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Introduction

Phenolic compounds are a class of secondary

Abstract: Phenolic compounds in herbal extracts exhibit broad therapeutic potential
(antioxidant, anti-inflammatory, antidiabetic, antimicrobial, neuroprotective), yet are
hindered by instability, poor solubility, and low bioavailability —critical limitations
restricting their use in pharmaceutical and functional food products. This review aims
to evaluate the fabrication techniques, characterization methods, and therapeutic
applications of phenolic microparticles to address these research gapsA systematic
approach was employed through searches on Google Scholar and ScienceDirect,
applying inclusion criteria for original full-text studies reporting fabrication
techniques, polymers, characterizations, or biological activities. Dominant techniques
included spray drying, freeze drying, emulsification/coacervation, and ionic gelation,
with primary wall materials comprising maltodextrin, chitosan, pectin, and PLGA.
Characterization encompassed FTIR, SEM, DSC/TGA, particle size analysis,
encapsulation efficiency (>70%), and release profiles in SGF/SIF media. Results
demonstrate that microencapsulation enhances storage stability, gastrointestinal
resilience, and bioavailability of phenolic compounds from diverse sources (bauhinia,
moringa, citrus), while preserving antioxidant and antidiabetic activities. This review
contributes to standardized formulation development for herbal pharmaceuticals and
functional foods, although randomized clinical trials remain necessary to validate
clinical benefits.

Keywords: Antioxidant activity; Bioavailability; Chlorogenic acid; Phenolic
compounds; Quercetin
plants thus forms a cornerstone of modern
pharmaceutical research aimed at herbal drug
innovation.

The chemical structure of phenolic compounds,

metabolites abundant in plants, recognized for their
beneficial biological activities in promoting human
health. These compounds exhibit antioxidant, anti-
inflammatory, antimicrobial, and neuroprotective
properties, supporting the development of nature-based
therapies for degenerative diseases and infections
(Birkowska et al., 2024). The phytochemical potential of
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characterized by one or more hydroxyl (-OH) groups
attached to an aromatic ring, underpins their biological
activity (Binkowska et al., 2024). Representative
compounds such as gallic acid, catechin, quercetin,
chlorogenic acid, and rutin have demonstrated efficacy.
For instance, chlorogenic acid and rutin from Camellia
sinensis protect cells against oxidative stress, DNA
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damage, and chronic inflammation (Singh et al., 2022),
while Bauhinia ungulata exhibits significant antioxidant
and antidiabetic activities (Remigio et al., 2024).

Despite these promising properties, the application
of phenolic compounds in herbal medicines faces
significant challenges due to poor physicochemical
stability, = limited  solubility, —and  suboptimal
bioavailability. The gastrointestinal environment,
characterized by pH variations, enzymatic activity, and
mucosal transport barriers, causes compound
degradation before reaching therapeutic targets, thereby
reducing treatment efficacy (Chu & Traverso, 2021).
These limitations necessitate innovative drug delivery
systems to protect active compounds, enhance
solubility, and enable controlled release.

Various delivery systems, including polymeric
nanoparticles, liposomes, nanoemulsions, and
microparticles, have been developed to overcome these
obstacles. Among these, microparticles (1-1,000 pm)
offer distinct advantages by encapsulating bioactive

compounds within polymer matrices, providing
protection against degradation and facilitating
controlled release under physiological conditions

(Petrovic et al., 2023). This literature review aims to map
the fabrication techniques, characterization methods,
and therapeutic applications of phenolic-based
microparticles and herbal extracts to advance herbal
pharmaceutical development.

Method

Time and Location of the Research

This study was conducted from June to December
2025 at Universitas Surabaya. The research was carried
out in the form of a literature review focusing on the
application of microparticles in natural materials
containing phenolic compounds.

Research Methods

Literature was searched using two scientific
databases, namely Google Scholar and ScienceDirect.
The search was conducted using a combination of
keywords including therapeutic applications, herbal
extract, encapsulation, characterization, microparticle,
and phenolic acid. Boolean operators (AND, OR) were
applied to broaden and refine the scope of relevant
literature retrieval.

Research Stages

Article selection was carried out systematically in
four stages following the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses)
framework (Page et al., 2021): identification, screening,
eligibility assessment, and final article selection (see
Figure 1).
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Figure 1. PRISMA diagram

Articles were included if they met all of the
following criteria: written in Indonesian or English;
constituted original research, whether in vitro, in vivo,
or other relevant experimental studies; discussed
microparticle applications in natural materials
containing phenolic compounds derived from plants,
fruits, vegetables, spices, or other natural products, with
the aim of encapsulation, delivery, or enhancement of
compound stability and bioactivity; and addressed at
least one of the following aspects microparticle
fabrication techniques, microparticle characterization, or
biological activity testing of phenolic compounds. All
included articles were required to be available in full-
text form.

Articles were excluded if they were in the form of
reviews, editorials, or scientific opinions, or if full-text
versions were not available.

Data Analysis

Articles that met the inclusion criteria were
qualitatively analyzed to evaluate microparticle
fabrication techniques, types of polymers used,
physicochemical characterization results, and the impact
of formulations on the stability and biological activity of
phenolic compounds.
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Result and Discussion

Result

Phenols are plant secondary metabolites
characterized by the presence of one or more hydroxyl (-
OH) groups directly bound to an aromatic ring. These
compounds belong to the polyphenol group and can be
classified into two main categories based on their
structure: derivatives of benzoic acid (such as gallic acid
and vanillic acid) and derivatives of cinnamic acid (such
as ferulic acid and p-coumaric acid). Phenolic
compounds are distributed throughout various plant
parts, including leaves, fruits, stems, and roots, playing
an essential role in plant defense against environmental
stress and pathogen attack, while also holding
therapeutic potential for humans. They may exist in free
form or conjugated with sugars and other organic acids
(Dubey et al., 2022; Medina-Torres et al., 2019).

Phenolic ~ compounds  exhibit  distinctive
physicochemical properties, such as variable water
solubility, pH sensitivity, and generally low thermal and
photostability. Some phenolics, such as chlorogenic acid
and rosmarinic acid, show good water solubility;
however, in general, many phenolic compounds are
unstable when exposed to heat, light, or extreme pH
conditions. This instability may affect their biological
effectiveness and safety in pharmaceutical and food
applications. Furthermore, their phenolic structure
allows them to act as antioxidants through proton
donation and free radical stabilization. Therefore,
formulation strategies such as microparticle-based
delivery systems are required to enhance the stability
and performance of phenolic compounds in various
applications (Aldoghachi et al., 2021; Balasubramaniam
et al., 2020).

The physicochemical properties of phenolic
compounds also vary depending on their chemical
structures, including crystal form, solubility, and
stability under environmental conditions. One widely
studied phenolic compound is quercetin, a flavonoid.
Quercetin appears as a yellowish-gray crystalline
powder with a melting point of approximately 313-316
°C. It is almost insoluble in water (about 0.001 mg/mL
at 25 °C) but highly soluble in organic solvents such as
ether and methanol (Frent et al., 2024). Its aromatic
structure containing multiple hydroxyl groups enables
it to act as a hydrogen and electron donor, thereby
contributing to free radical stabilization and antioxidant
activity (Wang et al., 2023). In addition to quercetin,
chlorogenic acid and arbutin are also commonly found
phenolic compounds in plants. Chlorogenic acid is
known for its good water solubility and moderate
stability under mild conditions, although it remains
prone to degradation under heat and extreme pH.
Arbutin, a glycosylated hydroquinone derivative, is
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water-soluble and widely applied in cosmetics and
pharmaceuticals for its depigmenting activity.

Numerous plant species from the Ericaceae family
are known to be rich in phenolic content. Examples
include Vaccinium myrtillus, V. corymbosum, V. vitis-idaea,
Rhododendron luteum, R. ponticum, R. groenlandicum, Erica
scoparia, and Calluna vulgaris. The leaves of these plants
contain major phenolics such as quercetin, chlorogenic
acid, and arbutin (Stefanescu et al., 2019; Birkkowska et
al.,, 2024). In blueberries (Vaccinium spp.), phenolic
content is even higher in leaves than in fruits. Studies
have shown a positive correlation between total
phenolic content and antioxidant activity (Stefanescu et
al., 2019).

Another well-known source of phenolic
compounds is Orthosiphon stamineus (commonly known
as Java tea or cat's whiskers), which has been
traditionally used in various therapies.
Pharmacologically, this plant exhibits a wide range of
activities, including diuretic, hypouricemic,
renoprotective, antioxidant, anti-inflammatory,
hepatoprotective, gastroprotective, antihypertensive,
antidiabetic, antihyperlipidemic, antimicrobial, and
anorectic effects (Frent et al, 2024). Its phenolic
constituents, such as sinensetin, eupatorin, and
rosmarinic acid, are believed to contribute significantly
to these therapeutic properties.

Phenolic compounds also exhibit a wide range of
biological activities, including antioxidant, anti-
inflammatory, antimicrobial, anticancer, and
neuroprotective effects. These activities are largely
associated with their ability to scavenge free radicals and
inhibit pro-inflammatory enzymes. For instance, a study
by Soliman et al. (2022) demonstrated that a combination
of spinach and broccoli leaf extracts, both rich in
phenolics, provided protective effects against
neuroinflammation induced by AIlCl; exposure. These
compounds also contribute to the upregulation of
endogenous antioxidant enzyme expression (Soliman et
al., 2022; De Rodriguez et al., 2019).

Many Indonesian native plants are rich in phenolic
compounds. Examples include Melissa officinalis, Mentha
spp., Origanum wvulgare, Perilla frutescens, Lavandula
angustifolia, ~ Salvia  officinalis, ~Satureja  spp., and
Plectranthus scutellarioides (known locally as daun
miana). Other plants such as jati belanda (Guazuma
ulmifolia), saga (Abrus precatorius), binahong (Anredera
cordifolia), and kenitu (Chrysophyllum cainito) have been
reported to contain significant levels of flavonoids and
phenolic acids with potential antioxidant and
antiproliferative properties (Khojasteh et al., 2020).

Miana (Coleus artropurpureus L. Benth) is another
natural antioxidant source capable of neutralizing free
radicals due to its content of flavonoids, saponins,
tannins, and alkaloids (Muadifah et al., 2023). Several
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studies have reported the extraction of miana leaves
using maceration with 96% ethanol, which revealed the
presence of flavonoids, steroids, tannins, saponins, and
anthocyanins. This plant is also widely used in
Indonesian traditional medicine (Khotimah et al., 2018).

The determination of phenolic content is carried out
using various analytical ~methods, such as
spectrophotometry with the Folin-Ciocalteu reagent,
high-performance liquid chromatography (HPLC), and
total phenolic quantification assays. Some studies have
employed quercetin, chlorogenic acid, and rutin as
major markers in analysis. Research by Remigio et al.
(2024) highlighted that HPLC was able to detect
isoquercitrin, rutin, and p-coumaric acid as dominant
components in Bauhinia ungulata extracts (Remigio et
al., 2024).

Several phenolic compounds, such as gallic acid as
shown in Figure 2, ferulic acid, and epigallocatechin
gallate (EGCG), demonstrate a close relationship
between their chemical structure particularly the
position and number of hydroxyl (-OH) groups and
specific pharmacological activities, such as antioxidant
capacity. For example, EGCG found in green tea is
highly effective as an antioxidant due to the ability of its
hydroxyl groups to donate electrons and neutralize free
radicals. Meanwhile, ferulic acid (Figure 3) shows
potential in wound healing and antidiabetic activity. A
study by Kamaruddin et al. (2017) reported that EGCG
microparticles improved the stability of the compound
by protecting it from oxidative and thermal degradation,
while also enhancing its biological activity compared to
its free form (Kamaruddin et al., 2017; Noudoost et al.,
2015).

Figure 3. Ferulic acid structure

Limitations of phenolic compounds include low
bioaccessibility and bioavailability due to instability
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during processing, storage, and digestion, entanglement
in food matrices, and inhibition of intestinal absorption,
so that in vivo activity is often not as high as predicted
from in vitro tests. The large number of hydroxyl groups
increases antioxidant activity, but also decreases
membrane permeation and triggers strong interactions
with proteins (e.g., salivary protein precipitation), which
causes  astringency and  potentially  reduces
bioavailability. Polyphenols can act as pro-oxidants at
high concentrations or in the presence of transition
metals through autoxidation and the formation of
reactive species such as H202, so the biological context
and dosage determine the benefits versus risks.
Chemically, some polyphenols, such as EGCG, are very
sensitive to pH, light, heat, oxygen, and metal ions,
which  trigger epimerization, hydrolysis, and
polymerization, resulting in decreased biological
potency in neutral-alkaline environments. From a
pharmacokinetic perspective, phase II conjugation
(glucuronidation,  sulfatation, methylation) and
microbiota metabolism dominate, so the main
circulating form is often a metabolite, for example
EGCG-4"-sulfate, whose activity may differ from that of
the aglycone (Secretan et al., 2021).

Discussion

Microparticles are drug or active compound
delivery systems in the form of small particles ranging
from 1 to 1,000 um in size. This technology serves to
protect active compounds from degradation caused by
environmental factors such as heat, light, and oxygen,
while simultaneously improving their bioavailability. In
the context of phenolic compounds, microparticulation
aims to encapsulate these compounds within a polymer
matrix or colloidal system, thereby extending their shelf
life, enabling controlled release, and directing their
distribution more specifically within the body. The
formation of microparticles typically involves several
key steps, such as the creation of emulsions in which the
active compound and protective polymer are dissolved
or suspended in a given phase to produce oil-in-water or
water-in-oil systems, followed by drying techniques
such as spray drying or freeze drying to obtain solid
particles. Another approach, coacervation, allows phase
separation so that polymers selectively precipitate
around the active compound, forming a protective layer.
Through these mechanisms, phenolic compounds can be
physically or chemically entrapped within a polymer
matrix, thus being better protected against chemical and
physical degradation both during storage and after
administration (Trifkovi¢ et al., 2016; Medina-Torres et
al., 2019).

The microcrystallization approach is also applied to
enhance the performance of phenolic compounds.
Microcrystals are solid forms of bioactive compounds
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crystallized in a controlled manner at the micrometer
scale. Based on their characteristics, microcrystals can be
categorized into: monolithic microcrystals, in which the
entire particle consists of pure active compound;
composite microcrystals, which combine phenolic
compounds with polymers or other excipients to
improve stability; and coated microcrystals, where
phenolic crystals are covered with polymers or lipids to
provide controlled release and protection against
degradation. Microcrystals have been shown to improve
solubility, dissolution rate, and bioavailability of
phenolics, which naturally often exhibit low solubility.
For example, microcrystallization of quercetin using the
antisolvent precipitation technique achieved more than
a tenfold increase in solubility compared to its
conventional form, directly enhancing both its
antioxidant activity and oral bioavailability (Sheng et al.,
2019).

Several modern technologies can be applied in the
fabrication of phenolic microparticles or microcrystals,
including spray drying, freeze drying, ionic gelation,
emulsification, as well as advanced methods such as
microfluidics and multilayer coating. Among these,
spray drying is the most commonly used because it is
efficient and suitable for thermolabile compounds such
as phenolics, while freeze drying is often selected when
preserving the structural stability of the compound is
crucial (da Silva Junior et al., 2023; Ozkan et al., 2024).

Phenolic compounds are known to suffer from poor
stability when exposed to temperature, light, oxidation,
and variable pH conditions. Moreover, they often
undergo degradation during storage or in the
gastrointestinal tract before reaching their therapeutic
target. Microparticulation addresses these challenges by
creating protective systems that improve stability, slow
release, and enhance absorption of active compounds,
thereby optimizing their pharmacological effectiveness
(Gonzalez et al., 2018; Shaygannia et al., 2021).
Furthermore, microparticle technology has been shown
to enhance the effectiveness of phenolic compounds
through controlled release, maintaining more stable
plasma concentrations and prolonging biological
activity. Microparticles also facilitate targeted delivery
to specific regions of the gastrointestinal tract, reduce
degradation in the stomach, and ultimately improve oral
bioavailability (Ballesteros et al., 2017).

Several studies support these findings. For instance,
the microencapsulation of green tea polyphenols by
spray drying resulted in improved oxidative stability
and higher bioavailability in in vivo models. Another
study showed that microparticles formulated from
pomegranate extract polyphenols enhanced antioxidant
activity in a simulated gastrointestinal system and
prolonged the release time of active compounds
(Azarpazhooh et al., 2018). Thus, microparticulation not
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only protects phenolic compounds from degradation but
also significantly enhances their pharmacological
effectiveness by improving bioavailability, ensuring
more consistent biological activity, and maximizing
their therapeutic potential.

Various studies have applied microparticle
fabrication techniques to phenolic compounds. For
example, phenolic extracts from ciriguela fruit peel
(Spondias purpurea) containing rutin, epicatechin gallate,
chlorogenic acid, and quercetin have been successfully
encapsulated into microparticles using spray drying and
freeze drying methods. The results demonstrated high
encapsulation efficiency of up to 98.8%, along with
improved physicochemical properties and enhanced
compound stability during storage (da Silva Janior etal.,
2023). In addition, multilayer microparticle systems for
sequential release of phenolic compounds have also
been developed, providing effective protection during
the gastrointestinal phase and improving bioavailability
(Ozkan et al., 2024). Several modern technologies can be
employed for the fabrication of phenolic microparticles,
including spray drying, freeze drying, ionic gelation,
emulsification, as well as advanced approaches such as
microfluidics and multilayer coating. Among these,
spray drying is the most frequently used due to its
efficiency and suitability for thermolabile compounds
such as phenolics; meanwhile, freeze drying is often
chosen when maintaining the structural stability of the
compounds is essential (da Silva Junior et al.,, 2023;
Ozkan et al., 2024).

The microcrystallization approach has also been
utilized to enhance the performance of phenolic
compounds. Microcrystals are solid forms of bioactive
compounds with  micrometer-scale dimensions,
crystallized in a controlled manner. Based on their
characteristics, microcrystals can be classified into three
types: monolithic microcrystals, in which the entire
particle consists of pure crystals of the active compound;
composite microcrystals, which combine phenolic
compounds with polymers or other excipients to
improve stability; and coated microcrystals, where
phenolic crystals are coated with polymeric or lipid
materials to provide controlled release and protection
against degradation. The use of microcrystals has been
shown to improve solubility, dissolution rate, and
bioavailability of phenolics, which are often naturally
poorly soluble. For instance, the microcrystallization of
quercetin using the antisolvent precipitation technique
resulted in more than a tenfold increase in solubility
compared with its conventional form, directly
enhancing its antioxidant activity and oral
bioavailability (Sheng et al., 2019).

Several modern technologies are available for the
fabrication of phenolic microparticles and microcrystals,
including spray drying, freeze drying, ionic gelation,
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emulsification, as well as advanced methods such as
microfluidics and multilayer coating. Of these, spray
drying remains the most widely employed due to its
efficiency and applicability for thermolabile phenolics,
while freeze drying is often selected when preservation
of the compound's structural stability is of utmost
importance (da Silva Janior et al., 2023; Ozkan et al.,
2024).

r—AIr heater
‘41 Pump
0| ——
Infeed emulsion ‘
Qutlet drying air
- »

— Cyclone

e Collecting jar

Figure 4. Spray drying

Spray drying is the most common and widely used
technique for the microencapsulation of phenolics. The
process involves atomizing a solution or suspension of
the active compound and polymer into a high-
temperature drying chamber, producing dry particles in
a short period of time as shown in Figure 4. This
technique is favored for its high efficiency, scalability,
and ability to generate uniform and stable particles. The
use of maltodextrin, gum arabic, and chitosan as coating
polymers in spray drying has been shown to enhance
encapsulation efficiency and antioxidant stability (Dadi
et al., 2020; Zanoni et al., 2019). The advantages of this
method include high process efficiency, industrial
scalability, and the production of homogeneous, stable
particles with improved shelf life (Kandasamy, 2022;
Grgic¢ et al., 2020). However, spray drying also presents
limitations, such as potential thermal degradation of
heat-sensitive compounds and restrictions in the choice
of coating materials, which must be water-soluble and
may limit formulation flexibility (Grgi¢ et al., 2020).

Examples of studies demonstrating the effective
application of spray drying to phenolics include Bauhinia
ungulata var. obtusifolia. Remigio et al. (2024) successfully
formulated microparticles containing rutin, chlorogenic
acid, p-coumaric acid, and isoquercitrin using a
combination of maltodextrin, pectin, CMC, and pB-
cyclodextrin. The study reported uniform particle size,
high encapsulation efficiency, and preserved
antioxidant and antidiabetic activity. Similarly, Remigio
et al. (2024) compared five types of coating materials for
phenolic  spray-drying  formulations, revealing
differences  in  encapsulation efficiency = and
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microstructural characteristics. Another example comes
from Echinacea purpurea, where extracts rich in chicoric
and caftaric acids were spray-dried with maltodextrin;
characterization showed well-structured morphology,
satisfactory encapsulation efficiency, and preserved
antioxidant and immunostimulant activity (Dubey et al.,
2022).

Freeze drying (lyophilization) is another technique
used for microencapsulation, particularly for heat-
sensitive compounds. The process involves freezing the
solution, followed by water removal through
sublimation under low pressure. Freeze drying
produces highly porous particles and allows for better
retention of phenolic compounds, although it requires
longer processing times and higher production costs.
This technique has also been applied with complex
polymer combinations such as plant proteins and
natural mucilage (Fredes et al., 2018; Mar et al., 2020).

Emulsification is employed for phenolic
compounds that are oil-soluble or poorly soluble in
water. This method involves forming oil-in-water
(O/W) or water-in-oil (W/O) emulsions, stabilized with
surfactants and coating polymers. Once a stable
emulsion is achieved, drying or gelation is applied to
produce solid particles. For example, tea and citrus peel
extracts have been successfully encapsulated using
double emulsion and complex coacervation methods,
which improved the stability of active compounds
(Massounga et al., 2018; Tuyet et al., 2018).

Ionic gelation exploits electrostatic interactions
between charged polymers, such as positively charged
chitosan, and counterions like TPP (tripolyphosphate),
to form microparticle gels under mild temperature
conditions. This technique is particularly suitable for
phenolic compounds prone to degradation by heat or
organic solvents. Chitosan nanoparticles produced
through this method have been shown to enhance
wound healing effectiveness and improve the stability of
ferulic acid (Balasubramaniam et al., 2020; Dubey et al.,
2022).

A wide range of natural and synthetic polymers
have been employed in the microencapsulation of
phenolic  compounds (Table 1), while the
physicochemical characteristics of the polymers are
shown in Table 2. Maltodextrin is the most commonly
applied polymer due to its neutral nature, high water
solubility, low cost, and compatibility with various
phenolic compounds. It also has the ability to form an
amorphous matrix that protects phenolics from
degradation caused by oxidation, light, and extreme pH
conditions during storage (Remigio et al, 2024). In
addition, gum arabic and pectin, both hydrophilic
natural polymers, are frequently used because they
provide a stable protective coating, enhance
encapsulation efficiency, and possess good emulsifying
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properties. Gum arabic, in particular, is often combined
with maltodextrin in spray-drying techniques to

2024).

produce microparticles with more uniform physical

Table 1. Polymer Applications for Phenol Microparticles

Volume 12, Issue 5, 143-158

characteristics and higher solubility (Remigio et al.,

Polymer

Main role in phenolic microparticles

Technique

Maltodextrin
Gum arabic

Pectin

Chitosan

B-cyclodextrin

Zein (corn protein)
Whey protein (WPI/WPC)

Alginate

Enteric cellulose derivatives
(HPMCP/HPMCAS/CAP/CA
T)

PLGA (biodegradable
polyester)

Grape seed extract

Neutral, water-soluble, inexpensive; forms amorphous

protective matrix (anti-oxidation, light, extreme pH)
Hydrophilic polysaccharide; good emulsifier; stable
protective coating

Hydrophilic polysaccharide; forms protective layer,
1EE

Cationic biopolymer; bioadhesive, biocompatible;
gastric protection; Tintestinal absorption (opens tight
junctions)

Inclusion complex: hydrophobic cavity traps
phenolics, hydrophilic exterior;

Tsolubility /stability / bioaccessibility

Hydrophobic; self-assembly/electrospinning; suitable
for lipophilic phenolics

Thermal gelation; emulsification; non-covalent
interactions with polyphenols

Anionic polysaccharide; Ca? ionotropic gel; gastric
protection and intestinal release

pH-responsive coating; gastric protection; intestinal
release

Medium-long-term release; oxidative protection;
targeting potential
Tstability, solubility, ease of formulation into

Spray drying; often combined

Spray drying (often with
maltodextrin)
Gelation/coacervation;
multicomponent blends

Coacervation/ gelation; modifications
(quaternized, carboxymethylated)

Inclusion complexation; can be
combined with other polymers

Self-assembly; electrospinning;
blends with polysaccharides
O/W emulsion; pH adjustment,
stirring speed, emulsifier control
Ionic gelation (Ca?"); spray
drying/multicomponent gelation

Enteric coating; diffusion through
gel/layer dissolution

Emulsion-solvent evaporation;
blends with hydrophilic polymers
Spray drying with food-grade

functional products polymers
Table 2. Polymer Types and Physicochemical Characteristics
Polymer Charge Hydrophilicity Solubility and pH Source
. s ) (Kandasamy &
Maltodextrin Neutral Hydrophilic Water-soluble Naveen, 2022)
Gum arabic Weak anionic Hydrophilic Water-soluble (Al-Hamayda ;E);;;
. .. .. Water-soluble; forms gel with (Ishwarya et al.,
Pectin Anionic Hydrophilic Ca? (LM) or acid/sugar (HM) 2021)
. L Hydrophilic (in acid); Soluble at acidic pH; insoluble
Chitosan Cationic less soluble in neutral at neutral-basic pH (Ways etal, 2018)
. Hydrophilic exterior, .
B-Cyclodextrin Neutral hydrophobic cavity Water-soluble (Liu etal., 2020)
Zein Neutral—shghtl.y Hydrophobic Insoluble in water; soluble in (Kasaai, 2018)
anionic ethanol
Whey protein Amphoteric (isoelectric Hvdrophilic Soluble near neutral pH; gels (Khalesi et al.,
(WPI/WPCQ) point ~5.2) ydrop upon heating 2023)
. o . Soluble as Na salt; gels with  (Abka-Khajouei et
Alginate Anionic Hydrophilic Caz* al,, 2022)
Enteric cellulose
derivatives Anionic (ionized at s . (Wathoni et al.,
(HPMCP/HPMCAS/CA high pH) Hydrophilic Soluble at ~pH 5.5-6.8 2020)
P/CAT)
PLGA Neutral Hydrophobic Insoluble in wa’Fer; degrade:s (Guo et al., 2023)
via hydrolysis
Chitosan polymer has also attracted wide attention is a cationic biopolymer obtained from chitin
in the development of phenolic microparticles. Chitosan  deacetylation, well known for its bioadhesive,
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biocompatible, and biodegradable properties. Its
cationic  character enables strong electrostatic
interactions with the negatively charged components of
the mucus and epithelial surfaces, thereby enhancing
drug retention and intestinal absorption. Furthermore,
chitosan and its derivatives have been shown to open
tight junctions in the intestinal epithelium, facilitating
paracellular transport and improving bioavailability
(Ways et al., 2018). Chitosan can also be chemically
modified into derivatives such as quaternized chitosan
(trimethyl chitosan) or carboxymethyl chitosan, which
provide improved solubility at physiological pH a key
limitation of unmodified chitosan (Ways et al., 2018).

B-cyclodextrin is widely applied in phenolic
microencapsulation because of its unique ability to form
inclusion complexes. Its cyclic structure with a
hydrophobic cavity can entrap relatively hydrophobic
phenolic molecules, while its hydrophilic outer surface
allows solubility in water. This improves the solubility,
stability, and bioaccessibility of phenolics in biological
systems. The use of polymer combinations often
provides synergistic effects for instance, maltodextrin
combined with gum arabic or with chitosan has been
shown to enhance encapsulation efficiency, promote
sustained release, and improve antioxidant activity
following in vitro digestion simulation (Remigio et al.,
2024; Remigio et al., 2024).

Zein (corn protein) is a hydrophobic polymer
commonly employed to encapsulate relatively
hydrophobic phenolics due to its ability to form stable
particles through self-assembly or electrospinning, and
it is often blended with polysaccharides to fine-tune
release behavior. In electrospinning studies, zein-
dextran fibers loaded with curcumin demonstrated that
the zein fraction modulated hydrophobicity and release
rate; zein contents of 15-30% altered flexibility, tensile
strength, and optimized controlled release,
underscoring the importance of protein-polysaccharide
ratios in shaping release profiles. Recent reviews also
highlight the design of multicomponent zein-based
carriers for lipophilic actives, which improve stability
during food processing and gastrointestinal transit,
while enabling gradient structures for controlled release
(Shu et al., 2025).

Whey proteins (WPI/WPC) are widely used as wall
materials because of their thermal gelation, emulsifying
capacity, and noncovalent interactions  with
polyphenols, although particle physicochemical
properties must be optimized to avoid sensory
drawbacks. Encapsulation of blueberry extract in whey
protein matrices with initial sizes of 0.5-2.5 mm.
Adjusting stirring speed and adding emulsifiers
reduced particle size to ~70 pm, though low pH and
extract ratio influenced spherical capsule formation due
to altered protein-polyphenol electrostatic interactions.
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Whey protein-medium-chain triglyceride emulsions
stabilized with gum arabic further demonstrated how
gum arabic and CaCl; addition influenced size
distribution, zeta potential, and improved encapsulation
efficiency and resveratrol fluorescence at the oil-water
interface (Pchelkina et al., 2022).

Alginate is an anionic polysaccharide that forms
ionotropic gels with Ca?*, making it suitable for
protecting phenolics sensitive to gastric acidity and for
targeted release in the intestine. It is often combined
with proteins or other polysaccharides to enhance
particle mechanical strength. In food applications,
polysaccharide-based systems such as alginate have
been reported to improve polyphenol stability during
storage and processing, with good encapsulation
efficiency when combined with spray drying or
multicomponent ionic gelation. Recent reviews also
emphasize that encapsulation within anionic hydrogel
matrices helps preserve phenolic antioxidant activity
during simulated digestion, especially when paired with
film-forming polymers (Siddiqui et al., 2024).

Enteric cellulose derivatives such as hydroxypropyl
methylcellulose phthalate (HPMCP), hydroxypropyl
methylcellulose acetate succinate (HPMCAS), cellulose
acetate phthalate (CAP), and cellulose acetate
trimellitate (CAT) are widely used for pH-responsive
release and gastric protection, which is particularly
relevant for acid-sensitive phenolics. These materials
form insoluble coatings at gastric pH and dissolve at
intestinal pH, releasing the active compound either by
diffusion through a viscous gel layer or after dissolution
of the enteric coat. CAP, one of the earliest solutions,
remains effective to this day. Studies have shown that
CAP coating of microspheres prolongs release and
improves colon targeting compared to uncoated
formulations, demonstrating a principle that can be
translated to polyphenols intended for colonic delivery
(Martinez et al., 2025).

PLGA (poly(lactic-co-glycolic acid)) and other
biodegradable polyesters are employed when medium-
to long-term controlled release, oxidative protection,
and targeted delivery are desired, although cost and
food regulatory considerations remain important.
Reviews on bioactive encapsulation for specific diets
highlight that food-grade synthetic polymers and green
systems yield promising results in stabilizing
polyphenols during processing while enhancing
antioxidant activity and controlled release profiles,
opening opportunities for functional formulations with
predictable release kinetics. Furthermore, combining
PLGA with hydrophilic polymers can adjust matrix
hydration and diffusion, thereby modulating phenolic
release and bioaccessibility during digestion (Ran et al.,
2024).
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Additional studies underscore the role of polymers
as carriers for phenolics in actual food applications and
model matrices. Grape seed phenolic extract spray-dried
into food polymers demonstrated improved stability,
solubility, and ease of formulation into functional
products, showing that polymer carrier design can
maximize retention of bioactive properties throughout
shelf life. Overall, recent literature emphasizes the
importance of selecting or combining polymers such as
hydrophobic  proteins (zein), ionotropic gelling
polysaccharides (alginate), enteric  celluloses
(HPMCP/HPMCAS/CAP), and lipid-based systems
(liposomes) to achieve desired encapsulation efficiency,
stability, and bioaccessibility of phenolics (Salem et al.,
2024).

Fourier Transform Infrared Spectroscopy (FTIR) is
a technique used to evaluate chemical or physical
interactions between phenolic compounds and the
polymers forming microparticles. Shifts in the
characteristic absorption peaks of functional groups
(e.g., OH, C=0, C-O-C) indicate the formation of
hydrogen bonds, ionic bonds, or intermolecular
interactions during the encapsulation process. Studies
by Kamaruddin et al. (2017) and Dubey et al. (2022)
confirmed that FTIR successfully demonstrated the
formation of stable complexes between catechins or
flavonoids and polymers such as PVP or soy protein
isolate, which are critical to ensuring the integrity of
active compounds within microparticle matrices
(Kamaruddin et al., 2017; Dubey et al., 2022).

Scanning Electron Microscopy (SEM) is the
principal method wused to examine microparticle
morphology, surface features, and coarse particle size.
Smooth surface structures and regular spherical shapes
are generally desirable for oral applications, as they
enhance dissolution and stability. For example,
microparticles prepared from Vaccinium spp. and
Echinacea purpurea extracts displayed spherical shapes
with uniform surfaces, reflecting optimized spray
drying conditions and stable polymer formulations
(Dubey et al., 2022; Stefanescu et al., 2022).

Differential Scanning Calorimetry (DSC) is
employed to determine the thermal properties of
microparticles, including melting point, glass transition
temperature (Tg), and thermal degradation. Changes in
thermal profiles after microencapsulation may indicate
successful  complex  formation or  structural
transformation of the active compounds. For instance,
Remigio et al. (2024) demonstrated that f-cyclodextrin
combined with maltodextrin enhanced the thermal
stability of phenolic compounds within microparticles,
as evidenced by shifts in Tg and the disappearance of
endothermic peaks observed in the free compounds
(Remigio et al., 2024).
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X-Ray Diffraction (XRD) provides insight into the
crystallinity or amorphous nature of the resulting
microparticles. Amorphous microparticles typically
dissolve more readily and display better bioavailability
than crystalline forms. Several studies have reported
that encapsulating phenolics with maltodextrin or pectin
transforms the crystalline structure of active compounds
into an amorphous state, as observed by Fredes et al.
(2018) in strawberry extract formulations and by
Remigio et al. (2024) in Bauhinia microparticles (Fredes
et al., 2018; Remigio et al., 2024).

Particle size and distribution are critical parameters
in microparticle evaluation, as they influence release
rate, stability, and absorption pathways in the body.
Microparticles smaller than 10 pm  generally
demonstrate good suspension stability and rapid
dissolution. For example, Peanparkdee et al. (2021) and
Fernandez-Luqueto et al. (2021) reported that phenolic
microparticles from purple rice bran and Opuntia
atropes, respectively, exhibited small (micro- to nano-
scale) sizes with narrow distributions, contributing to
high encapsulation efficiency and enhanced antioxidant
activity (Peanparkdee et al., 2021; Fernandez-Luquefio
et al., 2021).

Encapsulation efficiency (EE) reflects the
proportion of active compounds successfully retained
within microparticles. High EE values indicate
optimized techniques and coating materials. The
stability of actives within microparticles is also assessed
by measuring phenolic content and changes during
storage. Many studies report EE values above 70%, such
as green tea leaf extract (Zokti et al., 2016) and Moringa
oleifera extract (Gonzilez et al., 2018), indicating
successful formulations in preserving active compounds
(Zokti et al. 2016; Gonzalez et al., 2018).

Release profiling of actives from microparticles is
typically conducted in simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF) to assess the extent of
controlled release. Sustained release is critical for
prolonging pharmacological action and improving
therapeutic effectiveness. Studies by Zokti et al. (2016)
and Aldoghachi et al. (2021) showed that microparticles
formulated with combinations of chitosan, gum arabic,
and maltodextrin delayed release in the stomach and
gradually released compounds in the intestine, thereby
enhancing phenolic bioaccessibility (Zokti et al., 2016;
Aldoghachi et al., 2021).

Biological activity of phenolics is preserved and in
some cases enhanced through microencapsulation,
particularly antioxidant, antidiabetic, and
immunomodulatory functions. Encapsulation protects
compounds from degradation caused by oxidation,
light, and temperature, which often occur in their free
forms. For example, microparticles from Vaccinium spp.
leaf extract containing chlorogenic acid demonstrated
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improved bioaccessibility and free radical scavenging
after microencapsulation with maltodextrin and glucose
(Stefanescu et al., 2022). Similarly, Bauhinia
microparticles produced by spray drying showed more
stable antioxidant and antidiabetic activities (Remigio et
al., 2024; Remigio et al., 2024).

Comparative  studies  between free and
microencapsulated phenolics often reveal superior
bioactivity retention of the microparticle forms during
storage and gastrointestinal passage. Dubey et al. (2022)
reported that the analgesic activity of Adenanthera
pavonina (saga) leaf extract significantly increased after
microencapsulation, with high EE and uniform particle
distribution. Likewise, Ttilek et al. (2020) observed that
the antioxidant activity of lemon balm extract remained
high after microencapsulation, while its free form
showed a decline in stability during storage (Dubey et
al,, 2022, Tilek et al, 2020). Several studies on
Indonesian herbal plants also demonstrate that
microencapsulation enhances the biological activity of
phenolic-rich extracts. For example, Guazuma ulmifolia
(jati Belanda) leaves, rich in flavonoids, displayed high
antioxidant activity after spray drying with
maltodextrin as the coating polymer (Morais et al., 2016).

Microencapsulation also plays a crucial role in
improving bioavailability. Microparticles of Opuntia
atropes containing isorhamnetin and p-coumaric acid
exhibited high EE and nanoscale particle size, which
correlated  with enhanced bioavailability —and
antioxidant activity (Fernandez-Luquefio et al., 2021).
Similarly, formulations incorporating pectin and -
cyclodextrin as wall materials in Bauhinia extract

Table 3. Research Article Data Extraction
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improved active compound stability and enabled
controlled release, supporting their use in antidiabetic
and antioxidant therapies (Remigio et al., 2024).

The clinical potential of phenolic microparticles
continues to develop, although most current research
remains in vitro or preclinical. Yousefi et al. (2021)
reported that encapsulating compounds such as fisetin
and hesperidin from grape pomace and bilberry
improved oral bioavailability, though clinical outcomes
varied depending on the compound and formulation.
Ozkan et al. (2024) also emphasized that while
preclinical data are promising for anti-inflammatory,
antiallergic, and cardioprotective applications, more
randomized clinical trials are still needed to validate the
therapeutic benefits of phenolic microparticles in
humans (Yousefi et al., 2021; Ozkan et al., 2024).

Numerous studies as mentioned in Table 3 have
explored spray drying techniques for encapsulating
phenolic compounds from various plant sources, aiming
to improve stability, encapsulation efficiency, and
pharmacological activity retention. Findings show that
the choice of wall polymers such as maltodextrin, gum
arabic, B-cyclodextrin, pectin, and CMC significantly
influences particle morphology, active compound
retention, and antioxidant or therapeutic activity
(Macias et al., 2020; Pattnaik et al., 2021). For clarity and
comparison, Table 1 provides a summary of spray-
drying-based  microencapsulation  strategies  for
phenolics, including plant sources, dominant phenolic
compounds, wall polymers, characterization techniques,
and observed pharmacological activities.

Plant Source Phenolic Research Polvmer Tvpe Characterization Pharmacologic =~ Reference
Compounds Method Y yp Techniques al Activity (Year)
- . Particle size, SEM, DSC,
Bauhinia ungulats ThOTO8ERIC A, p- g Maltodextrin, 1.0, ‘briR HPLC,TPC,  Antioxidant, Remigio et
. coumaric acid, . pectin, CMC, - . R
L. var. obtusifolia . _ drying . TFC, Encapsulation antidiabetic al. (2024)
rutin, isoquercitrin cyclodextrin .
efficiency
Bauhinia Chlorogenic acid, Maltodextrin, -  Particle size, SEM, XRD, o .
. o Spray . Antioxidant, Remigio et
ungulata L. var.  rutin, isoquercitrin, drvin cyclodextrin, FTIR, HPLC, antidiabetic al. (2024)
obtusifolia p-coumaric acid yms pectin, CMC  Encapsulation efficiency ’
Neuroprotectiv
Green tea Sora Particle size, zeta potential, e, enhanced Mohammad
(Camellia sinensis) Catechins (EGCG) drpiny Chitosan, alginate in vitro release, behavioral bioavailability, baghban et
yms tests, biomarkers controlled al. (2024)
release
HPLC (oleuropein,
Olive leaf extract Oleuropein, Freeze Maltodextrin, h}{droxytyrosol, s (Gonzélez-
(Olea europaca) hydroxytyrosol, drying trehalose verbascoside), DSC/Tg, Antioxidant Ortega et al.
verbascoside SEM, RSM, TEAC/ ABTS, (2020)
EE oleuropein
Grape seed Gallic ac1.d, Whey protein EE, DPPH, particle size Martinovié¢
0 catechin, Freeze concentrate (WPC), o s
extract (Vitis . . . . (PSA), SEM, in vitro Antioxidant
. epicatechin,  drying maltodextrin, gum et al. (2024)
vinifera) . . release (SGF/SIF)
gallocatechin, arabic
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Plant Source Phenolic Research Polvmer Tvpe Characterization Pharmacologic =~ Reference
Compounds  Method Y YP Techniques al Activity (Year)
epigallocatechin,
epicatechin-3-O-gall
ate, procyanidin
B1/B2
Particle size, viscosity,
Vaccinium spp. Chlorogenic acid, Spray Maltodextrin, SEM, HPLC, efficiency, Antioxidant Stefdnescu
leaves catechin  drying glucose simulated GI release et al. (2022)
profile
Anthocyanins .
Red grape juice expressed as Freeze Whey protein an thoEEa(r)lfir?Ii)};ﬁc};iri?igz Antioxidant Mihalcea et
(Vitis vinifera) ~ cyanidin-3-glucosid =~ drying isolate + chitosan y ( 53 Geq) al. (2020)
e equivalents (C3G) 4
Echinacea . . SEM, FTIR, encapsulation Antioxidant,
purpurea aerial CthOI’l.C ale:l’ Spl.‘ay Maltodextrin efficiency, particle immunostimul Dubey et al.
+ caftaricacid  drying hol (2022)
parts morphology ant
Maltodextrin, gum EE (.)f a.nthocyal}il.ns,
Hibiscus sabdariffa . Freeze arabic, and blends antioxidant activity . Nguyen
Anthocyanins . e . (FRAP/CUPRAC), Antioxidant etal.
(roselle) drying with inulin/konjac .
glucomannan powder physical (2022)
properties
Moisture content, color,

o . . solubility, Nguyen
Hibiscus sabdariffa Anthocyanins Fre'eze Maltodextrin, SUM  sensory/physicochemical Antioxidant etal.
(roselle) y dryin, arabic y/rPhy

yms properties, carrier (2022)
comparison
Olive leaf Oleuropein, Freeze Size/(-potential, EE, Nanomateri
polyphenol-rich ’ ) Polymeric micelle  stability, in vitro release, Antioxidant
exctract hydroxytyrosol  drying intestinal bilit al. (2023)
permeability
Ciriguela peel Rutin, epicatechin Freeze Maltodextrin, gum HPLC/DAD phenolic Bergonzi
extract (Spondias gallate, chlorogenic drvin e,arabic profile, EE, morphology Antioxidant etal.
purpurea) acid, quercetin yms (SEM), TPC stability (2023)
Grape seeds - Spray Maltodextrin, gum Morphology, solub}l?ty, o Salem et al.
R Proanthocyanidins . . storage stability, Antioxidant
(Vitis vinifera) drying arabic . . (2024)
antioxidant activity
Particle size, SEM, FTIR, .
gigzgjhus Rosmarinic acid dipiiy Maltodextrin TPC, encapsulation Antioxidant é:i?%gg;?;
ymng efficiency, DPPH ’
Alpha-acid content,
Hop extract . Freeze Maltodextrin, gum . pol}/phenol EE, o Tatasciore et
(Humulus Alpha-acids ) . physicochemical/techno- Antioxidant
lupul drying arabic P ional . al. (2023)
pulus) unctional properties,
stability
Conclusion technique or compound class, this review integrates

This review aimed to comprehensively map the
fabrication techniques, characterization methods, and
therapeutic applications of phenolic-based
microparticles derived from herbal sources. The findings
confirm that microencapsulation consistently addresses
the core limitations of phenolic compounds poor
stability, = limited  solubility, and  suboptimal
bioavailability through scalable methods including
spray drying, freeze drying, emulsification, and ionic
gelation, as well as emerging approaches such as
microcrystallization and multilayer architectures.
Unlike previous reviews that tend to focus on a single

across fabrication strategies, wall-material selection, and
multi-endpoint characterization, offering a broader
translational ~ framework for both food and
pharmaceutical applications. Nevertheless, the current
body of evidence has notable limitations. The majority of
studies remain in vitro or preclinical, methodological
protocols vary considerably across studies, and direct
clinical data validating the therapeutic benefits of
phenolic microparticles in humans are still scarce. These
gaps restrict the generalizability of the findings and
underscore the need for standardized evaluation
frameworks and well-designed randomized -clinical
trials. From a practical standpoint, the evidence
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positions phenolic microparticles as a viable platform for
developing  functional food ingredients and
pharmaceutical dosage forms with improved shelf life,
gastrointestinal resilience, and targeted release. Future
efforts should prioritize scale-up validation, in vitro and
in vivo correlation, and clinical translation to fully
realize this potential. Ultimately, microencapsulation
represents a scientifically grounded strategy to bridge
the intrinsic instability of phenolic compounds with the
demands of reliable, effective delivery in real-world
applications.
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