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Abstract:
Polyphenols from Melissa officinalis exhibit notable antioxidant and therapeutic activities, yet their instability
limits their practical application in food and pharmaceutical systems. Encapsulation with natural biopolymers
offers a promising approach to improve stability, protect compounds from degradation, and support targeted
delivery. This study developed a sodium-alginate encapsulation system to enhance the stability and enable
controlled release of M. officinalis polyphenols. Encapsulated samples were produced using a fixed core-
to-wall ratio through a nano spray-drying technique, and multiple drying conditions were optimized. The
physicochemical and functional properties of the obtained encapsulated materials were analyzed using FTIR,
DSC, particle size measurements, antioxidant assays, and in vitro release tests. The optimized formulation
yielded uniform particles (∼ 620 nm) with high encapsulation efficiency (88.65 ± 0.57%) and a loading
capacity of 16.4%. Structural analyses verified the successful entrapment of phenolic compounds within the
alginate matrix and confirmed enhanced thermal stability. In vitro release studies demonstrated pH-responsive
behavior, with limited release in acidic conditions and near-complete release at intestinal pH. Molecular
docking and dynamics simulations further indicated favorable interactions between rosmarinic acid and the
alginate network. The findings demonstrate that nano spray-dried sodium alginate colloids provide an effective
system for delivering polyphenols, supporting their potential use in functional food and pharmaceutical
products.
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1. Introduction

Melissa officinalis L. is a medicinal and aromatic plant
belonging to the Lamiaceae family. Originally native to
Southern Europe and Asia, it is now cultivated worldwide
for its nutritional and health benefits [1]. Its medicinal
properties are primarily attributed to polyphenolic com-
pounds, including phenolic acids and flavonoids [2]. Ex-
tensive research on M. officinalis leaf extracts has linked
their phenolic compounds to various biological activities,

such as anti-proliferative [3], anti-angiogenic [4], anti-
viral [5], antioxidant [6], anxiolytic [2], anti-Alzheimer
[7], anti-fungal [8], and anti-diabetic [9] effects. Al-
though these polyphenols are widely recognized for their
health-promoting properties, their practical application
functional foods and therapeutics is often limited by
inherent chemical instability and low oral bioavailability
[10, 11]. Therefore, developing strategies to protect
these compounds and enhance their bioavailability is
essential.
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Encapsulation is a highly effective approach for over-
coming these limitations. Encapsulation facilitates tar-
geted delivery to specific regions of the digestive tract
by enclosing the active compound within a protective
wall material [12]. Currently, spray drying is the most
widely used encapsulation technology, due to its sim-
plicity, rapid processing, and industrial scalability [13].
This technique involves atomizing a homogeneous mix-
ture of core and wall materials into a drying chamber,
where rapid solvent evaporation occurs. The size of the
resulting samples ranges from micron- to nano-scale,
depending on the spray dryer model [14]. However,
conventional spray drying faces limitations when spe-
cific requirements, such as much smaller particle sizes,
narrow size distributions, and highly controlled deliv-
ery are required. To address these challenges, nano
spray drying technology has emerged as a superior al-
ternative to produce encapsulated materials that offer
improved dissolution rate, enhanced absorption, and
greater bioavailability compared to conventional micro-
capsules [14]. For instance, Burki et al. utilized nano
spray drying to produce smooth β-galactoside (2 − 4
µm) with a yield of (93.7%). Unlike conventional spray
drying, which causes enzymatic activity loss, nano spray
drying effectively preserved 92% of enzymatic activity
after three weeks, demonstrating a notable advantage over
conventional methods [15]. The successful formulation
of encapsulated colloids via nano spray drying requires
the precise control of key operational parameters, includ-
ing inlet and outlet temperatures, atomization pressure,
and airflow rate. These parameters directly influence the
resulting particle size, morphological uniformity, and
overall stability of encapsulated materials, thereby im-
pacting encapsulation efficiency, structural integrity, and
bioavailability active compounds [6, 9]. Furthermore,
the choice of wall material is critical. Sodium alginate,
a negatively charged, pH-sensitive biopolymer, exhibits
excellent bioadhesive properties. It is highly effective at
encapsulating both hydrophilic and lipophilic bioactive
compounds, offering enhanced gastrointestinal protec-
tion andsuperior controlled release capabilities compared
to other common biopolymers such as chitosan or gum
Arabic [12, 16].

To the best of our knowledge, this is the first study to
synergistically combine nano spray drying technology
with a sodium alginate matrix to the encapsulation of
M. officinalis phenolic compounds. The primary aim
of this research was to develop and optimize the encap-
sulation system capable of enhancing the stability and
controlled release of these bioactive compounds. The
specific objectives included: screening the spray drying
parameters to maximize encapsulation efficiency and
achieve a target particle size enhancing encapsulation ef-
ficiency; characterizing the physicochemical properties,
morphology, and thermal stability of the resulting parti-
cles; evaluating the preservation of antioxidant activity
and the in vitro release kinetics under simulated gastroin-
testinal conditions; and elucidating the molecular-level
interactions between rosmarinic acid, a key phenolic

in M. officinalis, and the alginate matrix using spec-
troscopic analysis and molecular dynamics simulations.
This multi-faceted approach aims to establish a platform
for enhancing the bioavailability of M. officinalis pheno-
lic compounds, thereby unlocking their full potential for
future pharmaceutical and nutraceutical applications.

2. Materials and methods

2.1 Raw materials
Fresh M. officinalis leaves were harvested at the flow-
ering stage from Soha Jissa Co. farm in Salmanshahr,
Mazandaran, Iran. The plant material was air-dried and
taxonomically characterized. A voucher specimen (No.
1/3650) was deposited at Soha Jissa Co. Sodium algi-
nate and 2, 2-diphenyl-1-picrylhydrazyl (DPPH) were
procured from Sigma-Aldrich (USA). Ethanol (99.5%)
was obtained from Kimia Alcohol Zanjan (Zanjan, Iran).
Potassium dihydrogen phosphate, sodium chloride, and
hydrochloric acid (37%) were supplied by Merck (Darm-
stadt, Germany), and sodium hydroxide was obtained
from BioChem (France). Milli-Q purified water was
used throughout the analyses.

2.2 Plant material and extraction procedure
Four types of M. officinalis extracts were prepared using
various solvents, including distilled water, 99.5% ethanol,
and two hydroalcoholic mixtures (50% and 70% ethanol).
For each solvent, a 10 g sample of dried and finely
powdered plant material was macerated in 100 mL of the
respective solvent. The extraction was carried out at room
temperature for 24 h under continuous magnetic stirring
at 300 rpm. Following maceration, the suspensions were
filtered through filter paper to remove solid residues. The
filtrates were then concentrated under reduced pressure
using a rotary evaporator (Heidolph Hei-VAP Core) at
a controlled temperature of 40 °C. The concentrated
extracts were stored at 4 °C to maintain their stability
and preserve their bioactive compounds for subsequent
experimental use.

2.3 Phytochemical analysis
The polyphenolic composition of the extract was ana-
lyzed using an HPLC system (Alliance 2695 Separation
Module, Waters, USA) equipped with a quaternary pump,
in-line degasser, autosampler, and a Waters 2998 photo-
diode array (PDA) detector. Chromatographic separation
was achieved using a SunFire C18 column (150 mm ×
4.6 mm × 3.5 µm; Waters). Data acquisition and process-
ing were performed using Empower 3 chromatography
software (Waters, USA).

The mobile phase consisted of solvent A (water +
0.02% TFA) and solvent B (methanol + 0.02% TFA).
The gradient elution program was as follows: 80% A and
20% B at 0 min; 20 − 30% B over 10 min; 30 − 40% B
over 20 min; 40−80% B over 10 min; 80−100% B over
5 min; isocratic at 100% B for 5 min; and re-equilibration
to 20% B for 5 min. The total run time was 55 min with
a flow rate of 0.7 mL/min, an injection volume of 20 µL.
Identification was performed at UV wavelengths from
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200 to 400 nm with 1.2 nm resolution. For all HPLC
analyses, samples were dissolved in ethanol (1 mg/mL)
and analyzed in triplicate.

Quantitative analysis of major polyphenols such as
caffeic acid, rosmarinic acid, rutin, catechin, and chicoric
acid was performed by comparing retention times and
UV spectra with analytical-grade external standards. To
ensure accuracy, calibration curves were generated for
each compound across of 0.00312 to 0.1 mg/mL, all
demonstrating strong linearity correlation coefficients
(𝑅2 ≥ 0.99). The calibration equations at optimal
detection wavelengths were as follows: caffeic acid
(𝑦 = 146733.0791𝑥 − 245327.8813 at 324 nm), rutin
(𝑦 = 24590.8351𝑥−70251.4886 at 254 nm), rosmarinic
acid (𝑦 = 91131.594𝑥 − 707594.6841 at 330 nm), cat-
echin (𝑦 = 26808𝑥 − 110855 at 279 nm), and chicoric
acid (𝑦 = 6201.9𝑥 − 49571 at 330 nm).

2.4 Spray drying parameters for efficient encapsu-
lation of extracts

In this study, ten formulations (F1–F10) were prepared to
investigate the effects of critical spray drying parameters
on encapsulation efficiency, particle size distribution,
and antioxidant retention of M. officinalis extract within
sodium alginate matrix. While the core-to-wall ratio
and total solid concentration were maintained at constant
values for all formulations, the operating parameters
including airflow rate, inlet temperature, and atomization
pressure were systematically varied to identify the most
favorable conditions for the encapsulation process.

For the preparation of the feed solutions, sodium
alginate (500 mg) was dissolved in 50 mL of distilled
water and stirred overnight at 700 rpm to ensure full
polymer hydration. Separately, an aqueous solution
of the extract (100 mg in 50 mL distilled water) was
prepared. After complete dissolution, the extract solution
was combined with the hydrated polymer. This final
mixture was homogenized by stirring at 500 rpm for two
hours.

Encapsulation was carried out using an NSD25 nano
spray dryer (Tadbir Tarah Co., Mashhad, Iran). The
system featured a 0.2 mm two-fluid nozzle, optimized
for the production of uniform particles and the thermal
protection of labile bioactive compounds. The ten formu-

lations were subjected to different processing conditions,
comprising airflow rates (50 and 100 cm3/s), inlet tem-
peratures (100 − 165 °C), and atomization pressures (4
and 5 bar), as detailed in Table 1.

2.5 Encapsulated particle analysis
2.5.1 Determination of PY, EE, and LC
Powder yield (PY) was determined as the percentage
of the dried product recovered relative to the total solid
mass in the initial feed solution, calculated using the
following equation (1) [17]:

PY =
(𝑊2 −𝑊1) − 𝑋𝑤𝑏 (𝑊2 −𝑊1)

𝑀𝑉𝑇𝑆
× 100 (1)

where PY is the powder yield (%), 𝑋𝑤𝑏 is the moisture
content of the sample on a wet basis, 𝑀𝑉 is the volume
of feed solution (L), 𝑇𝑆 is the total solids content (g dry
matter/L),𝑊1 is the weight of the container before drying
(g), and 𝑊2 is the weight of the container after drying
(g). Encapsulation efficiency (EE) represents the per-
centage of phenolic compounds successfully entrapped
within the encapsulated materials. This parameter was
calculated using a modified method adapted from [18]
and calculated according to the equation (2):

EE(%) = Mass of loaded phenolic content
Mass of initial phenolic conten

× 100 (2)

To determine the total phenolic content, 10 mg of the
encapsulated colloids were dispersed in a solvent mix-
ture composed of ethanol, acetic acid, and water in a
ratio of 50:8:42. The mixture was vortexed for 1 min,
ultrasonicated at 80 kHz for 20 min, and subsequently
centrifuged at 9500 rpm for 10 min. The resulting super-
natant was filtered through a 0.45 µm membrane filter
[19]. A standard calibration curve with a determination
coefficient 𝑅2 = 1 was prepared using gallic acid solu-
tions at concentrations of 3.125, 6.25, 12.5, 25, and 50
ppm in the ethanol-acetic acid-water mixture.

The surface phenolic content (SPC) was determined
by dissolving 10 mg of encapsulated materials in 2 mL
of an ethanol:methanol mixture (1:1). The dispersion
was vortexed for 1 min and filtred through a 0.45 µm
membrane filter [19]. A corresponding standard cali-
bration curve (𝑅2 = 0.9978) was prepared using gallic

Table 1. Spray drying formulations and process conditions used for encapsulation optimization.

Code IT
(°C)

OT
(°C)

AP
(bar)

AFR
(cm3/s)

TFA
(mg/mL)

F1 100 51.6 4 50 600
F2 100 54.6 4 100 600
F3 100 48.1 5 50 600
F4 100 50.5 5 100 600
F5 115 58.5 4 50 600
F6 115 58.5 4 100 600
F7 125 67 4 50 600
F8 125 60.6 4 100 600
F9 145 63.2 4 100 600
F10 165 63.7 4 100 600

IT: Inlet temperature; OT, Outlet temperature; AP, Atomizer Pressure; AFR, Airflow rate; TFA, Total Feed Amount.
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acid solutions across the same concentration range in the
50:50 ethanol-methanol solvent mixture. Absorbance
values of the filtered supernatants were measured using
a UV-Vis spectrophotometer (UV-250 1PC, Shimadzu)
over a wavelength range of from 200 to 400 nm.

The loading capacity (LC) was defined as the percent-
age of the mass of the encapsulated phenolic compounds
relative to the total mass of the sample [18]. LC was
calculated according to the formula (3):

LC(%) = Mass of loaded phenolic content
Mass of sample

× 100 (3)

2.5.2 Particle size distribution and morphological
analysis

The particle size distribution of the spray-dried particles
was analyzed by dynamic light scattering (DLS) using a
Nanophox instrument (Sympatec GmbH, Clausthal, Ger-
many) to determine their hydrodynamic diameters. The
morphology of the encapsulated materials was examined
by field emission scanning electron microscopy (FESEM,
model MIRA2, TESCAN, Czech Republic). Prior to
imaging, the samples were sputter-coated with a 10 nm
gold layer to enhance conductivity and image quality.
The obtained FESEM images were analyzed using image
software to generate size distribution plots, enabling
a comprehensive evaluation of particle uniformity and
dispersion.

2.5.3 Moisture content
The moisture content of the particles was determined in
accordance with the United States Pharmacopeia (USP)
guidelines for analyzing moisture in pharmaceutical
products. Briefly, 20 mg of sample was accurately
weighed into a glass container and heated in an oven
at 105 °C for 5 h. The weight of each sample was
meticulously recorded before and after the drying process.
The moisture content was then calculated based on the
weight difference observed during the drying phase [20].

2.5.4 FTIR spectroscopy and thermal analysis
Molecular interactions between the encapsulated phe-
nolic compounds and the sodium alginate matrix were
investigated by Fourier-transform infrared (FTIR) spec-
troscopy and differential scanning calorimetry (DSC)
analyses. FTIR spectra were recorded using a Tensor
27 spectrometer (Bruker, Germany). Each sample was
mixed with potassium bromide at a 1:100 (𝑤/𝑤) ratio
and compressed into transparent pellets using a hydraulic
press. Spectral data were collected over a wavenumber
range of 400 − 4000 cm−1 [21].

DSC analysis was performed using a thermal analyzer
(model TGA-50, Shimadzu, Japan) to investigate the ther-
mal properties, stability, and potential phase transitions
of the encapsulated colloids. Approximately 3.5 mg of
each sample was hermetically sealed in an aluminum
pan. Each sample was placed in the instrument and equi-
librated at 0 °C for 5 min to ensure thermal equilibrium
with the reference. Subsequently, the measurements
were recorded as the samples were heated from 0 °C to

600 °C at a constant rate of 10 °C/min under a continuous
nitrogen flow of 30 mL/min [22].

2.5.5 Antioxidant activity
The antioxidant activity of both the encapsulated and free
phenolic compounds was determined using the DPPH
radical scavenging assay, following the method described
by Markus et al., with minor modifications [23]. Samples
at various concentrations were prepared in an ethanol:
methanol mixture (1:1) and mixed with 0.2 mm DPPH
solution. After vortexing, the mixtures were incubated
in the dark at 25 °C for 30 min. The absorbance was
recorded at 517 nm using a microplate reader. IC50 values
were calculated by non-linear regression of the inhibition
percentage versus the sample concentration. Further-
more, to establish a normalized baseline for comparing
the encapsulated formulations with the free extract, an es-
timated IC50 (EC) was theoretically calculated. This EC
value was adjusted proportionally based on the specific
EE of each encapsulated formulation. All assays were
performed in quadruplicate, and results are expressed as
mean ± standard deviation (SD).

2.5.6 Release profiles
The release profile of M. officinalis extract from alginate
encapsulated materials was evaluated in simulated gas-
tric fluid (SGF) and simulated intestinal fluid (SIF), as
described by Saadatidizaji et al., with slight modifica-
tions [24]. The SGF was prepared by dissolving 5 g of
NaCl in 125 mL of distilled water, diluting the volume
to 250 mL, and setting the pH to 1.2 using 37% HCl.
To evaluate gastric release, 3 mg of the encapsulated
samples were dispersed in 25 mL of SGF and incubated
at 37 °C under continuous stirring for 2 h. For the
intestinal release study, a phosphate buffer solution (pH
6.8) was used to simulate intestinal conditions. Similarly,
3 mg of encapsulated materials were dispersed in 25 mL
of the SIF buffer and incubated at 37 °C for 4 h. The
mass of the polyphenol compounds released into the
medium was determined using the procedure previously
described in Section 2.5.1. The percentage of the extract
released was calculated using the following formula:

Released extract(%) = 𝑀𝑐

𝑀𝑒

× 100 (4)

where 𝑀𝑐 represents the mass of the released polyphe-
nols, and 𝑀𝑒 is the total mass of encapsulated polyphe-
nols.

2.6 Swelling index
In this study, the swelling behavior of the optimized
formulation (F6) was evaluated in simulated gastric fluid
(SGF, pH 1.2). Briefly, 200 mg of the sample was
accurately weighed (𝑊0) and dispersed in 50 mL of SGF.
The suspension was incubated in a shaker (Heidolph,
Germany) at 37 ± 0.5 °C with constant agitation at 60
rpm for 2 h. After incubation, the swollen particles
were collected, gently blotted with filter paper to remove
excess surface liquid, and weighed again (𝑊 𝑓 ) [25, 26].
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The swelling index was calculated using the following
equation:

Swelling index =
𝑊 𝑓 −𝑊0

𝑊0
× 100 (5)

where 𝑊0 is the initial weight of the dry sample and 𝑊 𝑓

is the weight of the swollen sample after incubation, and
the results were expressed as mean ± SD.

2.7 Storage stability
The storage stability of the encapsulated samples was
evaluated by storing 2 g of each formulation in airtight
plastic containers at 37 °C for two months. Following
the storage period, 10 mg of each sample was analyzed
for its rosmarinic acid content, a key marker compound
in the 70% hydroalcoholic extract of M. officinalis, us-
ing HPLC-PDA. The unencapsulated extract was also
analyzed as a control to assess the stability of rosmarinic
acid in its free form. The percentage of the retained
rosmarinic acid was quantified to determine the storage
stability of the encapsulated extract and to estimate the
potential shelf life of the product.

2.8 Colloidal stability analysis
Formulation F6 was selected as a representative sample
for stability evaluation. The physical stability of the
encapsulated materials was assessed by measuring the
hydrodynamic diameter and zeta potential using a Ze-
tasizer Nano ZS instrument (Malvern, UK). Analyses
were performed at 10-day intervals over a 30-day period
following production. These measurements were used to
monitor changes in the particle size distribution and sur-
face charge, providing critical insights into the colloidal
stability of the formulation over time.

2.9 Molecular docking and dynamics simulations
Molecular docking was employed to evaluate the binding
interactions between rosmarinic acid and the sodium
alginate polymer matrix. The computational study was
conducted following five key steps: polymer preparation,
ligand preparation, receptor grid generation, ligand dock-
ing, and analysis of results. Alginate polymer structures
were built using the Polymer Builder module (version
14.0) in Maestro 2024 (Schrödinger, LLC). For monomer
units unavailable within the software library, chemical
structures were retrieved from the PubChem database and
processed accordingly. The polymer structures were opti-
mized with the OPLS4 force field and energy-minimized
using the truncated Newton conjugate gradient method
in MacroModel, employing 2500 iterations and an en-
ergy convergence threshold of 0.05 kcal/mol. Linear
alginate polymers were generated using default initiator
and terminator settings. Ligands were prepared with the
LigPrep module, converting 2D molecular structures into
energy-minimized 3D conformations using the OPLS4
force field. Grid generation for docking was performed
in the Glide module, with the active site bounding box
centered at coordinates (X: −0.95, Y: 1.4, Z: 2.11) and
sized to encompass the entire ligand-polymer interaction
interface.

To assess the stability of the rosmarinic acid–alginate
complex under simulated physiological conditions,
molecular dynamics (MD) simulations were conducted
in the Desmond module. Two distinct simulations were
performed: a 10 ns run with a 3 Å buffer to examine
local atomic-scale interactions, and a 30 ns run with a 10
Å buffer to evaluate broader structural dynamics. These
simulations provided insights into hydrogen bonding,
van der Waals interactions, and conformational flexibil-
ity, confirming the structural stability and adaptability
of the complex in a solvated environment.

2.10 Statistical analysis
The experimental data were subjected to one-way analy-
sis of variance (ANOVA), followed by Tukey’s honestly
significant difference (HSD) post hoc test to determine
statistically significant differences among the experimen-
tal groups. Statistical analyses were performed using
GraphPad Prism software (version 10.3.1; GraphPad
Software, San Diego, CA, USA). A significance level
of 𝑝 < 0.05 was considered statistically significant for
all comparisons. Each experiment was conducted in
triplicate to ensure reproducibility.

3. Results and discussion

3.1 HPLC-PDA phenolic profiling of M. officinalis
extracts

The rosmarinic acid content in various M. officinalis
extracts was quantified using HPLC-PDA. The 70% hy-
droalcoholic extract exhibited the highest rosmarinic acid
content at 8.97 mg/g of dry extract, with an extraction
yield of 40.00% (Fig. 1 (a)). In comparison, the 50% hy-
droalcoholic extract contained 7.06 mg/g (yield: 38.2%)
(Fig. 1 (b)), followed by the alcoholic extract (99.5%)
with 4.27 mg/g (yield: 33.49%) (Fig. 1 (c)). In contrast,
the crude aqueous extract showed only trace amounts of
rosmarinic acid (Fig. 1 (d)). These results identified the
70% hydroalcoholic extract as the most efficient formula-
tion regarding phenolic content, particularly rosmarinic
acid, justifying its selection for subsequent encapsulation
studies.

Further phenolic profiling of the 70% hydroalcoholic
extract of M. officinalis via HPLC-PDA enabled the
quantification of key bioactive constituents. The analysis
revealed the presence of catechin (0.16 ± 0.05 mg/g),
caffeic acid (0.12 ± 0.04 mg/g), chicoric acid (2.41 ±
0.06 mg/g), rutin (0.47± 0.01 mg/g), and rosmarinic acid
(8.97± 0.05 mg/g) (Table 2). These phenolic compounds
are highly recognized for their potent antioxidant, anti-
inflammatory, and therapeutic properties, supporting
the selection of this extract for functional food and
pharmaceutical applications.

The superior extraction efficiency observed with the
70% hydroalcoholic solvent system can be attributed
to its intermediate polarity, which enhances the solubi-
lization of both hydrophilic and moderately lipophilic
phenolic compounds compared to pure ethanol or water
alone. Notably, the rosmarinic acid content obtained
from the 70% hydroalcoholic extract in this study (8.97
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Figure 1. Chromatographic profiles of M. officinalis extracts: (a) Hydroalcoholic extract (70%), (b) Hydroalcoholic extract (50%), (c) Alcoholic extract
(99.5%), (d) Crude aqueous extract, as determined by HPLC-PDA analysis.

± 0.05 mg/g) exceeded previously reported values of
6.91 ± 0.78 mg/g [27], 3.50 ± 0.002 mg/g [28], and
8.63 mg/g [27], highlighting the efficacy of the utilized
extraction method. These results align with the literature,
which indicates that binary solvent mixtures, such as
methanol–water or ethanol-water, generally yield higher
phenolic contents than aqueous systems alone [29]. Con-
sequently, the 70% hydroalcoholic extract was selected
as the optimal formulation for encapsulation owing to
its enriched phenolic profile and high extraction yield.

3.2 Morphology and size distribution of encapsu-
lated materials

FESEM micrographs (Fig. 2) showed that the inlet air
temperature significantly affected the surface morphol-
ogy and apparent geometric size of sodium alginate

encapsulated colloids. At the lowest temperature evalu-
ated (F2: 100 °C; 4 bar; 100 cm3/s), the encapsulated
materials were predominantly spherical, uniform, and
relatively small, exhibiting smooth surfaces with mini-
mal aggregation or adhesion. These characteristics are
consistent with mild drying conditions that facilitate
gradual water removal, the formation of a mechanically
robust polymeric shell, and limited surface wrinkling,
thereby preserving the structural integrity of the mate-
rials [30]. Increasing the inlet temperature to 115 °C
(F6) largely maintained the spherical morphology but
induced more pronounced surface wrinkles and shallow
indentations, indicating a higher drying rate and greater
surface stress on the polymer shell. At 125 °C (F8), the
materials exhibited a significant increase in wrinkling,
deeper indentations, and distinct folding. This morphol-

Table 2. Polyphenolic composition determined by HPLC-PDA, expressed in mg/g of extract (mg/g E).

Compound name Rt (min) Content (mg/g of dry extracts)
Catechin 11.787 0.16 ± 0.05
Caffeic acid 17.077 0.12 ± 0.04
Chicoric acid 25.262 2.41 ± 0.06
Rutin 26.362 0.47 ± 0.01
Rosmarinic acid 28.290 8.97 ± 0.05
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Figure 2. Field Emission Scanning Electron Microscopy (FESEM) images, with corresponding scale bars of 5 µm, 1 µm, and 500 nm, of sodium alginate
encapsulated materials produced by spray drying at inlet air temperatures of 100 °C (F2), 115 °C (F6), 125 °C (F8), 145 °C (F9), and 165 °C (F10).
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ogy suggests very rapid shell formation combined with
a decrease in feed viscosity, conditions that favor the de-
velopment of internal cavities and local collapse during
moisture evaporation [31].

Further elevation of the inlet temperature to 145 °C
(F9) yielded severely wrinkled particles with highly in-
dented and irregular surfaces. The highest temperature
assessed (F10, 165 °C) produced the most deformed
particles, characterized by extensive shell deformation,
deep cavities, and pronounced surface roughness. Such
extreme drying conditions maximize thermal and me-
chanical stresses on the biopolymer matrix and, con-
sistent with previous reports, are typically associated
with reduced encapsulation efficiency due to structural
damage of the carrier matrix.

Consistent with these morphological alterations, the
FESEM-based mean diameters increased substantially
with elevated temperature. The average apparent diame-
ters at 100, 115, 125, 145 and 165 °C were 584.4 ± 12.3,
620 ± 17.43, 750.2 ± 4.00, 800.5 ± 4.1, and 997.84 ±
23.1 nm, respectively. Thus, higher inlet air temperatures
promoted not only the formation of larger particles but
also the development of more pronounced internal voids
and cavitated structures [32]. This behavior can be at-
tributed to the accelerated drying process, which rapidly
generates a rigid outer layer while internal vapor pressure
simultaneously rises. The trapped vapor drives particle
swelling and the formation of hollow or partially hollow
structures, which manifest as wrinkled, shelled materials
with reduced density in FESEM images. Overall, a direct
correlation was established between increasing drying
air temperature, particle size growth, and the intensity
of cavitation and wrinkling, which aligns with previous
studies on spray dried biopolymer systems [33].

DLS provided complementary information on the hy-
drodynamic particle size (PS) and polydispersity index
(PDI) of the redispersed encapsulated material suspen-
sions. Across the evaluated formulations, PS ranged from
approximately 714 to 1445 nm, with PDI values between
0.2 to 0.6, indicating medium to relatively broad size
distributions. Samples produced at mild to moderate tem-
peratures (PS ≈ 714 − 862 nm, PDI 0.2 − 0.5) displayed
smaller hydrodynamic diameters and acceptable polydis-
persity, which is consistent with the more compact and
less cavitated structures observed by FESEM. In contrast,
formulations exposed to higher inlet temperatures and
more intense drying conditions showed the highest hy-
drodynamic sizes (PS ≈ 1439−1445 nm). However, they
maintained PDI values around 0.3−0.4, suggesting over-
all particle expansion and partial agglomeration without
resulting in an extremely heterogeneous population. A
comparison of the FESEM and DLS data highlights the
complementary nature of these techniques. FESEM
visualizes the geometric size and surface topology of
the dried particles, clearly revealing cavity formation
and shell deformation. In contrast, DLS measures the
hydrodynamic diameter of the particles dispersed in
an aqueous medium, a parameter sensitive to solvation
layers, swelling, and reversible aggregation. Formula-

tions processed at high temperatures, which appeared
wrinkled and hollow in FESEM, exhibited markedly in-
creased hydrodynamic diameters in DLS analysis. This
reflects both the larger primary particle size and the
propensity of rough, low density particles to form loose
clusters in suspension. Conversely, the smoother and
more compact particles obtained at lower temperatures
redispersed more efficiently, yielding smaller PS values
and, in certain cases, lower PDI.

Taken together, the combined FESEM and DLS anal-
yses indicate that controlling the inlet air temperature
within an intermediate range is critical for obtaining en-
capsulated colloids with favorable morphology, moderate
size, and an acceptable size distribution. Excessively
low temperatures may compromise drying efficiency,
whereas excessively high temperatures promote exten-
sive cavitation, severe wrinkling, and particle expan-
sion, ultimately leading to larger hydrodynamic sizes
and potentially reducing encapsulation performance.
Therefore, the optimization of spray drying temperature
is imperative to balance morphological integrity with
size control, ensuring the production of stable sodium
alginate-encapsulated materials suitable for biological
and pharmaceutical applications.

3.3 Effects of spray drying parameters on produc-
tion yield, encapsulation efficiency, and loading
capacity

Increasing the inlet air temperature of the spray dryer
significantly enhanced the production yield of spray-
dried encapsulated colloids (Table 1 and 3), which is
consistent with previous reports [34]. The yield was
lowest at 100 °C (33.39 ± 0.18%), rising progressively
to 37.55 ± 0.15% at 115 °C, 45.00 ± 0.16% at 125
°C, 49.36 ± 0.02% at 145 °C, and 50.00 ± 0.11% at
165 °C. This improvement is attributed to enhanced
heat transfer at higher temperatures, which facilitates
rapid moisture evaporation and reduces the adherence
of carrier materials to the dryer chamber walls, thereby
improving production efficiency [35].

The effect of airflow rate on production yield varied
depending on the inlet temperature. At 100 °C, increas-
ing the airflow rate from 50 to 100 cm3/s decreased
the yield, while at higher temperatures (115 °C and
125 °C), an equivalent increase in flow rate (F5→F6,
F7→F8) improved efficiency. These results suggest that
at lower inlet temperatures, airflow rate has a more pro-
nounced impact on efficiency than the temperature itself.
Conversely, at elevated temperatures, the inlet air temper-
ature dominates the efficiency outcome. Furthermore,
increasing the inlet air temperature reduced the SPC of
the encapsulated materials (Table 3). This reduction
is likely due to the accelerated drying process, which
rapidly fortifies the polymer membrane and hinders the
diffusion of core materials to the surface, in agreement
with previous findings [27, 28].

The size of the encapsulated materials showed no sta-
tistically significant effect on encapsulation efficiency, as
both smaller and larger air-dried colloids demonstrated
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Table 3. The physicochemical properties, including product yield (PY), encapsulation efficiency (EE), loading capacity (LC), particle size (PS),
polydispersity index (PDI), moisture content (MC), and surface phenolic content (SPC).

code PY (%) EE (%) SPC (mg) LC MC (%) PS (nm) PDI
F1 52.12 ± 0.07a 84.68 ± 4.99bd 0.17 ± 0.02bc 9.38 ± 4.49ac 5.0 ± 0.20c 751.6 ± 23.6ce 0.20 ± 0.01bc

F2 33.39 ± 0.18e 78.28 ± 0.73d 0.43 ± 0.02a 15.46 ± 0.1a 5.0 ± 0.20c 714.2 ± 10.3e 0.50 ± 0.01ab

F3 22.87 ± 0.46g 80.26 ± 2.79cd 0.15 ± 0.02bc 6.10 ± 0.5c 15 ± 0.10a 749.5 ± 29.2ce 0.60 ± 0.01a

F4 16.5 ± 0.6h 90.91 ± 1.84ab 0.15 ± 0.01bc 14.96 ± 4.41a 10 ± 0.00b 733.0 ± 18.2de 0.50 ± 0.09a

F5 31.19 ± 0.07f 91.36 ± 0.63a 0.07 ± 0.004d 7.39 ± 0.65bc 5.0 ± 0.20c 1439.5 ± 36.6a 0.40 ± 0.0005ac

F6 37.55 ± 0.15d 88.65 ± 0.57ab 0.21 ± 0.04b 16.39 ± 3.12 5.0 ± 0.20c 862.8 ± 11.4ce 0.30 ± 0.05ac

F7 30.91 ± 0.87f 87.04 ± 4.25abc 0.14 ± 0.06bd 9.39 ± 0.35ac 15 ± 0.40a 1445 ± 14a 0.30 ± 0.02ac

F8 45.00 ± 0.16c 87.42 ± 1.57abc 0.2 ± 0.01bc 13.90 ± 2.74ab 10 ± 0.10b 938.00 ± 5.7bcd 0.30 ± 0.01ac

F9 49.36 ± 0.02b 89.22 ± 0.52ab 0.18 ± 0.01bc 14.86 ± 0.20a 15 ± 0.20a 959.00 ± 8.27bc 0.20 ± 0.03c

F10 50.00 ± 0.11b 84.34 ± 2.37ad 0.13 ± 0.02cd 7.00 ± 0.41bc 0.00 ± 0.00d 1111.50 ± 16b 0.30 ± 0.04ac

Different superscript letters in same column indicate statistically significant differences by the Tukey’s HSD test (𝑝 < 0.05).

comparable entrapment values. This aligns with ex-
isting literature, which frequently reports inconclusive
correlations between carrier size and encapsulation ef-
ficiency [29, 30]. Although higher inlet temperatures
were theoretically expected to enhance encapsulation
efficiency by rapidly forming a semi-permeable mem-
brane around droplets, excessively high temperatures
adversely affected the final dried product. Specifically,
thermal degradation, structural ballooning induced by
internal vapor pressure, and the formation of surface
defects increased the loss of active material, ultimately
reducing the encapsulation efficiency [31, 32, 33, 34,
35, 36]. Maintaining a constant temperature of 100 °C
while raising the atomization pressure to 5 bar (T: 100,
P: 5, B: 100) substantially enhanced encapsulation effi-
ciency to 90.91 ± 1.84% (Table 1 and 3). As previously
established by King (1995), higher atomization pressure
improves the dispersion and mobility of droplets, which
in turn increases hot air entrainment. This accelerates
both the drying process and the formation of the protec-
tive polymeric film, thereby enhancing the retention of
active materials [37]. Smaller particles with an average
diameter of 620 nm (T: 115 °C, P: 4 bar, B: 100; F6)
showed the highest LC at 16.39 ± 3.12% (Table 3). In
contrast, larger encapsulated materials exhibited a re-
duced phenolic loading. This observation is consistent
with literature indicating that medium-to-small-sized
carrier systems often demonstrate superior retention of
active compounds, whereas excessively large structures
are prone to diminished encapsulation efficiencies and
lower core loadings [38, 39].

3.4 Moisture content analysis

The moisture contents of the spray-dried formulations
are shown in Table 3. Maintaining a residual moisture
level at or below 5% is generally considered optimal
for inhibiting microbial proliferation and lipid oxida-
tion, thereby ensuring the long-term storage stability
of powdered products [36]. Formulations F1, F2, F5,
F6, and F10 showed moisture contents proximate to
this critical threshold, indicating their suitability for pro-

longed storage. Conversely, higher moisture contents
(10 − 15%) significantly increase the susceptibility of
the product to microbial contamination and chemical
degradative reactions, such as hydrolysis and oxidation,
which inevitably lead to deterioration in quality over
storage time. Furthermore, moisture content is a critical
determinant of powder flowability, caking tendency, and
dispersibility; specifically, powders with lower mois-
ture profiles show superior handling characteristics and
reduced propensity for agglomeration [40]. The final
moisture content of the spray-dried product is profoundly
affected by the operational drying parameters, partic-
ularly the inlet air temperature, atomization pressure,
and airflow rate. The precise optimization of these pa-
rameters facilitates efficient moisture removal without
inducing thermal cracking or surface collapse of the
encapsulated colloids [21]. In this study, formulations
presenting lower moisture contents showed improved en-
capsulation efficiencies and production yields (Table 3),
indicating that controlled drying dynamics preserve the
structural integrity of the polymer shell and enhance the
stability of the encapsulated phenolic compounds.

3.5 Antioxidant capacity of the encapsulated mate-
rials

Table 4 summarizes the total antioxidant capacity of
the spray-dried formulations (F1-F10), evaluated based
on TPC and DPPH radical scavenging activity (IC50).
Among all evaluated samples, formulations F5 and F6
showed the highest antioxidant potential, with IC50 val-
ues comparable to that of the gallic acid reference. This
indicates the efficient thermal preservation and high
bioavailability of the encapsulated phenolic compounds.
In contrast, formulations characterized by lower phenolic
contents displayed significantly higher IC50 values, sug-
gesting a reduced radical scavenging efficiency. Further-
more, the theoretically calculated IC50 values followed a
pattern highly similar to the experimental IC50 results,
confirming the internal consistency among the retained
phenolic content, encapsulation efficiency, and resultant
antioxidant activity.
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Table 4. Total antioxidant capacity of the formulations, including total phenolic content (TPC), experimental DPPH radical scavenging activity (IC50
(µg/mL), and expected calculated (EC) IC50.

code TPC IC50 (µg/mL) EC IC50

F1 1.11 ± 0.49bd 17157.14 ± 12.5b 14454.93 ± 177.14a

F2 1.98 ± 0.01a 889.90 ± 4.3h 695.74 ± 13.91h

F3 0.76 ± 0.03d 17609.90 ± 0.2a 14205.90 ± 457.78b

F4 1.65 ± 0.49abc 1296.60 ± 14.7f 1175.89 ± 50.44f

F5 0.81 ± 0.07d 134.65 ± 15.72i 123.07 ± 17.40i

F6 1.85 ± 0.29ab 104.88 ± 4.11ij 92.99 ± 5.47j

F7 1.08 ± 0.09cd 2079.90 ± 15.72d 1813.01 ± 86.21d

F8 1.59 ± 0.26abc 1165.70 ± 13.90g 1021.69 ± 49.70g

F9 1.67 ± 0.02abc 1393.90 ± 10.9e 1242.81 ± 48.04e

F10 0.83 ± 0.07d 2776.60 ± 22.2c 2333.21 ± 27.28c

Gallic acid - 93.80 ± 1.3j -
TPC, total phenolic content; EC IC50, expected calculated IC50, (the theoretically estimated IC50 value, calculated by assuming that an equivalent

concentration of the extract was subjected to DPPH analysis (based on EE% presented in Table 4), establishing a normalized baseline for comparison.
Different letters in same column indicate statistically significant differences by the Tukey’s HSD test (𝑝 < 0.05).

3.6 FTIR analysis
Formulation F6, identified as the most favorable sample
(PS ≈ 620 nm, EE = 88.65 ± 0.57%, LC = 16.39 ±
3.12%), was selected for detailed FTIR analysis to con-
firm molecular interactions and encapsulation stability.
The FTIR spectrum of pure sodium alginate exhibited
characteristic bands, including a broad O-H stretching
vibration at 3405 cm−1 (hydrogen bonding), saccharide
ring vibrations at 1078 and 1155 cm−1, and carboxyl
group (-COOH) symmetric/asymmetric stretching at
1452 and 1650 cm−1, respectively [21]. The pure M.
officinalis extract displayed a broad O-H stretching re-
gion (3155 − 3766 cm−1), an aliphatic C-H stretch at
2927 cm−1, and an intense C=C/C=O stretch at ∼1606
cm−1, which is indicative of flavonoid conjugation. In

the spectrum of F6 encapsulated formulation, notable
spectral shifts were observed. The O-H band shifted to
3421 cm−1 and exhibited reduced intensity, suggesting
the formation of new hydrogen bonds between the phe-
nolic hydroxyl groups of the extract and the carboxyl
groups of the alginate matrix. Furthermore, the C=O
stretch of extract flavonoids shifted from 1606 to 1612
cm−1, accompanied by the broadening of the saccharide
peaks at 1078 − 1155 cm−1. Collectively, these spectral
variations confirm the successful physical incorporation
of the plant polyphenols into the alginate matrix without
inducing chemical degradation of the active compounds
(Fig. 3).

Figure 3. FTIR spectra of various samples, including pure sodium alginate, pure M. officinalis extract, and encapsulated formulation F6. The spectra reveal
characteristic functional groups and specific molecular interactions, demonstrating the successful encapsulation of the extract within the alginate matrix.
This is evidenced by distinct shifts and variations in peak intensities in the encapsulated formulations compared to the spectra of the pure components.
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3.7 DSC thermophysical properties
DSC was employed to investigate the thermal behavior
and stability of pure sodium alginate, free M. officinalis
extract, and the selected encapsulated formulation (F6)
(Fig. 4). The thermogram of sodium alginate displayed
a broad low-temperature endothermic region starting
around 34 − 43 °C, reaching a maximum at approxi-
mately 80 − 90 °C, and ending near 114 − 134 °C. This
region is generally attributed to the loss of bound water
and physical relaxation of the polysaccharide network
rather than chemical degradation, and this extensive de-
hydration process effectively masks the detection of a
distinct glass transition temperature (𝑇𝑔) [41]. At higher
temperatures, alginate exhibited two major decomposi-
tion stages: a first process with an onset in the 330− 355
°C range and a peak around 370 − 385 °C, followed by a
second, more intense endothermic event between 488 and
518 °C. These events correspond to backbone scission
and decarboxylation of uronic acid residues, ultimately
leading to char formation [42]. The free M. officinalis
extract showed a distinct low- to mid-temperature en-
dothermic event with an onset around 40− 45 °C, a peak
near 80 − 100 °C, and an endset in the 110 − 120 °C
region, which can be ascribed to evaporation of resid-
ual moisture and melting or softening of low-melting
phenolic constituents. At higher temperatures, sharp
exothermic peaks with onsets around 330 − 340 °C and
420−425 °C indicated rapid thermal decomposition and
oxidation of low-molecular-weight polyphenols. This
confirms the limited intrinsic thermal stability of the
non-encapsulated extract and its susceptibility to abrupt
degradation within a relatively narrow temperature range
[43].

In contrast, the DSC thermogram of the formulation F6

revealed a broad low-temperature endotherm spanning
approximately 20−170 °C. While this lower-temperature
transition primarily reflects residual moisture removal
and the plasticization of the polymer network the ac-
tual evidence of enhanced thermal stability lies in the
higher-temperature thermal events with an overall en-
thalpy intermediate between that of pure alginate and
the free extract. Notably, the distinct, sharp melting
and exothermic decomposition peaks characteristic of
the free extract were completely absent in the of F6
thermogram. Instead, the main decomposition profile of
F6 was shifted upward, closely mirroring the primary
degradation region of the alginate matrix. The disap-
pearance of the specific thermal transitions of the extract
indicates that the phenolic constituents were successfully
entrapped and molecularly dispersed in an amorphous
state within the alginate matrix, rather than existing as
crystalline domains. This physical state transition, driven
by strong intermolecular interactions such as hydrogen
bonding and electrostatic association between alginate
carboxylate groups and phenolic or carboxylic groups of
the extract, acts as a barrier against heat [44].

Taken together, these results demonstrate that encapsu-
lation within the alginate network markedly modifies the
physical state of M. officinalis polyphenols and shields
them from thermal stress. The upward shift of the main
degradation temperature, the disappearance of discrete
extract-specific transitions, and the transition to a more
gradual decomposition profile collectively show that the
biopolymer matrix acts as a thermal shield, delaying
the onset of thermal degradation and preventing abrupt
exothermic decomposition of the polyphenols. This
improved thermal stability is highly advantageous for
bioactive delivery systems that must withstand thermal

Figure 4. DSC thermograms of pure sodium alginate and M. officinalis-loaded encapsulated formulation prepared under selected conditions (115 °C, 4
bar, and 100 cm3/s), showing characteristic thermal transitions including moisture loss, glass transition, and polymer decomposition.
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processing in food and pharmaceutical applications, and
supports the suitability of formulation F6 as a stable car-
rier for M. officinalis polyphenols in thermally processed
food and nutraceutical products.

3.8 Alginate hydrogel swelling study

The swelling behavior of hydrogels is evaluated by the
absorption of fluid, driven by the osmotic pressure gradi-
ent between the polymeric network and the surrounding
medium. This phenomenon is typically quantified by
measuring temporal changes in hydrogel mass [45]. In
this study, the swelling capacity of the pure sodium
alginate hydrogel and the extract-loaded system (F6, se-
lected as the superior formulation) was assessed under
simulated gastric conditions (pH 1.2). The swelling
index was determined to be 1.89 ± 0.31 for the pure
hydrogel and 1.78 ± 0.20 for the extract-loaded hydrogel.
The reduced swelling observed in the extract-loaded
system is attributed to increased matrix densification.
This densification arises from hydrogen bonding interac-
tions between alginate chains and the hydroxyl/carboxyl
groups of phenolic compounds, which restricts water
penetration into the network. Furthermore, swelling
behavior is intrinsically pH-dependent; under acidic con-
ditions, the protonation of carboxyl groups promotes
intermolecular hydrogen bonding, leading to polymer
chain contraction and reduced fluid uptake. These results
highlight the influence of both environmental pH and
hydrogel composition on swelling dynamics, parameters
that are critical for the desig of alginate-based carriers
for controlled drug delivery [26, 45].

3.9 Release behavior of M. officinalis extract from
alginate encapsulated materials

The in vitro release kinetics of M. officinalis extract from
the selected alginate nanoscale encapsulated materials
(formulated at an inlet temperature of 115 °C, an atomizer
pressure of 4 bar, and airflow rate of 100 cm3/s) were in-
vestigated in SGF (pH 1.2) and SIF (pH 6.8) (Fig. 5). The
encapsulated colloids displayed a pH-responsive release
profile characteristic of polymeric carrier system. Under
acidic conditions (pH 1.2), a biphasic release pattern was
observed. An initial burst release (6.57% within 15 min)
was attributed to the rapid desorption and dissolution
of surface-bound phenolic compounds, followed by a
slower diffusion-controlled phase (15.87% at 90 min). A
slight decline in the detected concentration after 120 min
was likely associated with the degradation of phenolic
compounds in the highly acidic environment. In contrast,
the release in SIF was rapid and nearly complete, with
approximately 83% of the extract released within 15 min
and ∼ 100% within 30 min. This accelerated release rate
was driven by ionization of the alginate carboxyl groups
at a neutral pH, which promoted rapid matrix swelling
and facilitated solvent diffusion [46, 47].

The underlying release mechanism is fundamentally
tied to the pKa range (3.5 − 4.4) of carboxyl groups
of alginates. In acidic conditions (below the pKa), the
protonation of carboxyl groups (–COOH) reduces the
charge density along the polymer backbone. This lack of
electrostatic repulsion causes the matrix to remain con-
tracted, thereby hindering fluid ingress and slowing the
release of the encapsulated core. Conversely, in neutral
or weakly alkaline conditions (above the pKa), ionization

Figure 5. Cumulative release profile of M. officinalis extract from sodium alginate encapsulated materials under simulated gastric (pH 1.2) and intestinal
(pH 6.8) conditions. Release was minimal in acidic medium (< 20% at 120 min) but rapid and nearly complete in intestinal medium (∼ 100% within 30
min). Data represent mean ± SD (n = 3).
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of these functional groups to carboxylate ions (–COO−)
generates strong electrostatic repulsion between adjacent
polymer chains, leading to extensive structural swelling,
matrix relaxation, and faster release. This pH- depen-
dent swelling and contraction cycle effectively enable
the alginate matrix to protect the sensitive phenolic com-
pounds in the acidic gastric environment, while ensuring
their rapid and targeted release in the neutral intestinal
environment, thereby enhancing their potential bioavail-
ability [47]. This behavior is consistent with established
release models in which alginate networks undergo mini-
mal hydration in gastric fluids but experience substantial
swelling and erosion in intestinal fluids.

3.10 Docking studies and MD simulation
To obtain a mechanistic understanding of the encap-
sulation process at the atomic level, a combined com-
putational approach utilizing molecular docking and
MD simulations was employed. Given the macroscopic,
amorphous, and highly flexible nature of alginate chains,
modeling the entire polymer is computationally pro-
hibitive and physically unrealistic. Therefore, a short
sequence (comprising units B3, A4, B5, A6, and B7)
was utilized as a representative structural model of the
polymer backbone. This hierarchical computational strat-
egy, employing molecular docking to establish the ini-
tial thermodynamically favorable host-guest coordinates,
followed by MD simulations to evaluate the dynamic
flexibility of the system, is a robust and well-documented
method for elucidating entrapment mechanisms within
complex biopolymer networks [48].

Based on this rationale, molecular docking and MD
simulations were performed to explore the binding affin-
ity between rosmarinic acid (the major phenolic marker
of M. officinalis) and the representative alginate polymer.
As illustrated in figure 6, rosmarinic acid, characterized

by two aromatic rings and functional hydroxyl and car-
boxyl groups, showed a strong affinity for the alginate
chains. Key interactions driving this complexation in-
cluded hydrogen bonding between the ligand and the
hydroxyl and carboxyl groups of alginates, hydrophobic
contacts with nonpolar regions of the matrix, and elec-
trostatic interactions with sodium ions in the polymer
environment. The alginate units (B3, A4, B5, A6, and
B7) formed a spatially stable complex with rosmarinic
acid in an aqueous solution, further stabilized by the
surrounding water molecules and sodium ions. These
computational observations strongly support the experi-
mental findings and highlight the molecular basis for the
efficient encapsulation and stable retention of the extract
within the matrix.

To assess structural stability, a 30-ns MD simulation
was performed using the docked conformation as the start-
ing structure. As shown in figure 7, the root-mean-square
deviation (RMSD) profile indicated that rosmarinic acid
maintained low fluctuations (1.5−2.5 Å), suggesting min-
imal conformational changes and stable binding within
the alginate matrix. The representative alginate chain
exhibited an initial RMSD rise to ∼ 8 − 11 Å within
the first few nanoseconds, reflecting expected structural
rearrangement, followed by stabilization with moderate
fluctuations. This behavior is highly typical of large flexi-
ble biopolymers. The polymer–ligand complex followed
a similar RMSD pattern (8 − 12 Å), showing that ligand
binding did not significantly disrupt the fundamental
polymer conformation. The slightly higher fluctuations
observed in the complex likely arose from continuous,
dynamic intermolecular interactions between the poly-
mer and ligand. Overall, these findings confirm that the
rosmarinic acid–alginate complex remains structurally
stable under the simulated conditions. The ligand stayed
firmly bound, while the polymer maintained its integrity

Figure 6. Molecular interactions between rosmarinic acid and the representative alginate polymer: (a) 3D binding configuration showing hydrogen
bonds, hydrophobic contacts, and surrounding water molecules; (b) 2D interaction diagram depicting key residues and ionic contacts; (c–e) dynamic
conformations of the rosmarinic acid–alginate complex in aqueous environment.
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Figure 7. RMSD profiles of rosmarinic acid (green), alginate polymer (pink), and their complex (black) during a 30-ns MD simulation. The ligand
remained structurally stable (1.5 − 2.5 Å fluctuations), while the polymer and complex showed initial rearrangements followed by stabilization at
equilibrium.

after initial reorganization, computationally supporting
the potential of this encapsulation system for stable and
controlled release.

3.11 Stability assessment of encapsulated colloids
produced by nano spray drying

A continuous evaluation of rosmarinic acid content across
all formulations over a six-month storage period revealed
a gradual decline, indicative of partial degradation under
the tested conditions (Table 5). As demonstrated by the
data, formulation F7 exhibited the highest percentage of
retention, indicating superior stability and protection of
the encapsulated compound. However, formulation F6
was ultimately identified as the most favorable and prac-
tical system overall. While F6 retained approximately
77% of its content, it possessed the highest initial loading
capacity of rosmarinic acid (1.3 µg/mg). Consequently,
despite the marginal difference in degradation percent-
ages, F6 maintained the highest absolute mass of the
intact bioactive compound at the end of the six-month
storage period, making it the most efficient delivery vehi-
cle. Furthermore, formulations processed at higher inlet
temperatures, such as F10 (165 °C), displayed greater
losses, emphasizing the critical need for moderate dry-
ing conditions to preserve heat-sensitive polyphenols.
Particle size also influenced stability, with intermediate
sizes (e.g., F6, ∼ 620 nm) providing a highly effective
physical barrier against environmental stressors. Over-
all, F6, produced under moderate thermal and pressure
conditions, achieved the most favorable stability profile,
underscoring the critical role of spray drying parame-
ters in maintaining bioactive compound integrity during
storage.

Table 5. The content of Rosmarinic acid (mg/g powder) in encapsulated
colloids at day 1 and 180 days at storage.

code Day 1 Day 180
Retain TPC

(%)
F1 0.4 ± 0.01cd 0.2 ± 0.01d 50.00
F2 0.7 ± 0.04b 0.4 ± 0.01b 57.10
F3 0.4 ± 0.08cd 0.3 ± 0.06c 75.00
F4 0.4 ± 0.04cd 0.0 ± 0.0f 0.00
F5 0.5 ± 0.02c 0.3 ± 0.02c 60.00
F6 1.3 ± 0.01a 1.2 ± 0.01a 92.30
F7 0.2 ± 0.05e 0.2 ± 0.01d 100.00
F8 0.5 ± 0.03c 0.1 ± 0.01e 20.00
F9 0.4 ± 0.01cd 0.2 ± 0.02d 50.00

F10 0.3 ± 0.01de 0.1 ± 0.01e 33.30

“Retained TPC” is calculated as the percentage of total phenolic
content retained, aiming for a concise comparison between the

developed formulations after 180 days (6 months) under storage
conditions. Different letters in same column indicate significant

differences by Tukey’s HSD test (𝑝 < 0.05).

3.12 Stability assessment of formulation F6 using
DLS and zeta potential analysis

The physical stability of formulation F6 was evaluated
over a 30-day period using DLS and zeta potential analy-
sis (Table 6). The hydrodynamic diameter of the particles
remained highly stable, ranging minimally from 841.56
± 0.06 to 866.74± 0.02 nm, indicating the absence of sig-
nificant aggregation or structural degradation over time.
Furthermore, PDI remained consistently low (0.2 − 0.3),
confirming a narrow and uniform size distribution. A
slight decrease in PDI observed at day 10 suggests a
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transient improvement in size homogeneity, likely due
to minor matrix equilibration. The zeta potential values
were moderately negative (−19.25± 0.78 to−20.85± 3.0
mV), providing sufficient electrostatic repulsion between
the particles to effectively prevent aggregation. Taken
together, these results demonstrate that formulation F6
retains its physicochemical integrity and colloidal stabil-
ity for at least one month, highlighting its suitability as a
robust bioactive delivery system for pharmaceutical and
nutraceutical applications.

Table 6. Physical stability parameters of the formulation F6 over 30
days of storage.

Time
(day)

DLS
(nm)

PDI
Zeta Potential

(mV)
0 862.8 ± 11.4a 0.3 ± 0.05a −19.75 ± 0.05a

10 820.6 ± 6.0a 0.2 ± 0.02a −20.85 ± 2.90a

20 866.7 ± 17.8a 0.2 ± 0.05a −20.30 ± 2.70a

30 841.6 ± 11.59a 0.2 ± 0.04a −19.25 ± 0.50a

Different letters in same column indicate significant differences by the
Tukey’s HSD test (𝑝 < 0.05)

4. Conclusion
This study demonstrated the successful encapsulation
of M. officinalis phenolic compounds within sodium
alginate nanoscale encapsulated materials produced by
spray drying. Process parameters, including inlet air
temperature, atomizer pressure, airflow rate, and feed
concentration, were systematically screened to evalu-
ate their effects on particle characteristics, antioxidant
activity, and release behavior. The most favorable formu-
lation (115 °C, 4 bar, 100 cm3/s) yielded encapsulated
materials (∼ 620 nm, PDI: 0.3) with high encapsulation
efficiency (88.65 ± 0.57%) alongside a biphasic, pH-
responsive release profile. Complementary analytical
and computational analyses (FTIR, DSC, and molecular
docking/MD simulation) confirmed robust intermolec-
ular interactions between the phenolic compounds and
the alginate matrix, which improved structural stability
and facilitated controlled release.

Crucially, the developed formulation holds significant
practical relevance for food, nutraceutical, and pharma-
ceutical applications. By utilizing sodium alginate, a
generally recognized as safe (GRAS), biocompatible
polysaccharide, this encapsulation system effectively
shields the sensitive M. officinalis polyphenols from pre-
mature thermal degradation during processing and harsh
gastric conditions upon ingestion. Furthermore, the pH-
responsive nature of the alginate matrix ensures targeted
release predominantly within the intestinal environment,
thereby maximizing the potential bioavailability and
therapeutic efficacy of the botanical payload. These
findings provide scalable, mechanistic guidelines for
integrating natural polyphenols into functional products.
While this work establishes a robust foundation through
in vitro and computational models, future studies fo-
cusing on comparative carrier systems, extended MD

simulations, and in vivo evaluations will further enhance
translational relevance and practical application of this
targeted delivery system.
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P, Erbay Z, Telci I, and Çam M. Extraction opti-
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