA-MB-231
(breast cancer cell
line), while sun
drying had the
least effect

[73]

6. Recent Applications of Dried and Extracted Forms of Stevia in
Food Products

6.1. Dairy and Emulsion-Based Functional Foods

Dried stevia leaf powders have been incorporated into yogurts, cheeses, and other

processed dairy products due to their ability to enhance sweetness and improve the nu-

tritional profile without adding calories. Their use in milk, however, is less commonly

reported in the literature. These powders may also offer benefits for lactose-intolerant

individuals and health-conscious consumers seeking sugar alternatives. Meanwhile, free

and microencapsulated stevia extracts are more versatile and can be used in a broader

range of dairy products, including lactose-free milk, to replace lactose while maintaining
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a desirable taste and texture. Al-Taweel et al. [29] evaluated the quality and safety of the
impact of flavored milk after adding stevia. They reported stevia’s potent antibacterial
properties, especially against S. aureus, P. aeruginosa, and E. coli, with the plant’s extracts
proving notable inhibitory effects. When stevia powder was added to flavored milk at
concentrations of 0.3 and 0.4 g/50 mL, it not only replaced sugar but also maintained
the product’s microbial safety over ten days of refrigeration at 4 °C. Moreover, stevia
enhanced the milk’s flavor and color, making it a healthier alternative to sugar without
compromising quality or safety. The addition of stevia to low-fat yogurt (0.03% w/w) and
high-protein yogurt (0.04% w/w) was evaluated by Campos et al. [77]. Stevia-sweetened
high-protein yogurts showed superior gel structure and rheological properties compared to
other sweeteners, such as sucrose or agave. Sensory evaluations revealed that consumers
preferred stevia-sweetened low-protein yogurts over those sweetened with sucrose or
agave [77]. Bilgi¢ and Seyrekoglu have recently developed a novel yogurt formulation by
incorporating S. rebaudiana as a natural sweetener with 5% apple powder to evaluate its
effects on physicochemical, rheological, and sensory properties during storage. Yogurts
sweetened with 10-15% stevia not only maintained desirable water-holding capacity and
structural integrity but also led to high consumer acceptance in terms of overall liking and
purchase intent. Among the tested formulations, the sample containing 15% stevia had
the highest dry matter content and water-holding capacity (67.73%) on day 20, while also
showing a significant reduction in serum separation compared to the control. Although
a decrease in pH and an increase in acidity were observed in all yogurt samples during
storage, the combination of stevia and apple powder contributed to moderating these
changes, suggesting a synergistic effect. Sensory evaluations also revealed that the yogurts
containing stevia performed comparably or better than their sugar-sweetened counterparts,
especially in the early storage phase [78].

Hameed et al. [79,80] investigated the antidiabetic potential of functional yogurts
incorporating Cinnamomum verum and S. rebaudiana, using complementary in vitro and
in vivo approaches. In their 2024 study, Hameed et al. demonstrated that yogurt formula-
tions made from various milk sources, especially camel milk, showed significant «x-amylase
inhibitory activity, peaking at 61.15% on day 14, along with favorable changes in protein
and ash content, pH, and acidity during storage [79]. Meanwhile, Hameed et al. [80]
evaluated the antidiabetic efficacy of camel milk yogurt enriched with the same bioactives
in streptozotocin-induced diabetic rats. Their results revealed significant reductions in
fasting blood glucose and HbAlc levels, improved insulin sensitivity, and enhanced lipid
metabolism, confirming the synergistic therapeutic effects of the cinnamon-stevia combina-
tion. These findings suggest that functional yogurt enriched with natural plant-derived
compounds holds promise as both a preventive and therapeutic dietary intervention for
type II diabetes. In another study [81], yogurt was enriched with instant stevia powder
(0.1 to 0.4 g/100 mL) to evaluate its effects on quality parameters over 14 days of storage at
4 °C. The instant stevia powder, produced via microwave-assisted extraction and spray
drying, improved the yogurt’s total phenolics and antioxidant capacity as well as textural
attributes, with the lowest syneresis (17.09 g/100 g) observed at 0.4 g/100 mL ISP. However,
sensory acceptability declined at concentrations above 0.2 g/100 mL. Overall, the study
confirmed that yogurt fortification with instant stevia powder is an effective strategy for
developing bioactive-rich dairy products with maintaining storage stability [81].

Mohammadi et al. [82] and Gharibzahedi and Altintas [83] both highlighted the multi-
functional benefits of plant essential oils in dairy systems. Mohammadi et al. found that
essential oils from Ziziphora tenuior, Ferulago angulata, and especially Bunium persicum (10%)
enhanced the oxidative stability and sensory quality of traditional Iranian animal oil [82].
Similarly, Gharibzahedi and Altintas showed that tarragon essential oil, rich in methyl chav-
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icol, improved the texture, stability, and shelf life of non-fat yogurt gels when delivered as
a nanoemulsion, also enhancing sensory appeal and microbial resistance [83]. Based on this
strategy, Evanuarini and Nidhal designed a low-calorie mayonnaise by substituting sugar
with stevia leaf flour at different concentrations (0.1-0.5%). The incorporation of stevia leaf
flour not only enhanced the nutritional profile, improving protein, ash, and carbohydrate
content, but also significantly improved sensory attributes such as aroma, texture, and color.
At 0.5% stevia leaf flour, the formulation resulted in the most favorable emulsion droplet
stability and panelist acceptability, positioning stevia leaf flour as a promising natural
sweetener and functional ingredient in emulsion-based products [84]. Overall, stevia as a
viable sucrose alternative remarkably improved the texture and organoleptic scores of low-
and high-protein yogurts and low-calorie mayonnaise.

6.2. Baked, Confectionary, and Snack Products

Incorporating stevia leaf or extract powders into confectionery and baked products
provides a natural, low-calorie sweetening solution, contributing to a healthier product
formulation without diminishing sweetness or sensory qualities. In this regard, Chughtai
et al. [22] showed the potential of S. rebaudiana as a zero-calorie bio-sweetener with notable
health benefits. Stevia cookies were created by substituting sucrose with stevia powder
and extracts, showing promising results in rat models. The stevia-enriched diets effectively
reduced blood glucose levels, increased insulin levels, and improved lipid profiles by
lowering cholesterol, low-density lipoprotein (LDL), and triglycerides while boosting high-
density lipoprotein (HDL). The administration of these stevia cookies did not adversely
affect liver, renal, or hepatological parameters, confirming their safety. These findings
support the inclusion of stevia not just for its sweetness but also for its potential health
benefits in cookie formulations. Ali et al. [85] realized the potential of substituting sugar
with stevia leaf in biscuit manufacturing to maintain sensory and storage qualities. Biscuits
were prepared using stevia leaf powder and fresh juice as sugar substitutes and then tested
for consumer preferences and organoleptic changes. Biscuits made with 18 g of stevia
powder and 55 mL of stevia juice per kg of flour showed the best sensory results. Both
types of stevia-based biscuits remained microbiologically safe and maintained their sensory
qualities for one month when stored in glass, plastic jars, or tin cans. Armaya et al. [86]
developed a low-sugar dried candied product from Padang Sidempuan snake fruit by
replacing conventional sweeteners with stevia leaf powder (0.20-0.35%) and optimizing
drying time (4-10 h). The formulation with 0.35% stevia and 8 h drying yielded the
best physicochemical and sensory outcomes, showing reduced moisture and microbial
counts, increased sugar and solid content, and favorable sensory attributes without adverse
effects. These results demonstrated stevia’s potential as a natural sweetener in traditional
fruit-based snacks.

6.3. Syrups, Drinks, Jams, and Preserves

Incorporating stevia leaf or extract powders into syrups, jams, and preserves delivers
a healthier calorie-free sweetness without altering texture or flavor. Chranioti et al. [8]
confirmed that spray drying-assisted microencapsulation is an effective method to decrease
the bitter aftertaste of steviol glycosides in syrups. Sensory evaluation showed that the
formulation with 2.5% steviol glycosides in total solids achieved the highest overall accep-
tance, presenting a balanced sweetness without exceeding the bitterness threshold. The
encapsulated products displayed desirable properties, including improved stability due
to reduced hygroscopicity. Abo Hashem et al. [87] also assessed the impact of incorpo-
rating cloves and cinnamon essential oils and 50% replacement in the sugar content with
S. rebaudiana aqueous extract on the quality of mango and strawberry jam during 6 months



Foods 2025, 14, 2801

32 of 38

of storage. These additions not only extended the shelf life of jams but also increased ash
content and vitamin C levels without affecting the jams’ sensory qualities. Using 0.5 mL of
essential oils per kilogram of jam, along with stevia extract, enhanced the jams’ nutritional
value and longevity without any negative taste effects. Furthermore, Pielak et al. [88] re-
placed sugar with steviol glycosides in apple preserves with and without additional gelling
agents or acidity regulators. They showed that a 10% substitution of sugar with steviol
glycosides (0-0.05 g/100 g) maintained consumer satisfaction, while larger amounts (up to
40%, 0.20 g /100 g) with pectin and citric acid led to acceptable sensory quality. However,
excessive substitution also led to undesirable flavor and odor changes. Physicochemical
tests confirmed that low-sugar apple preserves with sugar substitution maintained good
technological quality and sensory appeal. Earlier, Karagoz and Demirdoven [89] found that
the chitosan-based edible coatings containing dried stevia leaf extract could successfully
preserve fresh-cut apples with lower polyphenoloxidase activity, higher antioxidant capac-
ity, and reduced microbial counts compared to control and chitosan-only coated samples.
Wirivutthikorn [90] has recently assessed the use of foam mat drying to produce powdered
drinks from a blend of pumpkin, carrot, and lemongrass juices, using egg albumen and
carboxymethyl cellulose as foaming agents, and stevia syrup (0-50 mL) as a sweetener. The
addition of stevia syrup significantly affected foam properties, with lower syrup concen-
trations leading to reduced foam density but increased foam stability, overrun, and yield.
The lowest stevia level resulted in the best performance, with high foam stability (72.25%),
overrun (80.59%), and product yield (15.29%). Although most sensory attributes remained
unaffected by stevia levels, taste was significantly influenced. The resulting powder met
microbiological safety standards and showed favorable physicochemical characteristics,
suggesting that foam mat drying with stevia and protein-polysaccharide stabilizers is a
promising method for producing stable, nutritious powdered beverages.

6.4. Fish and Meat Preservation

Kundu et al. [91] have recently assessed the effects of stevia extracts (1%, 2%, and 3%)
obtained from leaves air-dried at room temperature (27-31 °C) for 3—4 days on the quality
and shelf life of catla (Gibelion catla) fillets refrigerated for 20 days. They showed that the
addition of 2% extract led to better preservation of chemical quality by significantly reduc-
ing pH, peroxide value, free fatty acids, thiobarbituric acid reactive substances (TBARS),
and total volatile basic-nitrogen (TVB-N)) levels compared to other treatments. It also
suppressed bacterial growth more effectively, with lower counts of aerobic plate bacteria,
psychrotrophic bacteria, and other harmful microorganisms. Sensory evaluation revealed
that fillets treated with 2% and 3% stevia extract retained better sensory attributes for up to
16 days, surpassing the control. Overall, 2% stevia extract was the optimal concentration for
extending the shelf life and maintaining the quality of catla fillets during refrigeration [91].

The effectiveness of S. rebaudiana stem waste extract has been recently reported to
retard lipid oxidation in salted—dried Pacific saury fillets during chilled storage. Yu et al. [92]
explained that this extract, at a concentration of 0.2%, was superior to vitamin C in inhibiting
lipid oxidation, as evidenced by lower peroxide values, TBARS, conjugated dienes, and acid
values. The better efficacy of this extract was attributed to its higher Fe?*-chelating ability,
despite having lower DPPH and ABTS radical-scavenging capacities compared to vitamin C.
Liquid chromatography—mass spectrometry (LC-MS) profiling analysis identified potential
functional phenolic compounds within the extract, reinforcing its potential as a natural
antioxidant for preserving the quality of salted—dried fish products. Liu et al. [93] reported
that S. rebaudiana leaf and stem extracts significantly reduced lipid oxidation in salted
Pacific saury fillets with lower levels of peroxide, conjugated diene, and TBARS values.
Interestingly, the leaf extract showed stronger lipid oxidation inhibition than the stem
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extract, despite having lower overall antioxidant activities, emphasizing its effectiveness in
hydroxyl radical scavenging during the fish drying process.

Adding stevia glycosides could extend the shelf life of braised pork while maintaining
critical quality parameters [94]. These researchers pointed out that the inclusion of stevia
glycosides contributed to reducing lipid oxidation during cooking, resulting in a lower
TBARS value compared to traditional white sugar. Furthermore, stevia glycosides enhanced
the meat’s color and helped the formation of antioxidant peptides, which improved the nu-
tritional value of the braised pork. As a result, stevia glycosides, as a natural sweetener, not
only preserved the quality of meat but also improved its flavor and nutritional properties.

7. Conclusions and Future Prospectives

This overview shows that S. rebaudiana is rich in bioactive compounds, especially ste-
viol glycosides like stevioside and rebaudioside A, which are responsible for its sweetness
and potential health benefits, including anti-inflammatory, antioxidant, and antibacterial
effects, as well as improvements in blood glucose and insulin sensitivity. The variability in
these healthy functional constituents owing to different cultivation conditions indicates the
complexity and therapeutic potential of stevia. The choice of drying technology profoundly
impacts the preservation of stevia’s bioactive compounds. Solar drying is cost-effective but
may compromise quality, while IR drying, if optimized, preserves key bioactive ingredients
effectively. Hot air drying, though economical, can degrade sensitive components, whereas
microwave drying ensures speed and uniformity, maintaining high levels of steviol glyco-
sides and antioxidants. Vacuum oven drying is a gentler approach but comes with higher
costs and complexity. Drying methods of spray drying, freeze drying, and microwave dry-
ing present better control over drying conditions and efficiency than traditional methods.
Among these, spray drying can provide superior physicochemical and sensory qualities for
stevia extracts, enhancing their functional properties while minimizing bitterness. Stevia’s
diverse applications in food products, such as dairy, confectionery, and preserved items,
demonstrate its ability to enhance sweetness and nutritional profiles while maintaining
sensory quality and microbiological safety. The integration of stevia not only decreases
sugar content but also improves the overall nutritional value and extends the shelf life of
final food products.

To advance the practical applications and health benefits of S. rebaudiana, future
research should prioritize several targeted areas. First, standardizing extraction and quan-
tification protocols, such as HPLC and LC-MS-based glycoside profiling, is essential to
ensure consistency in bioactive composition and therapeutic efficacy. This should be accom-
panied by investigations into the pharmacokinetics and long-term safety of lesser-studied
steviol glycosides, like rebaudioside, through in vivo and clinical studies. Regarding drying
technologies, future research should implement factorial design experiments (e.g., response
surface methodology (RSM)) to systematically assess the effects of drying temperature, time,
and air velocity on the retention of thermolabile compounds like stevioside, polyphenols,
and flavonoids. Reproducibility challenges in stevia drying studies should be identified
and addressed in future research via standardized reporting of critical parameters such as
initial and final moisture content, drying time, and sample load. Comparative shelf-life
studies assessing biochemical stability, microbial safety, and sensory retention in products
dried via different methods (e.g., freeze, vacuum, or IR-assisted drying) are also warranted.
Moreover, hybrid techniques, including IR-assisted solar drying and microwave-assisted
vacuum drying, should be further evaluated for their scalability, energy consumption, and
influence on key bioactive markers. Pilot-scale trials can help bridge the gap between
laboratory innovation and industrial application. In spray drying, parameter optimization
should focus on specific variables such as inlet/outlet temperature, feed flow rate, and
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atomization speed, ideally guided by predictive modeling tools. Furthermore, identifying
novel encapsulating agents (e.g., protein—polysaccharide conjugates, nanocellulose, etc.)
and their effect on bio-compound stability, dispersibility, and controlled release behav-
ior could improve product functionality. Real-time monitoring of drying kinetics using
advanced tools (e.g., near-IR spectroscopy or thermal imaging) and assessing long-term
storage stability under different conditions will be essential for industrial translation.
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