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This study focuses on optimizing the brewing conditions and nanoencapsulation of dandelion tea extract

(DTE) to enhance its stability and bioavailability. The most suitable brewing conditions were determined

by using Response Surface Methodology (RSM) with a Box-Behnken design resulting in an extraction

time of 110 min, temperature of 85.28 °C and water-to-tea ratio of 150 mL/5 g. The extracted

polyphenols were nanoencapsulated using maltodextrin via spray and freeze-drying. The spray-dried

powder exhibited higher encapsulation efficiency (88.5%) and controlled release (89.92%) compared to

freeze-dried powder (83.51% and 75.76%, respectively), whereas freeze-dried powder showed higher

antioxidant activity (85.87%) compared to spray-dried powder (81.35%) indicating better preservation of

bioactive compounds. FTIR confirmed successful encapsulation via peak shifts, while SEM showed

dented spray-dried nanoparticles and flaky, irregular freeze-dried nanoparticles. The findings suggest

that nanoencapsulation of DTE via spray drying enhances stability and bioavailability compared to freeze

drying, making it an ideal ingredient for herbal tea, and functional beverages.
Sustainability spotlight

This study promotes sustainable food innovation by valorising dandelion (Taraxacum officinale) leaves -an underutilized wild resource from the Himalayan
region into a functional herbal tea via nanoencapsulation. Using maltodextrin, a biodegradable plant-derived carrier, the process enhances the stability and
bioavailability of natural antioxidants and polyphenols while minimizing dependence on synthetic additives. Following optimization of the brewing conditions,
the extract was nanoencapsulated using spray- and freeze-drying techniques promoting the utilization of locally available plant based resources supporting the
development of sustainable, nutritionally enriched functional beverages with improved environmental value.
1. Introduction

The herbal tea market has recently witnessed signicant growth
due to shiing consumer preferences toward health and well-
ness.1,2 Herbal teas, oen called tisanes, have been appreciated in
different cultures for hundreds of years due to their therapeutic
benets and stimulating avour. Historically, herbal teas were
mainly consumed for medicinal and healing properties, with each
herb providing distinct therapeutic benets. However, nowadays
they have become more popular not just for health benets but
also due to the variety of avors and enriching aromas.3

Taraxacum officinale commonly known as dandelion is
a highly perishable and underutilized plant, despite its potential
health benets. Dandelion (Taraxacum officinale) belongs to the
Asteraceae (sunower) family, and grows in temperate climates.
Dandelion tea is a well known herbal beverage, known for its
her-e-Kashmir University of Agricultural
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powerful antioxidants and anti-inammatory and anti-cancer
effects.4 It is rich in phytochemicals, including phenolic acids,
triterpenes, coumarins, and avonoids, all of which are thought
to impart antioxidant, immune-boosting, anti-atherosclerotic,
antitumor, antimicrobial and other benecial effects. With
innovation in preservation and processing methods, dandelion
could become a valuable, sustainable ingredient in the beverage
sector.5 However, to fully realize its potential, it is crucial to
optimize the extraction and processing conditions to maximize
the retention of bioactive compounds, particularly phenolics and
avonoids. Response Surface Methodology (RSM) is an analytical
technique that uses a quadratic model to examine relationships
between response variables and independent factors aiming to
evaluate and optimize experimental conditions.

Instantization of tea converts traditional brewed tea into
a soluble powder that dissolves quickly in hot water. Instant tea
is commonly produced through extraction followed by drying,
most frequently by spray drying or freeze drying, because these
methods preserve key bioactive compounds while enabling
convenient preparation.6
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Spray and freeze-drying are widely utilized techniques for
developing instant tea. Spray-drying is cost-effective for
commercial use, while freeze-dried tea retains more aromatic
compounds.7 Advances in encapsulation technologies such as
nanoencapsulation incorporates active compounds into micro-
particle matrices, regulating their controlled release and shield-
ing them from external factors.8 Among the various drying
methods for instant tea production, spray drying and freeze
drying are the most prevalent techniques. Freeze drying is
particularly effective for preserving heat-sensitive and volatile
compounds due to its low-temperature, although it is associated
with higher operational costs. In contrast, spray drying is more
economical and easily scalable, which has led to its widespread
application in nanoencapsulation.9 However, a systematic
comparison of these techniques in terms of encapsulation effi-
ciency, antioxidant retention, and controlled release is therefore
necessary forming the basis for the present study.

Instant tea production oen requires carrier agents to
transform liquid extracts into stable powders. Maltodextrin is
a popular choice because it is affordable, highly soluble, low in
viscosity, and capable of forming lms,8,10 which help protect
sensitive phytochemicals during drying. Its ability to create
a protective matrix makes it an effective wall material for
maintaining the stability, dispersibility, and controlled release
of polyphenols in both spray- and freeze-dried systems.11,12

To our knowledge, no studies have explored nano-
encapsulation technology using both spray-drying and freeze-
drying for instant herbal tea production from dandelion
leaves. The study aimed to optimize the brewing conditions for
tea extraction using RSM with a Box-Behnken design, and to
nanoencapsulate the extracted tea polyphenols with maltodex-
trin through spray and freeze-drying methods.
Table 1 Independent variables in the Box Behnken Design (BBD)

Variables level codes
2 Materials and methods
2.1 Materials

Dandelion leaves were collected at higher altitudes in the
Northern Himalayas in Kreeri baramulla with latitude: 34.17°N
and longitude: 74.47°E. The samples were promptly cleaned to
ensure their safety, followed by sanitization using a 100 ppm
sodium hypochlorite solution for 10 minutes to reduce micro-
bial load. Aer rinsing with distilled water, leaves were dehy-
drated for three hours in a cabinet dryer at 65 °C. An electric
mill was used to grind the dry sample, which was then sieved
through a 20-mesh screen, packed, and kept in an airtight
container for later use.

2.1.1 Chemicals and reagents. All the chemicals and
reagents were of analytical grade. 2,2-Diphenyl-1-picrylhydrazyl
(DPPH), ethylenediaminetetraacetic acid (EDTA), sodium
hydroxide, 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), maltodextrin
(MD), and all other reagents like ethanol, methanol, different
salts and acids were procured from Hi-Media India.
Process variables Code −1 0 +1

Time (min) A 50 80 110
Temperature (°C) B 70 85 100
Water/Tea (ml) C 30 90 150
2.2. Methods

2.2.1 Experimental design and dandelion tea infusion
preparation. Response Surface Methodology (RSM) with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
Box-Behnken Design (BBD) was used to determine the optimal
levels of three independent variables, time (A), temperature (B),
and water-to-tea concentration (C) in order to identify the best
combinations for four response variables, total phenolic
content (TPC), total avonoid content (TFC), antioxidant activity
(measured by DPPH radical scavenging), and total yield. The
coded values for these experimental factors and their corre-
sponding levels are presented in Table 1. The variations in TPC,
TFC, antioxidant activity (DPPH) and total yield in relation to
the three variables (A, B, and C) were modelled using a second-
order polynomial equation to optimize the brewing conditions
for dandelion tea. A total of 17 experimental runs, including 3
center points, were conducted using the Box-Behnken design to
optimize the operating conditions, which included extraction
time ((A): 50–110 minutes), temperature ((B): 70–100 °C), and
water-to-tea concentration ((C): 30–150 mL/5 g). The amount of
water per 5 g of tea was measured in milliliters (m/5 g).

Dandelion tea infusions (DTIs) were brewed under different
conditions as outlined in Table 2. Using a reux condenser
equipped with a magnetic stirrer and a temperature-sensor,
heat-reux extraction (HRE) was carried out. Five grams of
dandelion tea leaves boiled in varying percentages of water were
added to each DTI. Following the completion of the brewing
process, the tea infusion was rapidly chilled and strained using
Whatman lter No. 1. Aer that, the dandelion tea extracts were
centrifuged for ten minutes at 5000 rpm using a Weswox WT-
24BL. A rotating vacuum evaporator (Buchi Rotavapor R-80,
Switzerland) was then used to concentrate the tea extracts in
their best optimal state under lower pressure (mmHg) and at
a temperature of no more than 35 °C. It was then stored in
sealed plastic vials at −18 °C for additional examination aer
being dried in an oven at a temperature of no more than 27 °C.
2.3 Quantitative analysis

2.3.1 Total yield. Total yield was calculated in accordance
with Yao et al.13 with minor modications. Ultrapure water with
reux was used to boil the tea leaves. A portion of the ltrate was
transferred to a Petri plate that had been previously weighed
and dehydrated at 60 °C in an oven.

The following formula was used to determine the extraction
yield:

Y
�
mg g�1

� ¼ W1 � V2

W2 � V1

(1)

whereW1 is the dry matter weight (mg) post drying,W2 is the tea
sample weight (g), V1 is the volume of the tea extract used to dry
(mL), and V2 is the total volume of the tea solution aer
Sustainable Food Technol., 2026, 4, 1996–2011 | 1997
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Table 2 Design of experiment layout of rotatable CCD with three independent factors and the observed results of a response

Run Time (min) Temp (°C) Water/tea (ml) TPC (mg GAE/g) TFC (mg QE/100 g) DPPH (%) Total yield (%)

1 80 85 90 74.02 63.03 63.02 23.24
2 50 70 90 64.48 56.89 51.02 20.74
3 80 85 90 70.98 65.12 59.89 22.95
4 50 100 90 75.38 65.23 68.56 19.94
5 50 85 30 65.59 57.58 58.98 18.57
6 80 85 90 72.25 61.89 62.36 24.36
7 110 100 90 75.27 65.87 66.15 29.01
8 80 70 30 63.18 58.42 59 23.78
9 110 70 90 77.67 67.12 67.98 27.25
10 80 85 90 74.12 64.56 63.21 26.6
11 80 85 90 76.36 63.11 60.01 24.02
12 110 85 30 71.58 61.55 62.23 28.69
13 80 70 150 73.57 64.63 60.12 23.11
14 50 85 150 72.48 63.98 64.69 17.89
15 110 85 150 77.78 68.01 70.25 30.25
16 80 100 150 72.59 66.45 71.25 25.69
17 80 100 30 71.12 62.23 61.09 24.31
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extraction (mL). Y indicates the milligrams of soluble solids
produced per gram of dry tea.

2.3.2 Total phenolic content (TPC). Total phenolic content
was determined according to the method of Sansone et al.10 In
short, in a 10 mL ask, 500 mL of Folin-Ciocalteu reagent, 7 mL of
distilled water, and 100 mL of supernatant (or DLE) were mixed
and kept at room temperature for 5 min. Aer adding 1.5 mL of
saturated sodium carbonate, the volume was adjusted to 10 mL
with distilled water and incubated in the dark for 2 hours.
Absorbance was measured at 765 nm using a UV-vis spectropho-
tometer, and TPC was expressed as mg GAE/100 g dry basis. A
gallic acid standard curve (0–0.5 mg per mL−1) was prepared
similarly.

2.3.3 Total avonoid content (TFC). TFC was calculated as
per the method given by Kumar and Karunakaran.14 A mixture
of 1 mL of aluminium chloride in methanol, 1 mL of dandelion
leaf extract, and acetic acid was diluted to 25 mL with ethanol.
Aer 40 minutes, absorbance at 415 nm was recorded and
represented as mg QE/100 g dw (quercetin equivalents).

2.4 Preparation of dandelion leaf extract (DLE) for
determination of antioxidant properties

DLE was dissolved in 10 mL distilled water, mixed via vortexing,
heated at 30 °C for 30 minutes, and centrifuged at 4000 rpm for
20 minutes, and the supernatant was collected for further
analysis.15

2.4.1 Antioxidant activity by using DPPH. The method of
Gerolis et al.16 was used to measure dandelion tea infusion's
DPPH radical scavenging activity, with minor modications.
One milliliter (w/v) of liquid extract and one milliliter of
a 0.2 mM DPPH solution in methanol were combined. Aer
thorough shaking, the solution was allowed to sit at room
temperature for 30 minutes in the dark. The mixture's absor-
bance was thenmeasured at 517 nm. The following formula was
used to calculate the extracts' radical scavenging activity as the
percentage of DPPH radical inhibition.
1998 | Sustainable Food Technol., 2026, 4, 1996–2011
Inhibition Percentage (IP) % = [(Acontrol − Asample)/Acontrol]

× 100 (2)

where Acontrol is the absorbance of the control and Asample is the
absorbance of the sample.
2.5 Preparation of nanoencapsulated powders

Maltodextrin DE 20 (10 g) was dissolved in 100 mL of puried
water and le overnight. Aer adding 1% w/w of Tween 80 as
a surfactant, the mixture was agitated for an hour. The wall
material and dehydrated dandelion tea extract were mixed in 1 :
1 (w/v) ratios. A sonicator (QSONICA; model Q700) was used to
homogenize the solution at 20 KHz for 15 minutes in order to
increase the effectiveness of encapsulation and reduce the size
of the particles to the nanoscale. The solution was then dehy-
drated using lyophilisation and spray drying methods.10

A Mini Spray Dryer (BUCHI, B-290), Switzerland, was used to
dry the nanoemulsion. The inlet temperature of the spray dryer
was set at 120 °C, with a hot air ow velocity of 2.5 m3min−1 and
a peristaltic pump ow rate of 5 cm3 min−1 at 0.06 MPa. The
outlet temperature stabilized at approximately 68 °C. The
resultant encapsulation products were gathered and kept in an
airtight container for further analysis.

Freeze drying involved freezing the nanoemulsion at −20 °C
and then drying it using a lyophilization system (BUCHI, Lyo-
vapor L-200, Switzerland). For 48 hours, the ice condenser's
temperature was kept at −56 °C, and the vacuum was adjusted
to 0.074 Mbar. Aer 48 hours of drying, the powder was placed
in sealed bags for further examination.
2.6. Physical properties of nanoencapsulated powders

2.6.1 Moisture content and water activity. The moisture
content of the nanoparticles was determined at 105 °C in a hot
air oven which was previously preheated. The powder's
© 2026 The Author(s). Published by the Royal Society of Chemistry
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moisture content was calculated using eqn (1). Triplicate
measurements were carried out.17

Moisture contentð%Þ ¼ Weight lossðgÞ
Weight of the sample

� 100 (3)

A water activity measurement device from the Aqualab
(Model 3 TE) series was used to measure the water's activity.

2.6.2 Bulk density (rB). A 2 g portion of powder was care-
fully introduced into a 10 mL graduated cylinder. The bulk
density was calculated by dividing the powder's weight by the
volume it occupied in the cylinder.18

2.6.3 Tapped density (rT). Tapped density was measured
by following the standard procedure of Jinapong et al.18 5 g of
the sample was placed in a graduated cylinder and subjected to
repeated tapping until a constant volume was obtained. The
recorded sample was based on triplicate measurements.

2.6.4 Particle density (rP). 5 mL of petroleum ether was
added to a measuring cylinder, to which 1 g of powder was
added and shaken for 1 min to obtain an even suspension. The
cylinder walls were then rinsed with an extra 1 mL of petroleum
ether. The 6 mL total volume containing suspended particles
was measured and the density of the particles was calculated
according to eqn (4).
Particle density ¼ Weight of powderðgÞ
Total volume of petroleum ether with suspended powderðmLÞ�6

(4)
The powder samples' porosity was calculated using the
relationship between tapped and particle densities, as shown in
eqn 5

3 ¼ rparticle� rtapped

rparticle
� 100 (5)
EEð%Þ ¼ Total poyphenol content� Polyphenol content on surface

Total polyphenol content
� 100 (9)
2.6.5 Hygroscopicity. Hygroscopicity was determined
employing a procedure suggested by Zokti et al.19 with a few
modications. Each powder sample, weighing about 1 g, was
put in triplicate into vials and was stored with saturated NaCl
and weighed aer a week, and hygroscopicity was measured as
retained moisture.

2.6.6 Flowability and cohesiveness. Nanoencapsulated
powder ow properties were assessed using Carr's Index (CI)
and the Hausner Ratio (HR), which calculate ow characteris-
tics based on bulk and tapped densities. The CI values provide
a classication scale ranging from very good to very poor ow
© 2026 The Author(s). Published by the Royal Society of Chemistry
behavior, with thresholds indicating increasingly problematic
owability.

Hausner’s ratio ¼ Tapped density

Bulk density
(6)

Carr’s indexð%Þ ¼ Tapped density� Bulk density

Tapped density
� 100 (7)

2.6.7 Product yield. Product yield is the proportion of the
solid substance retrieved upon drying in comparison to the
initial amount of solid substance consumed.20 eqn (6) is used to
calculate the yield.

Product yield ¼ Final mass of dried powderðgÞ
Initial mass of solid materialðgÞ � 100 (8)

2.6.8 Encapsulation efficiency (EE). A modied technique
from Saikia et al.21 was used to measure the phenolic content in
order to quantify the encapsulation efficiency (EE). For the
assessment of surface polyphenols, a 200 mg sample of nano-
encapsulates was diluted in 2 mL of ethanol:methanol (1:1) and
ltered. An additional 200 mg of entrapped polyphenols were
dissolved in a 50:8:42 mixture of methanol, acetic acid, and
water, vortexed, and ultrasonically sonicated. Following
centrifugation, the supernatant was ltered, and the Folin-
Ciocalteu reagent reducing capacity test was used to measure
the total amount of polyphenols. The following equation was
used to calculate the EE:
2.6.9 Antioxidant capacity. The antioxidant capacity was
calculated according to methods described by Filippou et al.22

About 1 g of powder was added to 20 mL of water and the total
phenolic content and antioxidant activity were determined
using the following equation:

Andioxidant Capacityð%Þ ¼ ADPPH � As

ADPPH

(10)

where ADPPH is the absorbance of the blank sample and As is the
absorbance of the sample.

For IC50 determination, antioxidant capacity was evaluated
at multiple sample concentrations, and the IC50 value was
Sustainable Food Technol., 2026, 4, 1996–2011 | 1999
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calculated as the concentration required for reaching 50%
antioxidant capacity.
2.7 Characterization of nanoencapsulated powders

2.7.1 Particle size, polydispersity and zeta potential. Using
a dynamic light scattering setup (DLS, Anton Paar, Litesizer 500)
at 25 °C, the particle size of freeze-dried and spray-dried
nanoparticles was measured as per the method outlined by
Sanna et al.,23 with minor modications. In order to eradicate
numerous scattering effects, powders were dissolved 100-fold in
distilled water before testing. The particle size was checked
throughout every experiment until the subsequent values were
constant aer a small portion of the sample was dispersed in
0.1 mM KCl. Every test was conducted at 25 °C, and the mean of
all three readings were noted.

2.7.2 Functional group characterization using fourier
transform infrared (FTIR) spectroscopy. FTIR (Spectrum Two,
PerkinElmer) was used to characterize spray and freeze-dried
nanoparticles in order to examine the bonding conguration
and chemical compounds. The range of wavelengths used was
4000 cm−1 to 400 cm−1, with a 4 cm−1 resolution and 64 scan
average, and dried nanoparticles were analyzed against wall
material and dandelion tea extract spectra. FTIR analyses were
performed in triplicate, and representative spectra were
selected from these replicates to maintain analytical
consistency.

2.7.3 Scanning electron microscopy (SEM). The surface
morphology of spray- and freeze-dried nanoparticles was
analyzed using a eld emission scanning electron microscope
(FE-SEM) (Gemini SEM 500, ZEISS, Germany). Samples were
examined at 1.00 k × magnication (10 mm scale) and 300 g
samples at 100 mm scale, with a 5 kV accelerating voltage.
Powders were affixed to aluminum strips with carbon tape.
Before scanning, samples were coated with a thin gold layer (10
nm) to improve conductivity and prevent charging under the
electron beam. SEM analyses were performed in triplicate, and
representative images were selected from these replicates to
ensure reproducibility.

2.7.4 In vitro release prole analysis and release modelling.
The release of phenolic compounds from nanoencapsulated
dandelion leaf extract (DLE) was evaluated using the in vitro
digestion model under simulated gastrointestinal conditions by
Rashid et al.,24 with slight modications. A model of the simu-
lated gastrointestinal tract was used to digest 300 mg of nano-
capsules. Samples were mixed with 15 mL of simulated gastric
juice which was prepared by mixing 3 g per L of pepsin with 9 g
per L saline, and pH was adjusted to 2 by using 1 M HCl during
the gastric phase. They were then incubated for three hours at
37 °C in an orbital shaker (8 × g). During this phase, periodi-
cally, 2 mL aliquots were taken out from the whole mixture,
chilled, and kept at −20 °C. Aer three hours, the gastric phase
was completed, and the mixture was centrifuged. The combi-
nation was centrifuged once the gastric phase was nished, and
the pellets that were produced were employed to mimic intes-
tine digestion. The pellets were reconstituted in 15 milliliters of
simulated intestinal juice (SIJ), which was made by dissolving
2000 | Sustainable Food Technol., 2026, 4, 1996–2011
10 g per L pancreatin and 3 g per L bile salts in phosphate buffer
(pH 7.5). Aer that, the mixture was incubated for four hours at
37 °C, and 2 mL aliquots were collected from the whole recon-
stituted mixture every 60 minutes. This approach ensures that
aliquots represent the complete sample at each stage before
centrifugation, and the separation of the pellet post-gastric
phase allowed for proper simulation of intestinal digestion.
To examine the release mechanism of dandelion tea extract
from nanoencapsulates in gastrointestinal media, data from in
vitro release studies were determined employing a range of
mathematical models, such as the Korsmeyer, Higuchi, Hixson-
Crowwell, zero order, and rst order models25 to determine the
most appropriate model. To assess these models' suitability for
delivery proles, the determination coefficient (R2) was
employed.

2.7.5 Statistical analysis. Every experiment was performed
in triplicate, and the mean ± standard deviation was used to
determine the results. One-way analysis of variance (ANOVA)
was used using Tukey's HSD (honestly signicant difference)
test at a signicance level of p # 0.05. All values were obtained
in triplicate, and the results were expressed as mean± standard
deviation (SD).The response surface methodology (RSM) with
Box-Behnken Design was used to optimize the experiment. The
Statistical Soware Design Expert 12 (Stat-Ease Inc., Minneap-
olis, MN, USA) was used for model tting and optimization,
while OriginPro 9.0 was used for generating all graphical
outputs.
3. Results and discussion
3.1. Fitting of the model

The analysis of variance (ANOVA) presented in Table 3 indicates
that independent factors have a substantial (p < 0.05) effect on
the models developed for every response. All the selected
parameters had extremely signicant coefficients of determi-
nation (R2), which ranged from 0.9052 to 0.9590, suggesting the
adequate t of mathematical models with real data. Predicted
R2 and adjusted R2 were found to be reasonably in agreement
for all signicant models. Additionally, for every model, the
precision and coefficient of variation fell between 12.339 and
17.859 and 1.77 and 5.04% respectively, conrming the accu-
racy, dependability, and reproducibility of the results, as shown
in Table 3. Lack of t for all the models was found to be non-
signicant, validating their close t with the observed data.
Additionally, the adequate precision was more than 4 for all the
models, which guarantees high reliability and is appropriate for
validation.
3.2 Effect of independent variables (extraction parameters)
on dependent variables of dandelion tea

3.2.1 Total phenolic content (TPC). Total phenolic content
went from 63.18 to 77.78 (mg GAE/g) as shown in Table 2. A
second degree model depicting the TPC content is given below
in eqn (11), which species the signicant (p < 0.05) positive
linear effects of A and B respectively as shown below:
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Results of the ANOVA for the fit of the data to the response surface model

Responses R2 Predicted R2 Adjusted R2
Regression adequate
precision C.V. p-value Lack of t

Total phenolic content 0.9402 0.8631 0.8633 12.3395 2.20 <0.0017 0.9727
Total avonoid content 0.9480 0.7440 0.8812 12.4092 1.77 <0.0010 0.7584
DPPH 0.9590 0.7304 0.9064 16.9682 2.42 <0.0005 0.5944
Total yield 0.9052 0.8412 0.8833 17.8592 5.04 <0.0001 0.7687
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TPC = 73.55 + 3.05A + 1.93B + 3.12C − 2.39C2 (11)

where A represents extraction time, B denotes extraction
temperature, and C signies the water-to-tea ratio. The positive
values of the linear terms A, B, and C indicate that increasing
extraction time, temperature and water: tea ratio had a greater
inuence on the TPC of dandelion tea. As both the extraction
time and temperature increased, more phenolic compounds are
extracted, increasing the phenolic compounds' solubility and
rate of diffusion.26 Our results align with those of Parvez et al.,27

who found that increasing extraction temperatures and times
led to higher TPC. Additionally, water's dielectric constant
decreases with increasing temperature, lowering hydrogen
bonding and improving its solvent properties for nonpolar
phenolic chemicals.28 This increases solubility, which in our
study improves the extraction efficiency of phenolics at higher
temperatures. Furthermore, the liquid to solid ratio increased
withmore increase in the total phenolic content whichmight be
attributed to increased solvent volume, which improves pene-
tration into the cells and facilitates more effective phenolic
compound leaching and extraction.29 However, the negative
quadratic effect of the water to tea ratio indicates that beyond
a certain point, further increases in the ratio could reduce the
phenolic content resulting in decreased extraction efficiency.
Similar reports were obtained by Parvez et al.27

3.2.2 Total avonoid content (TFC). TFC ranged between
56.89 and 68.01 mg QE/100 g as shown in Table 2. The regres-
sion eqn (12) obtained for TFC is given below.

TFC = 63.54 + 23.6A + 1.59B + 2.91C − 2.40AB (12)

where A: time, B: temperature and C is the water: tea ratio.
From eqn (12), it was observed that the independent vari-

ables i.e. extraction time, (A) extraction temperature (B) and
water: tea ratio (C), had a positive signicant (p < 0.05) effect on
TFC. The total avonoid content increases with increasing
extraction time and temperature. This could be because tea
leaves are easier to penetrate, which increases their surface area
for interaction with water and facilitates a higher level of
avonoid extraction throughout. Additionally, a longer extrac-
tion period allows for the dissolution of more avonoids.30

Wang et al.31 noted similar ndings on the optimization of
brewing conditions for vine tea. Additionally, it was shown that
a larger water to solid ratio enhanced the TFC. This behaviour is
most likely caused by a larger volume of solvent, which speeds
up compound diffusion by effectively dissolving avonoids and
extracting more solid materials from cells, improving the
© 2026 The Author(s). Published by the Royal Society of Chemistry
extraction process and overall enhancing the TFC.32 Insang
et al.33 noted similar ndings during the mulberry leaf extrac-
tion process. Moreover, the interactive effect between extraction
time and temperature (AB) revealed a signicant negative
impact (p < 0.05) on TFC.

3.2.3 Antioxidant activity measured by using DPPH. The
DPPH score ranged from 51.02% to 71.25% as shown in Table 2.
The signicant (p < 0.05) predicted model obtained for DPPH
from regression analysis is given in eqn (13) provided below:

DPPH = 61.70 + 2.92A + 3.62B + 3.13C − 4.84AB (13)

where A is the extraction time, B is the extraction temperature,
and C is the water: tea ratio.

The tted model shows that all three independent variables
have a substantial (p < 0.05) positive linear impact on DPPH.
DPPH increased when A, B, and C increased, based on the
positive values of linear components of extraction time (A),
extraction temperature (B), and solid liquid ratio (C). The reason
for this could be due to the higher temperatures which speed up
the extraction process and make antioxidants more soluble and
easier to release from the tea leaves; increasing both time and
temperature boosts the overall antioxidant activity. In contrast
to less stable, less soluble antioxidants, heat-stable antioxidants
in particular are less likely to degrade at higher temperatures,
enabling a faster extraction rate.34 Similar outcomes were noted
by Lee et al.35 Furthermore, the antioxidant activity increased
when the water-to-solid ratio increased as shown inTable 4 This
might be because of the larger volume of the solvent, which
increases the possibility that antioxidants will come into
contact with the extraction solvent and help move bioactive
chemicals into the liquid phase.29 Wati et al.36 also noted
a similar pattern. Moreover, tea's antioxidant activity was
signicantly (p < 0.05) impacted negatively by the interaction of
extraction time (A) and temperature (B).

3.2.4 Total yield. Total yield (TY) ranged between 17.89 and
30.25% as shown in Table 2. Eqn (14) below provides the
signicant (p < 0.05) predicted model for TY derived from
regression analysis.

TY = 24.14 + 4.76A (14)

where A is the extraction time.
From the regression eqn (14), TY increased signicantly (p <

0.05) as extraction time (A) increased. This could be explained
by the fact that longer extraction times improve the extraction of
more antioxidant substances as well as tea polyphenols, allow-
ing more bioactive substances to be discharged into the liquid
Sustainable Food Technol., 2026, 4, 1996–2011 | 2001
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Table 4 Comparison of predicted and actual responses

Values
Total phenolic
content (mg GAE/g)

Total avonoid
content (mg QE/100 g) DPPH (%) Total yield (%)

Predicted values 77.78 68.04 70.68 29.10
Actual values 76.58 67.12 69.88 28.28
Variation (%) 1.54 1.35 1.13 2.81
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medium and enhancing the proportion of total yield.37 Similar
ndings regarding the Hirsute leaf extraction technique were
noted by Pham et al.38

3.3 Validation of the model and optimization

The optimal conditions were determined using the desirability
function approach, yielding a desirability score of 0.969 (Fig. 1).
The best conditions for making dandelion tea were determined
to be 110 minutes extraction time, 85.28 °C extraction temper-
ature, and 150.00 mL/5 g water-to-tea ratio. The predicted and
experimentally obtained values for responses were 77.78 and
Fig. 1 Response surface plot showing the desirability function.

2002 | Sustainable Food Technol., 2026, 4, 1996–2011
76.68 mg GAE/g for TPC, 68.04 and 67.12 mg QE/g for TFC,
70.68 and 69.88% for DPPH antioxidant activity, and 29.10 and
28.28% for total yield respectively. A strong connection between
the predicted and experimental results conrmed the validity of
the current RSM model. The experimental results closely
matched the predicted response values, with a difference of less
than 4%.

3.4 Physical characteristics of nanoencapsulated powders

3.4.1 Moisture content and water activity. Moisture
content (MC) and water activity (aw) are signicant variables
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Physical properties and flow characteristics of nano-encap-
sulate powdersa

Parameters Freeze dried Spray dried

Moisture content (%) 3.49 � 0.31a 2.69 � 0.42b

Water activity (aw) 0.29 � 0.02a 0.2 � 0.02b

Bulk density (g cm−3) 0.42 � 0.02b 0.59 � 0.03a

Tapped density (g cm−3) 0.46 � 0.03b 0.71 � 0.01a

Particle density (g cm−3) 1.48 � 0.04b 1.65 � 0.02a

Hygroscopicity (%) 12.25 � 0.07b 14.59 � 0.09a

Porosity (%) 68.91 � 1.63a 57.57 � 1.63b

Carr's index (owability) 8.69 � 0.04b 17.14 � 0.04a

Hausner ratio (cohesiveness) 1.09 � 0.01b 1.20 � 0.01a

a All values are reported as mean ± standard deviation from three
replicates. Statistically signicant differences (p # 0.05) between the
freeze-dried and spray-dried encapsulates within rows are represented
by different lowercase letters (a and b).
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that affect the adhesion, permeability, and quality of powders
during storage.39 The shelf life of powders is signicantly
inuenced by bothMC and aw. The results for water activity and
moisture content in both spray and freeze-dried tea powders,
presented in Table 5 showed signicant differences (p < 0.05).
Higher MC and aw were observed in freeze dried powders with
values of 3.49% and 0.29, while the spray dried powder had
a lower moisture content of 2.69% and aw of 0.20 respectively.
The reason for the lower MC and aw may be attributed to the
high temperature of the spray drying process and the smaller
droplet size, which resulted in an increased rate of mass
transfer. This enlarged surface area enables water molecules to
migrate more rapidly from the droplet interior to the surface. As
these droplets are exposed to the high inlet air temperature,
a large temperature gradient is created between the droplet
surface and the drying air. This gradient accelerates the evap-
oration rate, leading to immediate removal of moisture.40 A
similar trend was observed by Kuck and Norena41 for phenols
encapsulated from grape skins. Overall, aw of both the samples
fell within the standard range for powdered samples and met
within the recommended threshold for microbial stability
(<0.6).

3.4.2 Bulk density, tapped density and particle density.
Bulk density and tapped density are crucial parameters for
evaluating the convenience of handling, storing, packaging, and
transportation of powdered food items. Table 5 shows that the
bulk and tapped density values of powdered materials differed
signicantly (p < 0.05). The bulk and tapped densities of the
freeze-dried encapsulates were 0.42 and 0.46 g cm−3, whereas
the spray-dried encapsulates exhibited a density of 0.59 and
0.71 g cm−3, respectively. Spray dried samples exhibited higher
density in comparison to freeze dried samples. The shape and
surface characteristics of the particles are responsible for the
greater bulk and tapped densities in the spray dried tea
samples. Moreover, the spherical, homogeneous, compact, and
smaller sized spray-dried particles result in a larger mass per
unit volume and thus, a higher bulk density. Conversely, the
irregular shape of the freeze-dried particles enables water to be
removed, creating hollow regions which increase the total
© 2026 The Author(s). Published by the Royal Society of Chemistry
volume and decrease the bulk density.42 These ndings align
with those reported by Dadi et al.43. Furthermore, the tapped
density exceeded the bulk density as tapping enabled smaller
particles to ll gaps between larger ones, creating a denser
structure.44

Particle density is a signicant variable for estimating the
true density of particulates, eliminating the void regions among
them. The particle densities of both powders differed signi-
cantly (p < 0.05) as shown in Table 5. The spray-dried sample
had a higher particle density of 1.65 g cm−3, while the freeze-
dried sample showed a lower particle density of 1.48 g cm−3.
The difference in powdered density between the spray-dried and
freeze-dried samples may be the reason for the higher particle
density in the former. Less air space between the particles
makes higher bulk density powders ideal for storing. During
spray drying, compact, spherical particles are formed as a result
of rapid evaporation of water due to high temperature which
leads to smaller sizes and greater uniformity; these particles
pack more tightly, hence increasing the particle density. In
addition, a higher bulk density can result in superior ow
characteristics, lower settling down, and less vulnerability to
moisture absorption, all of which enhance performance and
extend shelf life in a variety of applications.45 Our ndings are
consistent with the outcomes of Bashir et al.46

3.4.3 Hygroscopicity and porosity. The capacity of an
encapsulated bioactive substance to absorb moisture from its
surroundings is reected in its hygroscopicity, which is an
important consideration. It is usually represented as the
amount of water retained per 100 grams of the sample, and can
inuence the durability of the product.43 The hygroscopicity of
both the powders showed signicant differences (p < 0.05), as
indicated in Table 5. The hygroscopicity of spray-dried samples
was 14.59%, whereas that of freeze-dried samples was 12.25%.
Compared to the freeze-dried nanoencapsulates, the spray-
dried ones showed noticeably greater hygroscopicity. This
difference is likely due to the lower moisture content of the
spray-dried nanocapsulates, which leaves more unoccupied
active sites on the particle surface; these exposed sites readily
attract and bind water vapour from the surrounding environ-
ment, ultimately leading to higher hygroscopicity. According to
Tonon et al.,47 it is widely observed that particles with reduced
moisture content have a better ability to retain moisture from
surrounding air and, as a result, exhibit increased hygroscop-
icity. The ndings are further supported by Shuen et al.,17 who
found that spray-dried kuini powdered samples had increased
hygroscopicity.

Porosity is a crucial component of powder reconstitution and
represents an additional important feature in food processing.
Since porosity quanties the percentage of total volume occu-
pied by void spaces, it is related to bulk density.45 A statistically
signicant difference (p # 0.05) was observed in the porosity of
both powders with spray dried tea powder having a porosity of
57.57% and freeze-dried tea powder showing a porosity of
68.91% as given in Table 5. Lower porosity was exhibited by
spray dried powder while higher porosity was shown by freeze
dried powder. The reason for lower porosity might be due to the
higher bulk density and particle arrangement of the spray-dried
Sustainable Food Technol., 2026, 4, 1996–2011 | 2003
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nano-encapsulated samples. Because of their smaller size, the
particles are packed closer together, creating fewer spaces
between them and reducing the material's porosity compared to
the freeze-dried powder. Additionally, the lower bulk density
values of the freeze-dried powder samples can be explained by
their higher porosity, which resulted from phase transition of
ice that creates voids, thereby increasing the product's
porosity.48 Previous studies by Karam et al.,49 revealed the same
outcomes with freeze-dried and spray-dried mango powders.

3.4.4 Flowability and cohesiveness. The Hausner ratio (HR)
and Carr index (CI) evaluated the nanoencapsulated powder's
ow properties and cohesiveness. These indices classify powder
characteristics from extremely poor to excellent owability and
cohesive behavior, as established by Muzaffar et al.50

The powder's bulk and tapped densities are used to calculate
the CI and HR values. Greater cohesion and poor owability are
indicated by higher values of the Hausner Ratio (HR) and Carrs
Index (CI). Table 5 indicates that the CI and HR values for
freeze-dried tea powder varied between 8.69 and 1.09, while the
values for spray-dried tea powder were 17.14 and 1.20, respec-
tively. In contrast to the freeze-dried powder, which showed
greater owability and lower cohesiveness, the spray-dried
powder had higher HR and CI values, suggesting that the
substance is more cohesive and has poor owability. This might
be because of the low moisture content, which has been
demonstrated to improve powder particle cohesiveness and
decrease owability.51 Furthermore, the homogeneity and ne
particle size in the freeze-dried powder sample decreased
interstitial spaces, maximizing surface availability in contact
with the surrounding air. This consequently results in lower
values for the Hausner Ratio and Carr Index in freeze-dried
powder,.52 and our ndings correlate with those of Caliskan
and Dirim.53

3.4.5 Product yield. The product's yield is a key indicator
that reects the effectiveness of the drying process employed
and has an enormous effect on the price. The yield of tea
powders encapsulated using freeze-drying and spray-drying
methods is shown in Table 6. The yield of the two types of
powders differed signicantly (p < 0.05), with the spray-dried
powder showing a yield of 76.3% and the freeze-dried powder
Table 6 Product yield, encapsulation efficiency, antioxidant capacity,
particle size, polydispersity index and zeta potential of nano-
encapsulated powdera

Parameters Freeze dried Spray dried

Product yield (%) 85.29 � 1.51a 75.96 � 1.31b

Encapsulation efficiency (%) 83.51 � 0.77b 88.5 � 0.94a

Antioxidant capacity (%) 85.87 � 1.53 a 81.35 � 0.67 b

IC50 (mg mL−1) 1.71 � 0.03 a 1.94 � 0.06 b

Particle size (nm) 290.26 � 2.36a 180.45 � 1.54b

Polydispersity index 0.29 � 0.02b 0.34 � 0.02a

Zeta potential (mv) −24.4 � 0.63b −20.5 � 1.37a

a All values are expressed as mean ± standard deviation from three
replicates. Statistically signicant differences (p # 0.05) between the
freeze-dried and spray-dried encapsulates within each row are
denoted by different lowercase letters (a and b).

2004 | Sustainable Food Technol., 2026, 4, 1996–2011
showing a yield of 85.7%. The poorer yield of the spray-dried
powder can be explained by the higher temperatures and
atomization used during the process.54 These conditions
enhance heat and mass transfer, which in turn increases the
glass transition temperature (Tg) of the amorphous compo-
nents, leading to greater particle loss. Furthermore, this effect
can lead to increased moisture loss and decreased yield.55 In
contrast, the lower temperatures used in freeze-drying probably
result in a better recovery due to a decrease in the powder's
tendency to adhere to the chamber walls. Moreover, freeze-
drying improves yield by maintaining the structure and
reduces the loss of volatile ingredients. Shuen et al.17 reported
a higher product yield for the freeze-dried powder of kuini pulp
powder, which is in line with our ndings. Xin et al.56 also re-
ported similar outcomes in their comparison of freeze- and
spray-dried avouring powders, noting that freeze-dried
samples consistently exhibited higher product yields than
spray-dried samples.

3.4.6 Encapsulation efficiency (EE). Encapsulation effi-
ciency (EE) is a crucial factor, since it measures the ability of the
encapsulating substance to hold its main component within its
structure and demonstrates the efficiency of the method of
encapsulation. Table 6 illustrates the EE of the freeze dried and
spray-dried powders. A signicant difference (p < 0.05) was
observed in the encapsulation efficiencies of both powders.
Spray drying demonstrated a higher encapsulation efficiency
(EE) of 88.5%, compared to freeze drying, which had an EE of
83.51%. Greater retention of volatile compounds throughout
the drying process reects the difference in encapsulation effi-
ciency. According to this, spray drying makes it easier for
nanocapsules to develop inside the lm-forming shell later on
in the drying process, which improves extract entrapment and
reduces surface content.55 Conversely, freeze drying promotes
droplet-to-droplet interactions inside the emulsion. This
extended drying period causes the extract to be inconsistently
entrapped, which lowers the entrapment effectiveness and
increases the surface content. These results suggest that spray
drying provides superior encapsulation stability compared to
freeze drying. Junior et al.57 noted similar observations while
evaluating the drying of ciriguela peel using spray and freeze-
drying techniques. Furthermore, the spherical morphology
typically formed during spray drying also contributes to
improved encapsulation efficiency, which explains the higher
EE observed in the spray-dried powder compared to the freeze-
dried powder. Similar ndings were reported by Bashir et al.46

who noted higher encapsulation efficiency for spray-dried
vitamin D nanoparticles relative to those obtained by freeze
drying.

3.4.7 Antioxidant capacity. Antioxidant capacity refers to
the ability of a compound or extract to neutralize free radicals
and prevent oxidative damage. Table 6 presents the antioxidant
capacity of the freeze-dried and spray-dried powders. A signi-
cant difference (p < 0.05) was observed in the antioxidant
capacities of the two powders. The freeze-dried powder exhibi-
ted a higher antioxidant capacity of 85.87%, whereas the spray-
dried powder showed a slightly lower value of 81.35%. Lower
antioxidant capacity in spray dried powder might be due to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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rapid droplet atomization and solvent evaporation in the spray
drying process which promotes early formation of a continuous
carrier lm around the core material, producing compact,
spherical particles with reduced surface polyphenol exposure
and antioxidant activity of powders, suggesting a potential loss
or antioxidant activity during the drying process.58 In contrast,
freeze drying generally preserves higher antioxidant activity,
which can be attributed to its low-temperature and vacuum-
based process which minimizes thermal degradation, oxida-
tion, and structural collapse of heat-sensitive phytochemicals
thereby retaining more bioactive compounds. Similar ndings
were reported in the study by Vareltzis et al.59,60 who compared
the antioxidant potential of spray-dried and freeze-dried
extracts obtained from oregano processing wastes using an
optimized ultrasound-assisted extraction method.

The IC50 values derived from antioxidant capacity measure-
ments indicate that the freeze-dried powder exhibited slightly
higher antioxidant potency, as reected by its lower IC50 value
(1.71 mgmL−1) compared with the spray-dried powder (1.94 mg
mL−1).This outcome reects the advantage of low-temperature
processing in preserving phenolic antioxidants. Similar trends
were reported by Liang et al.61 for Spiranthes sinensis, where
minimally heated extracts showed lower IC50 values. Turkiewicz
et al.62 also observed higher IC50 values in spray dried
medicinal-plant extracts.
Fig. 2 FTIR spectra of maltodextrin, dandelion tea, spray dried tea
powder (SD) and freeze dried tea powder.
3.5 Characterization of encapsulated powders

3.5.1 Particle size, PDI and zeta potential
3.5.1.1 Particle size. Particle size plays a key role in deter-

mining stability, encapsulation efficiency, and the overall
accessibility of the core substance. It's crucial for enhancing
targeted nutrition and medicinal applications, ensuring the
effectiveness of the product. Table 6 depicts the particle size of
the tea powder nanoparticles that were encapsulated using
freeze and spray drying. The freeze-dried tea samples exhibited
a larger particle size of 290.26 nm, while the spray dried powder
samples had a particle size of 180.45 nm. The reduction in the
particle size of the spray-dried sample may be due to the high
inlet temperature and atomization.63 Moreover, the larger size
of the particles in freeze drying can be attributed to the
agglomeration of particles during the formation of ice crystals
due to the lower temperature used in the process and the
inability of forces to break the frozenmedium into tiny droplets.
Our results are in line with Chen et al.64 for spray and freeze
drying of water pea.

3.5.1.2 Polydispersity index (PDI). The polydispersity index
(PDI) is essential for evaluating uniformity and stability of the
particle size dispersion. The distribution of particle size is
measured by the PDI value, which is greater for samples
exhibiting greater size diversity than for samples with uniformly
sized particles.65 Furthermore, a polydispersity index below 0.4
suggests a narrow particle size distribution.66 Table 6 presents
the PDI values for the freeze dried and spray dried powders and
were recorded as 0.29 and 0.34 respectively. The freeze-dried
samples exhibited a lower PDI, whereas the spray dried
samples showed a higher PDI. This is because in freeze drying,
© 2026 The Author(s). Published by the Royal Society of Chemistry
each sample is frozen separately and then dried at low
temperatures and pressures, which might cause cell rupture
and enhance the capsule's internal environment that promotes
the production of smaller particles. However, spray drying can
result in particle aggregation and produces larger particles by
spraying the liquid sample and drying it at high temperatures.67

Consequently, the polydispersity index (PDI) will probably be
more uniform in freeze drying. Our results for the polydispersity
index (PDI) are consistent with those of Ma et al.,52 who
compared freeze-drying (FD) and spray-drying (SD) in stable
silybin nanosuspensions.

3.5.1.3 Zeta potential. Zeta-potential plays a vital role in
evaluating how stable a colloidal system is. It is an essential
component in estimating the degree of stability of microparti-
cles and serves as an indicator of net surface charge. The
stability of nanoparticles is generally determined by their
charge. A zeta potential exceeding +30 mV or falling below
−30 mV indicates an ideal condition for maintaining long-term
colloidal stability. In general, the z-potential can be used to
calculate the extent of both stability and instability of suspen-
sions. The probability of particle aggregation due to electric
repulsion decreases with increasing z-potential.68 From Table 6,
the zeta potentials of the freeze-dried and spray-dried tea
powders were −24.4 mV and −20.5 mV, respectively. The lower
zeta potential in freeze-dried samples is primarily due to an
increase in particle size which decreases the surface area
available for charge dispersion and electrostatic repulsion.69

Comparable observations were reported by Ledari et al.,70 when
they assessed two drying methods for chlorophyll
encapsulation.

3.5.2 Fourier transform infrared (FTIR) spectroscopy. The
FT-IR method identies the molecular composition and
chemical bond properties of various components and therefore
can be utilized to examine the molecular interactions between
the active substance and the encapsulating agent.71 Fig. 2 shows
Sustainable Food Technol., 2026, 4, 1996–2011 | 2005
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the FT-IR spectra of dandelion powder and carrier material
(maltodextrin) spray-dried and freeze-dried tea powder across
the wavelength range of 4000–500 cm−1. The FT-IR spectra di-
splayed similar functional group peak characteristics, consis-
tent with the ndings from previous research.72 The FTIR
spectra of tea extract, maltodextrin, and encapsulated tea
extract (both freeze-dried and spray-dried) in our study revealed
characteristic peaks that indicate interactions between the
active components of tea extract and themaltodextrin carrier, as
well as subtle shis due to the encapsulation process. The
broad O–H stretching band appeared at 3298.2 cm−1 in malto-
dextrin and 3278.0 cm−1 in dandelion extract. Aer encapsu-
lation, this band was detected at 3278.0 cm−1 in the freeze-dried
(FD) powder and shied to 3291.7 cm−1 in the spray-dried (SD)
powder. This upward shi towards higher wavenumbers in SD
is attributed to the hydroxyl groups (–OH) in polyphenolic
compounds like catechins and the carrier matrix, indicating
a modied hydrogen-bonding environment caused by rapid
moisture evaporation and higher thermal exposure. Similarly,
the asymmetric C–H stretching region displayed notable varia-
tions; maltodextrin exhibited a peak at 2900.8 cm−1, whereas
the encapsulated powders showed peaks at 2914.6 cm−1 (FD)
and 2887.0 cm−1 (SD), reecting structural adjustments and
differences in molecular packing. The carbonyl (C]O)
stretching region characteristic of carbohydrates showed
distinct movement, shiing from 1358.9 cm−1 in dandelion
extract and 1344.3 cm−1 in maltodextrin to 1365.4 cm−1 in the
freeze-dried powder and 1372.7 cm−1 in the spray-dried powder.
The consistent ngerprint band at around 989–990 cm−1 in all
samples is attributed to C–H stretching of methylene and
methyl groups conrming that the aromatic ring structure of
polyphenols remains intact aer encapsulation aligning with
previous research by Kang et al.73 Similar FT-IR shis for O–H
and C–H stretching bands have been reported in earlier
microencapsulation studies involving dandelion leaf extract by
the spray drying process by Martinic et al.74 These ndings
demonstrate that the encapsulation process, along with the
drying methods, has a signicant effect on the molecular
interactions between the tea extract and maltodextrin, with
slight differences observed between freeze-dried and spray-
dried powders. The variations in vibrational peaks between
spray-dried and freeze-dried powder samples could stem from
the higher thermal conditions employed during spray drying
that causes structural modications that ultimately affect the
oscillatory behaviour of the functional groups. While investi-
gating the sea buckthorn fava bean composite instant powder,
similar observations were made by Li et al.75 for spray and
freeze-drying effects on physicochemical properties, bio actives
and sensory attributes.

3.5.3 Scanning electron microscopy (SEM). Surface char-
acteristics of encapsulated nanoparticles were identied from
freeze and spray drying through scanning electron microscopy
(SEM) as shown in Fig. 3. The image clearly indicates that the
particle morphology varied between two drying methods.
Scanning electron micrographs showed that spray-dried nano-
particles revealed spherical to dented-spherical shapes, (Fig. 3a
and b), whereas the freeze-dried nanoparticles showed broken,
2006 | Sustainable Food Technol., 2026, 4, 1996–2011
aky, porous structures, and irregular shapes with edges (Fig. 3c
and d). The aky shapes obtained during freeze drying might be
ascribed to reduced drying heat and lack of forces that typically
fragments frozen liquid into fragmented particles or signi-
cantly alters their surface characteristics. Furthermore, during
the initial freezing stage, ice crystals form, and as they subli-
mate, they create small pores, which increase the surface area of
the particles. This process results in a loose, porous, cake-like
structure,76 while the spray-dried powder's morphology
showed spherical to dented-spherical shapes. The spherical
appearance of spray-dried particles resulted from atomization,
which promoted the fast evaporation of water owing to the
formation of a protective lm over the surface of the droplet in
the early stages of drying. Similar studies have been reported by
Martinic et al.74 Moreover, the formation of dented structures in
the nanoencapsulates may be linked to the rapid moisture
evaporation loss and temperature reduction that occurs during
the process of spray-drying.11 In a study by Dadi et al.,43 similar
morphological features were identied in microencapsulated
bioactive compounds derived from Moringa stenopetala leaf
extract, produced through freeze-drying and spray-drying
methods.

3.5.4 In vitro release. The release behaviour of nano-
encapsulated dandelion tea from the wall material was analyzed
under simulated gastrointestinal in vitro conditions under SGF
and SIF. Understanding the mechanisms that control the
dispersion of dandelion tea from nano-encapsulated matrices
during digestion is essential. This includes examining its
response to varying pH levels and its interaction with gastro-
intestinal enzymes. To evaluate the release kinetics of nano-
encapsulated freeze and spray-dried dandelion tea, its
concentration in digestive media was measured at specic time
intervals, as outlined in Section 3.0. Therefore, the investigation
was carried out at pH 2 and 37 °C for 2 hours to simulate
digestive conditions, followed by an adjustment to pH 7.5 for 4
hours to replicate the enteric conditions. The release behaviour
of dandelion encapsulated tea was affected by properties of the
wall material and the effectiveness of encapsulation capacity. As
illustrated in Fig. 4, the release of dandelion tea was higher in
SIF compared to SGF for both treatments. The relatively lower
release in SGF (23.55% for freeze-dried and 20.62% for spray-
dried) might be due to lower solubility of maltodextrin under
highly acidic conditions such as in gastric uids at pH 2.0, while
it dissolves more readily in neutral to alkaline environments
such as intestinal uids, at pH 6.8–7.5. This leads to a slower
release in the stomach and a higher release in intestines.
Furthermore, maltodextrin also protected the encapsulates by
forming a thick insoluble layer which was also resistant to
gastric digestion.77 Our ndings align with the results of Parvez
et al.,27 while encapsulating green tea extract usingmaltodextrin
as a wall material. Furthermore, when evaluating the in vitro
release percentages of freeze dried and spray-dried powders,
a signicant difference was observed as shown in Table 7. The
release prole of dandelion tea freeze-dried powder in the
stomach and intestinal phases was recorded as 23.55% ± 0.92
and 75.76% ± 1.46 respectively. Meanwhile, the spray-dried
powder showed release percentages of 20.62% ± 1.51 in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a–d) Scanning Electron Microscopy (SEM) images of freeze-dried tea powder (a and b) and spray dried tea powder (c and d).

Fig. 4 In vitro bioactive release behaviour of freeze dried and spray
dried tea nanoparticles in simulated gastric digestion (0–2 h) and
simulated intestinal digestion (2–6 h).
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stomach and 89.92% ± 1.70 in the intestinal phase, indicating
that spray drying resulted in superior retention and a more
controlled release of dandelion tea under intestinal conditions.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The release of freeze-dried nanoencapsulates was initially much
higher than that of spray-dried nanoencapsulates, followed by
a sharp decline as digestion progressed. This rapid release
pattern may be attributed to the lower encapsulation efficiency
and weaker structural stability of the freeze-dried matrix, which
tends to disintegrate quickly under gastrointestinal conditions,
allowing bioactive compounds to diffuse out more rapidly in the
early stages. In contrast, spray-dried nanoencapsulates exhibi-
ted a more gradual and sustained release prole, likely due to
the stronger binding capacity of the coating material formed at
higher inlet air temperatures during spray drying. Furthermore,
the smaller size and globular structure of spray-dried nano-
encapsulates contributed to improved retention and
a controlled release of dandelion tea, reinforcing the idea that
particle size directly inuences the delivery of bioactive
compounds. Overall, the study demonstrated that nano-
encapsulation effectively preserved dandelion tea, enhancing its
stability and promoting its release under simulated gastroin-
testinal conditions. This improved its bioavailability while
minimizing degradation. Rosa et al.78 also observed that the
release of encapsulated anthocyanins from blueberry extract
was lower in a simulated gastric environment in comparison to
under intestinal conditions.
Sustainable Food Technol., 2026, 4, 1996–2011 | 2007
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Table 7 Release kinetic model parameters of nanoencapsulated tea powders dried by freeze and spray drying

Sample

Zero order First order Higuchi Hixon–Crowell Korsmeyer–Peppas

K0 R2 K1 R2 KH R2 KHC R2 KKP R2 n

Freeze dried 0.265 0.8570 0.005 0.9428 4.288 0.9105 0.001 0.9459 1.712 0.93210 0.667
Spray dried 0.263 0.9852 0.004 0.9562 4.206 0.9157 0.001 0.9784 0.560 0.9927 0.866
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3.5.5 Release prole analysis. The release prole analysis
of dandelion tea extracted nanoparticles obtained through
spray and freeze drying was conducted by modelling the data to
various mathematical models, like zero-order, rst-order,
Higuchi, Hixson-Crowell, and Korsmeyer-Peppas to analyse
drug release kinetics. The release kinetic constants (K) and
regression coefficient (R2) are presented in Table 7. Ideally, the
core material's release prole should be either zero-order or
rst-order. In general, the best model for explaining the
behaviour of releases from nanoparticles is the zero-order
model, as it ensures a consistent and prolonged release, inde-
pendent of time. Usually, a rst-order release pattern occurs
when the core material is in solution.79

The delivery of the active component is inuenced by varia-
tions in particle size and surface area, according to the Hixson-
Crowell model, while the Higuchi model characterizes the
release mechanism as being predominantly regulated by diffu-
sion. The Korsmeyer-Peppas model provided the optimal t for
the present data. The regression coefficient R2 values obtained
by the Korsmeyer-Peppas model for dandelion tea nanoparticles
was recorded to be 0.9321 0 for freeze-dried nanoparticles and
0.9927 for spray-dried nanoparticles. This model also aids in
characterizing the release mechanism through the diffusion
exponent (n). If n # 0.5, the release follows Fickian diffusion.
For values of n $ 0.89, the release mechanism indicates super
case II transport through polymeric chain erosion. When n is
between 0.45 and 0.89, an anomalous (non-Fickian) release
mechanism occurs, involving both diffusion and swelling. The n
values for nanoparticles obtained through freeze-dried and
spray-dried nanoparticles (0.667–0.866) suggest a non-Fickian
diffusion transport mechanism. Similar ndings were re-
ported by Ledari et al.70 during encapsulation of chlorophyll
using freeze drying and spray drying techniques.
4. Conclusion

Instant herbal dandelion tea powder was developed by nano-
encapsulation of dandelion leaf extracts by optimizing the
brewing conditions using Box-Behnken design. Comparative
evaluation of spray- and freeze-dried nanoencapsulated
powders demonstrated that spray-dried particulates exhibited
superior encapsulation efficiency, surface morphology, ow-
ability, and reconstitution behaviour parameters that are crit-
ical for practical application in herbal tea formulations. The
study revealed that spray-dried nanoparticulates with poly-
phenolic compounds exhibited superior encapsulation effi-
ciency, surface characteristics, and release behaviour. The
release prole closely followed the Korsmeyer–Peppas model,
2008 | Sustainable Food Technol., 2026, 4, 1996–2011
which exhibited the highest R2 values across the samples and
was therefore identied as the best-t model for sustained-
release formulations. However, the zero-order model also
provided an excellent t for the spray-dried nanoparticulates,
further supporting their sustained-release behaviour. These
ndings indicate that nano-encapsulation of dandelion tea
extract with maltodextrin is a promising approach for
enhancing its stability under simulated gastrointestinal condi-
tions. In addition to lower energy requirements for industrial-
scale processing, enhanced solubility, dispersibility, and
stability further support spray drying as the preferred method
for producing functional nanoencapsulated dandelion tea
powders. The developed product offers an innovative nutra-
ceutical beverage which can be scaled up to the industrial set
up. Future studies should explore the incorporation of these
encapsulated nanoparticles into herbal tea formulations to
evaluate their stability, controlled release properties, and
potential health benets.
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