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Abstract

Quercetin is a highly prevalent flavonoid commonly found in a wide variety of fruits and vegetables. This compound has various
biological actions, indicating great potential in preventing diseases and promoting health but the disadvantages include low solubility
and instability. The disadvantages can be overcome by using a polymer composite in the form of microspheres in the formulation.
Therefore, this study aimed to review various uses of polymers in delivering quercetin compounds. The results showed that various
polymers in microspheres have been formulated with quercetin to minimize the weaknesses. The delivery systems developed
and reported from several related studies include microencapsulation, microcapsules, microparticles, microspheres, solid lipid
microparticles (SLM), and nanoparticles. Polymers including Gelatine, Maltodextrin and Inulin, Carnauba wax, Poly (lactic-co-glycolic
acid) (PLGA), Gyceryl behenate, Pectin, Nano-hydroxyapatite, Polycaprolactone, Starch, Chitosan, Eudragit S 100, Sodium Alginate,
Ethyl cellulose, and Alumina efficiently improved the properties of quercetin, enabling the utilization as a controlled drug delivery
agent. Therefore, developing a quercetin delivery system using composite polymers presents both an opportunity and a challenge

for future applications.

Keywords
Quercetin, Polymer, Microspheres, Physical Characteristic, In vitro

Received: 27 December 2023, Accepted: 6 March 2024
https://doi.org/10.26554/sti.2024.9.2.380-412

1. INTRODUCTION

Quercetin is a prominent bioflavonoid, the structural foun-
dation for numerous other flavonoids. This compound is a
significant component in multiple food supplements and other
nutraceutical products (Karuppusamy et al., 2021), functioning
as a potent antioxidant that effectively neutralizes highly reac-
tive biological substances, including peroxynitrite and hydroxyl
radicals. It is categorized as a Biopharmaceutics Classification
System (BCS) II compound because of the high permeability
and low solubility, which affects the bioavailability. The biolog-
ical action is determined by the five hydroxyl groups (Madaan
etal., 2016).

The quercetin molecule is hydrophobic, with poor solubility
at average room temperature, a pH of 3, and a concentration
of 0.4 ug/mL. Therefore, the bioavailability is exceedingly
limited, approximately 1% in humans and less than 17% in rats.
Quercetin experiences fast metabolism, and about 99.4% binds
to plasma proteins. It is currently being promoted as a dietary

supplement, with a suggested daily dosage ranging from 200 to
1200 mg. The stability as a flavonoid is due to the significant
melting point of approximately 326 °C (Setyawan et al., 2017).
Quercetin also has a high sensitivity to oxygen, and following a
2-hour bubbling process, the molecule degrades significantly
with about 91% being broken down (Chaaban et al., 2017).
The degradation mechanism through oxidation is illustrated in
Figure 1.

Quercetin has a restricted solubility in water and is prone
to spontaneous oxidation as well as decay in the upper gas-
trointestinal tract (GIT), greatly diminishing the amount and
efficacy reaching the colon. There is a growing interest in en-
closing quercetin within different carriers to achieve targeted
delivery to the colon. One particularly significant approach
entails using natural biopolymers, such as dietary fibers, due to
the inability to be digested in the upper GI'T. However, these
fibers can be broken down by enzymes produced from colonic
microbes, which release quercetin at the desired location (Liu
etal.,, 2023).
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Figure 1. Oxidative Degradation Mechanism of Quercetin
(Chaaban et al., 2017)

Diverse techniques have been used to enhance the solubility
and durability of quercetin, including formulation into micro-
capsules, microparticles, microspheres, solid lipid microparti-
cles (SLM), nanoparticles, and microemulsion preparations as
shown in Figure 2. Microspheres are one of the most widely
formulation types.

Microspheres are spherical materials with hollow interiors
and diameters ranging from the nano to micro-scale, contain-
ing material on the surfaces or not. These materials play a
crucial role in biotechnology. Microspheres typically range
in size from 1 to 1000 micrometers (um) and function by
encapsulating substances, providing protection from external
factors. In this context, drug release is directly correlated to
the breakdown of the matrix in bodily fluids (Saavedra Leos
et al., 2022).

Formulation

of Quercetin

Solid Lipid Polymeric
Microparticles beads

Figure 2. Various Quercetin Formulations Using Polymers
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The film-forming polymer in microparticles may dissolve
in the medium or function as a permeable, semipermeable, or
water-insoluble membrane. The release of the active ingredient
is primarily responsible for the diffusion in the cases of perme-
able membranes. Meanwhile, it is important to consider the
osmotic phenomenon when working with semipermeable coat-
ings. Another option is to use a water-soluble membrane, which
speeds up the dissolution profile by forming pores (Lengyel
etal., 2019). The methods of release from microencapsulated
formulations are shown in Figure 8.

Microencapsulated preparations use a polymer compos-
ite in the formulation. Carbohydrate polymers are naturally
occurring compounds analogous to synthetic types, with qual-
ities including glass transition and melting temperatures, as
well as molecular weight distribution. These polymers mainly
consist of polysaccharides such as glucose, sucrose, dextrose,
arabinose, and galactose as well as starch, chitosan, maltodex-
trins, inulin, and gum Arabic. Polysaccharides have been ex-
tensively used as standalone carrier agents for preserving and
microencapsulating active components in food and medicinal
goods (Saavedra Leos et al., 2022). Carbohydrate polymers,
formed by condensation of monosaccharide units through gly-
cosidic bonds, are abundant in nature and found in various cell
structures including plant cell walls, arthropod exoskeletons,
bacteria cell walls, and animal extracellular space. These com-
pounds have reactive groups and can experience chemical as
well as biochemical modifications (Ansari et al., 2020). Using
biopolymers derived from plants, animals, or microorganisms
offers advantages, while semi-synthetic cellulose derivatives
and synthetic polymers either biodegradable or not, are also
used. Although proteins or polysaccharides are typically the
foundation of the formulation, lipids, and waxes are also im-
portant to the structure. Non-polymer excipients help build
and harden the polymer network of drug delivery systems by
crosslinking chains, such as those in CaCly. The type of poly-
mer and method used determine the stability and solubility of
quercetin.

Studies have been conducted on quercetin, a naturally oc-
curring flavonoid with anti-inflammatory and antioxidant qual-
ities. The stability, bioavailability, and targeted administration
can all be improved by using polymers as carriers. The utiliza-
tion of polymers as quercetin transporters presents several ben-
efits, including enhanced bioavailability, safeguarding against
deterioration, and regulated release. This article discusses the
various uses of polymers in delivering quercetin compounds,
with drug carrier polymers shown in Figure 4.

2. EXPERIMENTAL SECTION
2.1 Methods

This study used a systematic review method for scientific jour-
nals published on Scopus with the keyword "microspheres poly-
mers for quercetin” and a publication period of 2015-2024.
The literature search used the software Harzing’s Publish or
Perish (Windows GUI Edition) 8.9.4554.8721. A total of 40
relevant titles were produced, then to visualize the topics re-
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Figure 3. Microencapsulated Products: Methods of Release (Lengyel et al., 2019)

viewed, VOSViewer software version 1.6.20 was used (Wibowo
etal., 2023). This study used content analysis to develop a com-
prehensive understanding of using polymers in the quercetin
drug delivery system.

3. RESULTS AND DISCUSSION

A systematic literature review strategy, in conjunction with con-
tent analysis, offers a rigorous process for performing thorough
investigations to generate comprehensive insights. Integrating
these two methodologies enables effective collection, examina-
tion, and amalgamation of diverse data from various origins
to completely comprehend a particular subject matter. A sys-
tematic literature review entails a methodical and organized
approach to find and retrieve relevant studies from several
databases, ensuring a thorough examination of the available
literature. This methodology reduces prejudices and assures
clarity by adhering to predetermined criteria and rules for
selecting studies. In addition, methodical analysis of diverse lit-
erature enables the discovery of recurring patterns, new trends,
and valuable insights (Wibowo et al., 2023).

Figure 5 shows the citation metrics of search results using
Harzing’s Publish or Perish software. Meanwhile, Figure 6
provides a visualization of the total number of papers from the
Scopus database related to the keyword "microspheres poly-

© 2024 The Authors.

mers for quercetin ."The data shows an increasing trend in the
number of papers published from 2015 to 2023. Based on the
results, the total number of Scopus papers found was 40, with
an average of 4.4 per year. This suggests that studies on the
use of polymers in the formulation of quercetin drug delivery
systems have yet to be widely conducted, presenting opportuni-
ties for future investigations. However, an increasing trend was
observed between 2022 and 2023, with eight and 11 papers
respectively compared to 2015 and 2021, in which only an
average of three papers were published per year. This implies
a growing interest in studies focused on using polymers in the
drug delivery system to increase the stability and bioavailability
of the quercetin compound.

Figure 7 showed that quercetin was always strongly corre-
lated with the subject of polymers and microspheres, according
to the keywords used in the search, namely "microsphere poly-
mers for quercetin," suggesting the three topics were frequently
used as main ideas in writing articles. The topics of polymers
and microspheres were in the same cluster, indicating that
the design of microspheres was closely related to optimizing
the use of polymers to meet specific criteria. Meanwhile, the
topic of quercetin was not in the same cluster as polymers and
microspheres, suggesting the possibility of using other active
substances aside from quercetin to make microspheres.
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Figure 5. Citation Metrics from Software

Figure 8 shows the authors who contributed to the 40 pa-
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Figure 8. Authors Names and Significant Contributions to the Published Papers

3.1 Physical Characteristics of Quercetin Carriers (PLA), while natural polymers include collagen, gelatin, albu-
Microspheres can be manufactured using several types of nat-  min, starch, dextran, cellulose, and alginate. Several applica-
ural and synthetic polymers. Possible options for synthetic  tions of composite polymers are shown in Table 1 while Table
polymers include polyester, namely PLGA and polylactide 2 presents the method used in producing the preparation.

© 2024 The Authors.
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Table 1. Applications of Polymer Composites-Quercetin

Polymers

Results

References

Gelatine-
Alginate

Maltodextrin-
inulin

Pectin-
Casein

Carnauba Wax

Sodium Alginate
-chitosan

Sodium Alginate

Inulin-Chitosan
-sodium alginate

Glyceryl Behenate

Chitosan-
Polycaprolactone

Chitosan

Increases swelling degree, mechanical parameters,
and denaturation enthalpy; exhibited antioxidant
and antibacterial properties that depended on the
rate at which quercetin was released; a entrapment
and controlled release of quercetin molecules.

Quercetin nanocrystals, both free and film-loaded,
showed a dissolution rate similar and significantly
greater than that of bulk quercetin; superior
encapsulation efliciency, and minimal
drying temperature impact.

Reduce oxidative stress in arthritis-infected rats;
enhancing drug release and stability.

Proved effective in flavor masking

High-bioavailability drug delivery; wrinkled
surface, compact structures, and thermal stability;
enhanced quercetin bioactivity, increased
smoothness, and roughness; absorption of
albendazole and its active metabolite was enhanced

Increased sodium alginate concentrations reduce
drug loading; great promise for the combined
therapy of depressive disorder when quercetin

nanogels were administered intranasally; showed

favorable physico-mechanical characteristics and
durability.

An effective carrier for enclosing hydrophobic
bioactive compounds with a safe profile; superior
gel strength and encapsulation efficiency; facilitates
bacterial activity modulation and potentially
mitigates gut dysbiosis.

Showed significantly superior effectiveness
compared to conventional antihistamine
medications; spherical with smooth surfaces,
demonstrated good flowability; prolonging
quercetin release duration

Promising potential for wound dressings and
medication delivery carriers in wound management;
synergistic antibacterial and antioxidant capabilities

have a 30-month shelf life; the delayed release of
quercetin in an acidic environment

Superior therapeutic effects in rabbit colitis models;
effective approach for developing antibiotic
-releasing coatings for medical purposes; the
bactericidal activity has been improved.

(Rubini et al., 2020);
(Ezati and Rhim, 2021);
(Dhasmana et al., 2022);

(Lai et al., 2015);
(Saavedra Leos et al., 2022);

(Souza et al., 2021);
(Jing et al., 2023)

(Khor et al., 2017)

(Hazra et al., 2015);

(Frent et al., 2022);

(Frent et al., 2023);
(Bhadraiah et al., 2028)

(Kalalo et al., 2022);
Xu et al., 2023);
(Szulc Musiol et al., 2023)

(Nalini et al., 2019);
(Liu et al., 2022);
(Liu et al., 2023)

(Chakraborty et al., 2017);
(Rosita et al., 2022);
(Hariyadi et al., 2022)

(Zhou et al., 2021);
(Azeem et al., 2022);
(Viscusi et al., 2023)

(Helmy et al., 2020);
(Wiggers et al., 2022);
(Azeem et al., 2023)

3.1.1 Gelatin

Gelatin is a type of biopolymer extensively used in various in-
dustries, particularly in the production of culinary, pharmaceu-

tical, cosmetic, and photographic items, due to the distinctive
functional characteristics. It is a tasteless, transparent, solid

© 2024 The Authors. Page 385 of 412
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Polymers

Results

References

Chitosan-Alumina
-PLGA-Oleic Acid

Alginate-
Hydroxyapatite

Eudragit S100

PLGA

Nano-
Hydroxyapatite

Chitosan-
Fluorescein
Isothiocyanate
- Zein

Ethyl Cellulose-
Eutragit S 100-
HPMC-Zein

Starch

Slow-release properties, high concentration in the
lung medicines; increased alkaline phosphatase
medications; spherical with smooth surfaces,
activity, Runx2 protein expression; potential cancer
treatment system due to its pH-sensitive nature

The release of quercetin reached equilibrium within
one day for all coatings; has great potential as a
drug and cell delivery vehicle; maintains the color
and smell of fresh pork meat with satisfactory
quality until the end of the storage period.

Drug entrapment and oral bioavailability confirmed
through stability studies, high drug loading and
efficiency; efficient in creating a nanomedicine for
treating colon cancer; formulating quercetin with

Improve cognitive and memory deficits without any
adverse effects; minimal burst release and no
harmful effects when exposed to INS-1 cells;

demonstrating anticancer potential.

High efliciency and continuous release behavior;
show anti-inflammatory effects, and repair in vivo;
quercetin and bone morphogenetic protein-2 act as
osteoconductive carriers.

Demonstrate antioxidant properties, encapsulation
effectiveness, and drug-loading efliciency;
promising tissue engineering material;
recommended establishing a viable platform for
delivering to the colon

Improved prophylactic action can be used for drug
colon targeting; conserved rifampicin release in the
stomach and improved tuberculosis care; efficient
method to enhance the targeted distribution of
active chemicals to the colon.

Increased resistance to changes in temperature;
antioxidant and antibacterial properties were
considerably enhanced; the microcapsules
containing porous starch and inulin exhibited
greater DPPH and ABTS scavenging capabilities
compared to free quercetin.

(Liu et al., 2017);
(Lee et al., 2018);
(Nematollahi et al., 2021)

(Malvano et al., 2021);
(Kim et al., 2022);
(Montone et al., 2023)

(Jat, 2018) ;
(Sunoqrot and Abujamous, 2019);
(Patel and Patel, 2022);
(Elizondo Luevano et al., 2023)

(Sun et al., 2016);
(Nguyen and Jeong, 2018);
(Karthick et al., 2019)

(Han et al., 2022);
(Ren et al., 2022);
(Lee et al., 2023)

(Zhou et al., 2022);
(Al-Musawi et al., 2023);
(Elmowaly et al., 2023)

(Jat et al., 2014);
(Pingale and Amrutkar, 2021);
(Lee et al., 2023)

(Farrag et al., 2018);
(Yong et al., 2020);
(Davoudi et al., 2023)

compound produced from the hydrolysis of collagen, the pre-
dominant protein in skin, tendons, connective tissue, cartilage,
and bones. Heating collagen beyond transition temperature
produces a combination of protein and peptide fragments of
varying sizes. Therefore, gelatin can also be described as col-
lagen experiencing partial hydrolysis (Lv et al., 2019), given
the close similarity in the composition. The manufacturing
process is responsible for specific alterations in the composi-
tion. Collagen synthesis from gelatin occurs by altering many
amino acid content (Thakur et al., 2017). Gelatin comprises

© 2024 The Authors.

18 distinct complex amino acids, with glycine, proline, and hy-
droxyproline making up around 57% of the composition as the
primary constituents. The remaining 43% consists of additional
significant amino acid groups, including alanine, arginine, glu-
tamic, and aspartic acid. Gelatin also comprises 25.2% oxygen,
6.8% hydrogen, 50.5% carbon, and 17% nitrogen, while the
structure consists of single and double unfolded chains with a
hydrophilic character (Alipal et al., 2021).

Similar to collagen, gelatin is typically identified by the re-
peated triplet (Gly-XY)n. Glycine constitutes one-third of the
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Polymers

Methods

References

Gelatine-Alginate

Maltodextrin-Inulin

Pectin-Casein
Carnauba Wax

Chitosan-Fluorescein

Isothiocyanate- Zein

Sodium Alginate

Inulin-Chitosan-

Glyceryl Behenate

Chitosan-Polycaprolactone

Chitosan

Chitosan-Alumina-

PLGA-Oleic Acid

Alginate-Hydroxyapatite

Eudragit S100

PLGA

Nano-Hydroxyapatite

Drop-extrusion

High-pressure homogenization;
spray drying

Spray drying
Hot-melt extrusion

Oxidative degradation and ionic
cross-linking; coacervation

Aerosolization ionic gelation

Emulsion-assisted gelation, ionic gelation
Sodium Alginate

Emulsification

Ultra-homogenization

Ionic cross-linking

Double oil in water emulsification;
gelation ionic and spray drying

Gelation method; electrostatic
microencapsulation

Emulsion-solvent
diffusion; nanoprecipitation;
solvent evaporation

Electro spraying; the double emulsion;
oil-in-water emulsion

Airflow shearing;
electrostatic spraying;

(Rubini et al., 2020);
(Ezati and Rhim, 2021);
(Dhasmana et al., 2022)

(Lai et al.,
(Saavedra Leos et al.,

2015);
2022)

(Souza et al., 2021);
(Jing et al., 2023)
(Khor et al., 2017)

(Zhou et al., 2022);
(Al-Musawi et al., 2023);
(Elmowaly et al., 2023)

(Kalalo et al., 2022);
Xu et al., 2023);
(Szulc Musiol et al., 2023)

(Nalini et al., 2019);
(Liu et al. Z()ZZ)
(Liu et al., 2023)

(Chakraborty et al., 2017);
(Rosita et al., 2022);
(Hariyadi et al., 2022)

(Zhou et al., 2021);

(Azeem et al., 2022);
(Viscusi et al., 2023)
(Helmy et al., 2020);
(Wiggers et al., 2022);
(Azeem et al., 2023)
(Liu et al. Z()17)
(Lee et al., 2018);
(Nematollahi et al., 2021)
(Malvano et al., 2021);
(Kim et al., 2022);
(Montone et al., 2023)

(Jat, 2018);
(Sunoqrot and Abujamous, 2019);
(Patel and Patel, 2022);
(Elizondo Luevano et al., 2023)

(Sun et al., 2016);
(Nguyen and ](‘ong, 2018);
(Karthick et al., 2019)

(Han et al.
(Ren et al.
(Lee et d].,

, 2022);
, 2022);
2023)

© 2024 The Authors.
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Polymers

Methods

References

Sodium Alginate-Chitosan

Ethyl Cellulose-
Eutragit S 100-
HPMC-Zein

Starch

Ionic cross-linking; coacervation

Oil/water emulsification; solvent evaporation

Solution casting

(Hazra et al., 2015);

(Frent et al., 2022);

(Frent et al., 2023);
(Bhadraiah et al., 2023)

(Jat et al., 2014);
(Pingale and Amrutkar, 2021);
(Lietal., 2023)

(Farrag et al., 2018);
(Yong et al., 2020);
(Davoudi et al., 2023)

chain, while proline or hydroxyproline makes up the other third.
The posttranslational alteration of proline and lysine residues
into 4-hydroxyproline and e-hydroxylysine, respectively is ex-
clusive to collagen. Gelatin possesses hydrophobic, cationic,
and anionic groups in a ratio of 1:1:1. Therefore, positively
charged amino acid residues (lysine and arginine residues) con-
stitute approximately 13% of the polypeptide chain in gelatin,
negatively charged amino acid residues (glutamic and aspartic
acid) make up about 12%, and hydrophobic residues (leucine,
isoleucine, methionine, and valine) accounts for 11% (Milano
et al., 2023). Figure 9 shows the chemical structure of gelatin.

OH
1 1
1
| o . o 0 !
N N
e Yy oy
1 1
o "/ 0 o “Jt) '
1 HO :
1 1
NH;*
Glycine  Serine  Hydroxyproline Glycine Proline  Lysine

(This Image Is Licensed under Creative Commons (CC BY)
by MDPI, Basel, Switzerland.)

Figure 9. Chemical Structure of a Gelatin a-Chain Fragment,
Where X and Y Are Typically Proline and Hydroxyproline,
Respectively, and the Triplet (Gly-X-Y)n Is Repeated.

Gelatin possesses a distinctive arrangement of amino acids
and is derived from hydrolyzing collagen, the primary con-
stituent of connective tissues such as skin, tendon, and bone.
Collagen consists of interlinked protein chains and hydrolysis
disassembles the complex three-dimensional arrangement to
generate gelatin, which both possess a fundamental arrange-
ment of up to 20 distinct amino acids in varying amounts. The
amino acid content and sequence of gelatin vary among differ-
ent sources but always consist of non-polar and polar amino
acids. For instance, pig skin and bone gelatin lack cysteine,
which is found in fish scales and bones. Conversely, both have
a lesser amount of glycine compared to mammalian sources

© 2024 The Authors.

(This Image Is Licensed under Creative Commons (CC BY)
by MDPI, Basel, Switzerland.)

Figure 10. Diagram Showing the Most Popular Production
Methods for Gelatin-Based Micro- and Nano-Drug Delivery
Systems Synthesis.

(Su and Wang, 2015).

According to the 2011 TUPAC recommendations, poly-
meric particles of any shape with a diameter of around 0.1-100
pm and 1-100 nm, are referred to as microparticles and nanopar-
ticles respectively. The two morphological classes that comprise
both systems are spheres and capsules, respectively. The drug
is physically and uniformly dispersed in the first set of poly-
meric particles, which are spherical in shape. The second set
of polymeric particles consists of at least two-phase domains,
with the drug nucleus (fluid or solid) that can be released sub-
sequently and enclosed in an outer layer. Gelatin-based micro-
and nano-DDSs can be prepared using a variety of methods,
categorized into physico-chemical and mechanical procedures.
The precipitation or flocculation of colloidal substances serves
as the foundation for the physico-chemical procedures, which
also include coacervation, precipitation, and desolvation. On
the other hand, mechanical procedures such as electrospray,
spray drying, and emulsion rely on the use of certain machin-
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5 nm

Figure 11. Picture of SEM from Pure Gelatin (Mohseni Shahri
and Moeinpour, 2023)

ery to create particles (Milano et al., 2023). Figure 10 shows a
frequently used method of gelatin utilization, while Figure 11
presents the SEM structure from pure gelatin.

3.1.2 Maltodextrin and Inulin

Maltodextrin, a polysaccharide composed of 8-D-glucose units
connected primarily by glycosidic linkages is derived by hy-
drolysis of certain starches such as corn, rice, potato, or wheat
using acid or enzymes. Differences in dextrose equivalent (DE)
values lead to powders with distinct physico-chemical charac-
teristics, such as bulk density, water absorption, water solubility,
hygroscopicity, and porosity. Maltodextrin possesses several
significant attributes, including pronounced water solubility,
minimal viscosity even at high solid content, lack of flavor and
color in solutions, as well as easy accessibility. The application
is predominant in products with high moisture content, aiming
to mitigate problems related to adhesion and clumping during
the storage phase (LLourenco et al., 2020).

Regarding the structure, maltodextrin is composed of D-
glucose units linked by an @ (1 — 4) glycoside bond. These
units are joined in chains of varying lengths, and the DE is
less than 20, resulting from the partial hydrolysis of native
starch (Figure 8). In water, maltodextrin dissolves quickly and
readily, but in alcohol, it becomes practically completely insol-
uble to barely soluble. The DE value serves as a benchmark
for the overall ability of all reducing sugars in the hydrolysate
material relative to glucose, which is estimated at 100. High
molecule weight maltodextrin, which promotes elasticity and
inhibits cracking, is indicative of low DE levels. Additionally,
a variety of physical and functional characteristics, including
taste and solubility, are influenced by the DE level. Maltodex-
trin, a nutritious saccharide molecule consisting of polymers
made of D-glucose units, has a DE of less than 20. Higher
DE rates result in greater hygroscopicity and solubility but de-

© 2024 The Authors.
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creased viscosity, anti-crystallizing power, and solidification
point. In contrast, maltodextrin with a lower DE offers better
film-forming qualities and increased viscosity (Olechno et al.,
2021). Chemical structure and SEM images of maltodextrin
are shown in Figures 12 and 13.
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Figure 12. A Schematic Representation of Maltodextrin
Structure

(This Image Is Licensed under Creative Commons (CC BY)
by MDPI, Basel, Switzerland.)

Figure 13. SEM Images of Pure Maltodextrin

Inulin is a storage polysaccharide synthesized by numerous
plants and is commonly obtained through industrial extraction
from chicory. It is a fructose polymer with a glucose unit at the
end of the chain and is widely known for functional activities,
such as enhancing the availability of calcium and biological
effects, including anti-cytotoxic and immunomodulatory po-
tential. Furthermore, inulin acts as a prebiotic, improving the
function of microorganisms favorable to health in the colon.
Due to the exclusive release in the intestine, this polymer can
safeguard bioactive substances prone to destruction throughout
the human digestive tract (Lourenco et al., 2020). Inulin is
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categorized as either an oligosaccharide or a polysaccharide, de-
pending on the chain length. It is a member of the fructan car-
bohydrate subgroup and the structure consists of B-d-fructose
subunits connected by (2 — 1) glycosidic bonds, with a 8-
d-glucosyl group typically bound at the end of the molecule
through a (1 & 2) linkage. The fructose chains have vary-
ing lengths, ranging from 2 to 60 monomers. Oligofructose,
which refers to inulin containing a maximum of 10 fructose
units is frequently used as a substitute for sweeteners in food,
while longer-chain inulin is mainly utilized to replace fats and
modify texture. Both inulin and oligofructose are used as di-
etary fiber and prebiotics in functional meals. However, inulin
is more pharmacologically advantageous due to the extended
chain length as a distinctive oligo- or polysaccharide without
any sugar ring in the backbone. The core component is essen-
tially polyethylene oxide, resulting in a more significant degree
of flexibility for the molecule. In addition, inulin is primarily
composed of furanose groups, which have greater flexibility
than pyranose rings (Mensink et al., 2015).

3.1.8 Carnauba Wax
Carnauba wax, with a high melting point, is widely used in
food due to the inert and stable components. Currently, var-
ious studies are exploring new applications and technologies
to improve existing ones, such as microencapsulating flavors,
preparing edible films, and creating biodegradable packaging.
Carnauba wax is also used in conservation and food processing,
with studies focusing on safety aspects, national and interna-
tional laws, and permitted uses (de Freitas et al., 2019)
Derived from leaves of the Brazilian palm tree (Copernica
cerifera), Carnauba wax is commonly applied to fruits as a
protective coating for prevention of moisture loss and exten-
sion of fruit shelf life. Meanwhile, shellac resin is obtained
from the excretions of the Laccifer lacca insect. When com-
bined with other waxes, shellac resin creates a glossy surface.
Carnauba-shellac wax can control respiration rate by reducing
gas permeability of the fruit surface. Consequently, this leads
to a reduction in the amount of weight loss and a glossy sur-
face. Studies have been conducted on edible coatings made
of wax for apple slices, but investigations on whole apples are
limited. Shellac and aloe-gel-based surface coatings efficiently
delay the deterioration of apple-slice characteristics. Addition-
ally, cassava starch-carnauba wax coatings proved effective for
preserving freshly sliced apples. A coating of candelilla wax
containing ellagic acid demonstrated antifungal barrier prop-
erties and prevented any apparent harm to the apple {ruits (Jo
et al., 2014). This preparation serves a variety of purposes in
food, including glazing, body or bulking, acidity regulation, car-
rier, and anti-caking during surface treatment. Several studies
have been conducted to increase the potential applications of
Carnauba wax, including the use for flavor microencapsulation
and as a source of molecules for the treatment of diabetes, dys-
lipidemia, or other conditions. Wax is a substance with several
potential applications in the food production chain (Figure 10).
(de Freitas et al., 2019). The application of carnauba wax is

© 2024 The Authors.

Science and Technology Indonesia, 9 (2024) 380-412

shown in Figure 14, while the chemical structure and SEM
images are presented in Figures 15 and 16.

- Hypolipidemic effect
- Hypoglycemic action

-Antioxidant activity,
-Anti microbial activity.

Codex Alimentarius - food additive (INS 903):
- Glazing agent;
- Acidity regulator;

- Anticaking and carrier.

Figure 14. Applications of Carnauba Wax in Food and the
Pharmacological Effects of the Constituent Ingredients
(de Freitas et al., 2019)
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Figure 15. Chemical Structure of Carnauba Wax
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Figure 16. SEM Images of Carnauba Wax (Freitas et al., 2016)
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3.1.4 Poly (Lactic-co-Glycolic Acid) (PLGA)

PLGA, a copolymer composed of repeating units of lactic and
glycolic acids is structured as either a block copolymer or a
statistical polymer. It has a wide range of molecular weights
and can be produced by directly combining lactic and glycolic
acids through polycondensation. The rate of biodegradation
is contingent upon the composition and microstructure. In
this context, the 50:50 ratio of lactic and glycolic acids has the
highest degradation rate, leading to the frequent application in
nanomedicine. PLGA is soluble in various solvents, with higher
amounts of lactic and glycolic acids dissolved in chlorinated
and fluorinated solvents respectively. Moreover, the glass tran-
sition temperature of PLGA can be leveraged to enhance the
release rate. The particles experience functionalization with
poly(ethylene glycol) (PEG) to form a "stealth" surface, which
enhances blood circulation duration and decreases reticuloen-
dothelial clearance (Swider et al., 2018).

Different varieties of PLGA can be formed depending on
the ratio of lactide to glycolide acids used in the polymerization
process (Figure 11). These varieties are often recognized based
on the ratio of monomers used, for example, PLGA 75:25
indicates a copolymer consisting of 75% lactic acid and 25%
glycolic acid. Furthermore, many synthesis methods are used,
and the process parameters have a significant impact on the
physicochemical properties of the final product. Low molecular
weight (MW < 10 kDa) PLGA can be synthesized by solution
poly-condensation of GA and LA at temperatures over 120
°C under water-removal conditions (Gentile et al., 2014). The
chemical structure and SEM image of pure PLGA are shown
in Figures 17 and 18.
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poly-(lactic-co-glycolic acid)

Figure 17. Poly(lactic-co-glycolic acid) and Chemical
Structures of the Monomers (Gentile et al., 2014)

3.1.5 Glyceryl Behenate

Glyceryl behenate is a pharmaceutically approved compound
comprising a mixture of glycerol esters of 1-docosanoic or
behenic acid, with approximately half of the weight being glyc-
eryl dibehenate. In the liquid phase above melting point, this
material can effectively trap both lipophilic and hydrophilic
compounds, which are then incorporated into the solid phase
upon cooling. The solid mixture is highly water-insoluble, de-
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Figure 18. SEM of Pure PLGA
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laying the release of the trapped compounds by a diffusion
mechanism controlled by the porosity of the matrix and solu-
bility of loaded substances (Pivette et al., 2014).

oH

o

Figure 19. Structure of Glyceryl Behenate

Glycerides are a group of compounds used in the field
of pharmaceutics for the production of solid dosage forms.
Compritol® 888 ATO, a powdered blend of mono-, di-, and
tribehenate glycerol, was initially developed as a lubricant for
tablet formulations. Over the last ten years, it has been used for
controlled-release purposes such as direct compression, hot-
melt coating, melt granulation, pelletization, and solid-lipid
nanoparticle creation. The complex polymorphism of glyc-
eride mixtures depends on parameters such as crystallization
rate and storage temperature. Understanding the thermal and
structural behaviors of these mixtures is crucial for pharma-
ceutical science, food, and cosmetics. Moreover, glycerides are
naturally abundant and have biological importance, underscor-
ing the potential as ideal candidates for controlled drug release
(Yasir et al., 2023). The structure of glyceryl behenate is shown
in Figure 19.

3.1.6 Petin

Specific natural polysaccharides, such as pectin and chitosan,
maintain stability in the gastrointestinal tract (GI'T) but experi-
ence colon degradation due to microbes and enzymes. Pectin
is a soluble polysaccharide generated from fruits and contains
many galacturonic acid (GalUA) units. It experiences gelation
as an acidic polymer by interacting with the carboxyl groups
in GalUA units and divalent cations such as calcium ions. For
example, Ca®* ions bind to both the carbonyl group of two
adjacent pectin molecules (intermolecular contact) and the two
hydroxyl groups of one molecule (intramolecular interaction),
leading to the formation of an "egg-box" gelation structure.
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Figure 20. Structure of Pectin

Pectin gels have decreased susceptibility to the acidic pH levels
in the stomach (pH 1-2), facilitating slow release and deterio-
ration of drugs in the GI'T. However, as the pH in the colon
increases, and the anhydrogalacturonate residues become ion-
ized, pectin expands, causing the drug to be released earlier
(Jing et al., 2023).

Pectin accumulates in the primary cell walls and middle
lamella of higher plants. Dicotyledonous plants have more
pectin in the primary cell walls compared to monocotyledonous
serving as a cementing material and hydrating agent. This
polymer typically has a backbone comprising xylogalacturo-
nan (XGA), homogalacturonan (HG), rhamnogalacturonan-I
(RG-I), and rhamnogalacuronan-1I (RG-II). The HG areas are
composed of @-(1-4)-linked-D-galacturonic acid (GalA) units,
which may be methyl-esterified at position C-6 and acetylated
at position C-2, C-38, or carboxyl groups. The degree of es-
terification (DE) measures the proportion of methyl-esterified
GalA to total GalA groups. Low methoxyl pectin (LMP) has
DE less than 50%, while high methoxyl pectin (HMP) has a
value greater than 50% (Steigerwald et al., 2021). The chemi-
cal structure of HMP and LMP is shown in Figure 20. SEM
images of commercial pectin are presented in Figure 21.

3.1.7 Nano-Hydroxyapatite

Hydroxyapatite is the primary biomineral constituent present
in the hard tissues of humans, such as teeth and bones. The
stoichiometry is denoted by the formula (Ca;o(PO,4)(OH)),
comprising calcium and phosphorus in a ratio (Ca/P) of 1.67.
Hydroxyapatite has garnered significant attention as a bioma-
terial for prosthetic purposes because it resembles human hard
tissue in crystallography and chemical composition (Kantharia
etal., 2014).

As the main component of the enamel, hydroxyapatite
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Figure 21. SEM Images from Commercial Citrus Pectin (CP)
and Commercial Apple Pectin (AP)

(HA) provides a bright white appearance and eliminates light
reflectivity. It is a biocompatible biomaterial and a key source
of calcium and phosphate, essential for remineralizing dem-
ineralized enamel areas. Meanwhile, nanotechnology is advanc-
ing nano-hydroxyapatite application in dentistry, with crystals
ranging from 50 to 1000 nm. These nanoparticles bond with
proteins, plaque fragments, and bacteria, acting as fillers to
repair small holes and depressions on enamel surfaces (Pepla
etal., 2014).

Nano-HA crystals are readily dissolved and absorbed in
the body due to the extensive surface areas and {ragile inter-
crystalline connections. Moreover, the extensive surface area
enhances sintering at elevated temperatures, leading to im-
proved mechanical strength and fracture toughness. Nanocrys-
talline HA shares a structure comparable to bone apatite with
favorable bioactivity, osteoblast adhesion, proliferation, and
osseointegration. Furthermore, the particles have attracted
significant interest in recent years (Yasir et al., 2023). Chemical
structure and SEM images of nano-hydroxyapatite are shown
in Figures 22 and 23.
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Figure 22. Chemical Structure of Hydroxyapatite (Yazdani
etal., 2018)
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Figure 23. SEM mages of Nano-Hydroxyapatite (Sedighi et al.,
2017)

3.1.8 Polycaprolactone
Polycaprolactone (PCL) is a biodegradable polymer commonly
used in biomedical applications and environmentally friendly
packaging. The documentation and investigation of the mech-
anisms behind PCL degradation are inconsistent due to the
potential impact of various factors on the polymer behavior
over time. These factors include synthesis, end-group chem-
istry, molecular weight, crystallinity, as well as both pre and
post-melt processing. This study examined the various factors
contributing to PCL degradation in biomedical applications
including polymer structure and shape, radical interactions,
temperature, pH, enzyme activity, as well as cellular phagocy-
tosis on degradation (Bartnikowski et al., 2019).
Poly(e-caprolactone) (PCL) is an aliphatic polyester that
degrades slowly and is commonly used in biomaterial and
sustainable packaging applications. Due to the moderate dis-
integration rate and chemical structure, PCL is well-suited
for packaging and medicine, effectively reducing physiological
complications. It has a low melting point and favorable rheo-
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Figure 24. Structure of Polycaprolactone
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Figure 25. SEM Images of Polycaprolactone (Yaghoubi et al.,
2015)
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logical characteristics, allowing for the maintenance of stability
throughout the range of melting temperatures for extended
periods. However, PCL experiences swift thermal deteriora-
tion when exposed to temperatures above 170 C °. Other
significant aliphatic polyesters, such as poly(lactic acid) and
poly(glycolic acid), are susceptible to a heightened possibility of
deterioration when subjected to melt processing due to higher
melting temperatures (Bartnikowski et al., 2019).

As a member of biodegradable polyesters including polygly-
colic acid and poly-L-lactide, PCL is an aliphatic semi-crystalline
polymer. The melting temperature ranges from 59 to 64 °C,
higher than the average human body temperature. Addition-
ally, it has a glass transition temperature of -60 °C. When
exposed to moderate body temperature, the semi-crystalline
PCL becomes rubbery, contributing to exceptional toughness
and excellent mechanical characteristics such as high strength
and elasticity, which vary depending on the molecular weight.
Due to the nontoxic nature and compatibility with tissues, PCL
is extensively used as resorbable sutures, scaffolds in regenera-
tive medicine, and drug delivery applications. This compound
has a prolonged disintegration period of 2-8 years and is bro-
ken down by bacteria or through hydrolysis of aliphatic ester
bonds in physiological environments. PCL has the slowest
degradation rate among all polyesters due to five hydrophobic
—CHjg groups in the repeating units. The degradation rate of
nano-fiber matrices constructed from polyesters follows the
order of polyglycolic acid > polylactic, glycolic acid > poly-L-
lactide > polycaprolactone (Dwivedi et al., 2020). Structure
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and SEM images of PCL are shown in Figures 24 and 25.

3.1.9 Starch
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Figure 26. Schematic Representation of Starch Structure
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Figure 27. SEM Results of Starch (Ali et al., 2017)
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Starch and cellulose derivatives can be categorized based on
structure, chemical composition, and origin. Natural polysac-
charides are extracted from plants, algae, lichens, fungi, and
certain microorganisms using various methods for extraction,
purification, and separation. The finished products are ana-
lyzed for molecular weight, monosaccharide composition, and
total sugar concentration. Polysaccharides often possess a high
molecular weight and can form numerous inter- and intra-
molecular interactions due to the available hydroxyl groups.
These properties facilitate the ability to greatly enhance the
thickness of the substance and induce solidification. Starch
and cellulose are crucial in the formation of particles for drug-
loaded microstructures and the mechanism by which the poly-
mer matrix/shell expands/degrades as well as release the active
component (LLukova et al., 2023). Starch granules consist of
three distinct regions, including an amorphous area, crystalline
lamellae, and amorphous growth ring. Due to the semicrys-
talline structure, water at normal temperatures does not dissolve
granules but leads to swelling. The branching and open struc-
ture allows solvent molecules with hydrogen bonds to access
the composition. Furthermore, starch is more disrupted in
water than amylose, reacting differently with hot water to cause
gelatinization. Due to the low mechanical strength and barrier
against low-polarity compounds, the use of starch is limited.
For oral films, plasticizers such as sorbitol and glycerol are
preferred. Starch dissolves at high temperatures and low con-
centrations, but the solubility in water presents challenges due
to large molecular size and strong hydrogen bonding (Olechno
et al., 2021). Schematic representation and scanning electron
microscopies (SEM) of starch are shown in Figures 26 and 27.

© 2024 The Authors.

Science and Technology Indonesia, 9 (2024) 380-412

3.1.10 Chitosan

HO HO
o o
H /H H 'H o
o
ON\poH H/ H oH O/ H
o
H  NH, H N,
n
®)

(This Image Is Licensed under Creative Commons (CC BY)
by MDPI, Basel, Switzerland)

Figure 28. Chemical Structure of Chitosan
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Figure 29. Particles of Chitosan Magnified at (a) 100x, (b)
1000x, and (c) 5000x

Chitosan is obtained through the alkaline deacetylation of
chitin, a polysaccharide that occurs naturally and may be easily
found in marine crustaceans. Due to primary amine groups
derived from 2-amino-2-deoxy-8-D-glucan monomers, the
polymer chains possess a cationic character. Chitosan is not
soluble in neutral or basic pH but in acetic acid solutions, while
the primary benefits include exceptional biocompatibility and
minimal toxicity. The beads can release drugs in a regulated
manner, underscoring the potential for continuous adminis-
tration. Microspheres, chitosan beads, and nanoparticles are
produced through the utilization of various cross-linking agents,
such as glutaraldehyde, trisodium polyphosphate, and sodium
lauryl sulfate (SLS) (Muniyandy et al., 2020). Chitosan, a
highly adhesive polysaccharide, has been extensively studied
for colon delivery due to mucoadhesion and tight-junction reg-
ulation. It binds to negatively charged polymers such as pectin
and alginate to form polyelectrolytes, which reduce solubility
in the GIT. The molecular weight affects microsphere surface
coating, with high-Mw chitosan causing steric hindrance and
low penetration. Oligochitosan, degraded by colon-specific
enzymes and bacteria, can be used as a carrier material for
colonic drug delivery, improving the stability and controllabil -
ity of microspheres (Jing et al., 2023). As a cationic polymer
with mucoadhesion properties, chitosan enhances drug pene-
tration through the intestinal mucosa and facilitates transport.
Although this polymer offers controlled drug release, gels in
situ, nontoxic, and safe for the human body, it disintegrates
rapidly in acidic gastric juice, necessitating other anionic poly-
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mers for safe, stable, and efficient drug release (Frent et al.,
2022). The chemical structure of chitosan is shown in Figure
28, while SEM images are presented in Figure 29.

3.1.11 Eudragit S 100

n
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Figure 31. SEM Images from Eudragit S100 (Mustafa et al.,
2022)

Eudragit® polymers, which are methacrylic acid copoly-

mers, are frequently used in the pharmaceutical industry to
create modified-release film coatings for tablets and capsules.
In particular, Eudragit® S100 is the most appropriate form for

targeting the colon, with a methacrylic acid to methyl methacry-

late ratio of 1:2. In acidic environments such as the stomach,

the carboxyl groups of the methacrylic acid units become pro-

tonated, while the side chains remain uncharged, causing the
polymer to become insoluble. When exposed to neutral or

basic pH values, the carboxyl groups become ionized. Con-

sequently, the presence of carboxylate side groups generates
unfavorable electrostatic forces, leading to a rise in the ability
of the polymer to dissolve in water (Sunoqrot and Abujamous,
2019). The chemical structure and SEM images of Eudragit
S100 are shown in Figures 30 and 31.

3.1.12 Sodium Alginate
Sodium alginate, a naturally occurring polymer used in the
production of microparticles has several benefits, including non-

toxicity, biodegradability, biocompatibility, and cost-effectiveness.

Hydrogels can be formed by cross-linking sodium alginate in
an aqueous solution using divalent cations such as Ca?*, Ba?",
and Sr¥*. Among these cations, Ca®" is commonly used due to
the nontoxic characteristics [9]. Quercetin-loaded ca-alginate
microspheres were created using the aerosolization ionic gela-
tion process and subsequently subjected to freeze drying. The
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Figure 32. Chemical Structure of Sodium Alginate
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Figure 33. Particles of Sodium Slginate Magnified at (a) 100x,
(b) 1000x, and (c) 5000x

results showed that higher concentrations of sodium alginate
including 1%, 1.5%, 2%, and 2.5% resulted in reduced drug load-
ing but increased particle size, yield, and entrapment efliciency
as well as delayed release of quercetin from the microspheres.
During the 28-day stability test, the drug loading levels and en-
trapment efficiency decreased while the particle size increased
with higher concentrations of sodium alginate (Kalalo et al.,
2022).

Alginate is a natural polysaccharide safe for the human body
and can easily break down over time. It has several benefits
in the pharmaceutical industry, including being inexpensive
and readily accessible, forming stable gels that can be reversed
when needed. Furthermore, alginate can rapidly absorb wa-
ter to form a thick and sticky substance. The application as a
material for microencapsulation creates tiny spheres that re-
lease drugs in a controlled manner (Frent et al., 2022). In
vitro inflammatory cytokine levels were elevated by quercetin
nanogels, which also showed protective properties against pro-
tein degradation and antioxidant activity without impairing
cell viability, proliferation, or immune response. Quercetin
nanogels ingested quickly spread throughout the brain in less
than 30 minutes and increased the drug bioavailability by al-
most 50 times at a lower dosage (Xu et al., 2023). The chemical
structure of sodium alginate is shown in Figure 32, while the
SEM images are presented in Figure 33.

3.1.13 Ethyl Cellulose

Polysaccharides are a significant focus among natural polymers
due to the renewable nature as raw materials. Ethyl cellulose is
a linear polysaccharide belonging to the semi-synthetic cellu-
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Figure 34. Chemical Structure of Ethyl Cellulose
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Figure 35. SEM Images of Pure Ethyl Cellulose (Bezerra et al.,
2014)

lose derivative family. This is an inert polymer that is insoluble
in water and hydrophobic, with a relatively cheap cost. The
exceptional biocompatibility and biodegradability make ethyl
cellulose a promising option for various applications in the food
industry, packaging materials, cosmetics, as well as biomedical
and pharmaceutical technologies. This hydrophobic polysac-
charide has been widely used in biomedical and pharmaceutical
industries for over 50 years, with excellent performance in ad-
hesives, fillers, and films, making it valuable in cosmetics, food,
and medicine for drug microencapsulation (Alekseeva et al.,
2022). Ethyl cellulose has resistance to light, heat, oxygen,
moisture, and chemicals, facilitating compatibility with a wide
range of plasticizers and resins. This property enables the
production of durable and waterproof films (Su et al., 2020).
Furthermore, ethyl cellulose is a polymer that is biocompatible,
non-irritating, non-toxic, and non-biodegradable. These qual-
ities account for the widespread application as a polymer for
oral controlled medication administration (Davidovich Pinhas
et al., 2015). The chemical structure and SEM images of ethyl
cellulose are shown in Figures 34 and 35 respectively.

3.1.14 Alumina
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Figure 36. Structure of Alumina (Ghalme et al., 2020)

Alumina is extensively utilized as a fundamental substance
for catalytic support due to the exceptional chemical inertness,
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Figure 37. SEM Images of Alumina Ghalme et al. (2020)

strength, and hardness. Specifically, y-Alumina has excellent
surface area due to the small particle size, leading to a high
level of surface activity as catalyst support. The exceptional
characteristics of mesoporous alumina include consistent chan-
nels, a substantial surface area, and a tightly confined disper-
sion of pore sizes. This material has been extensively used for
adsorbent and catalyst support as well as in various ceramic
applications. Alumina can be derived from bauxite or kaolin in
different stages, and the most stable type, namely a-alumina is
commonly used as a ceramic material. Transitional alumina,
which refers to several forms, is extensively used as catalysts,
catalytic supports, or adsorbents. Gamma-alumina is the most
often used type for catalysis and adsorption applications due to
the superior surface area and favorable porosity characteristics
(Paranjpe, 2017). The chemical structure and SEM images of
alumina are shown in Figures 36 and 37.

3.2 In vitro Study of Carriers Containing Quercetin

The capability of polymer composites to improve and assist in
vitro testing of quercetin was tested. Chitosan is most widely
used in quercetin drug carrier systems, either independently or
in combination with other types of polymers due to the mu-
coadhesive property, high permeability, and ability to create a
barrier to protect the drug. The nanoparticles have great poten-
tial for the penetration of mucous barrier (Mohammed et al.,
2017) as well as sustained drug release, and illness detection (L.i
etal., 2018). The materials also have the capacity to regulate
drug release and minimize dosages. Altogether, these actions
lead to reduced adverse effects and enhanced drug stability,
ultimately leading to increased effectiveness and bioavailability
(Jalernik et al., 2023). The in vitro test results are shown in

Table 3.

3.2.1 Gelatin

Quercetin-loaded scaffolds, made from bioactive chemicals and
natural biogenic polymers, have been developed for improved
tissue regeneration and cell proliferation. These beads, pro-
duced from gelatine-alginate-quercetin possess anti-inflammato
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Table 3. In vitro Study of Carriers Containing Quercetin

Polymers In vitro results References
Gelatine- Decrease in swelling, an improvement in (Rubini et al., 2020);
Alginate mechanical properties, and a decrease in (Ezati and Rhim, 2021);

denaturation enthalpy; demonstrated significant (Dhasmana et al., 2022)

inhibitory effects on L. monocytogenes and E.
coli; effectively trapped and released quercetin
molecules
Maltodextrin- Produced a dissolution rate similar and (Lai et al., 2015);
Inulin significantly greater than bulk quercetin; (Saavedra Leos et al., 2022)

increased antioxidant activity and viability of quercetin
nanocrystals
Pectin-Casein Anti-inflammatory properties are not yet potent
enough to be targeted by paw edema approaches;
enhances adhesion and release, making it a
viable therapeutic approach

(Souza et al., 2021);
(Jing et al., 2023)

Carnauba Lower dissolution rates in salivary pH 6.8 (Khor et al., 2017)
Wax medium
Sodium Enhance bioavailability for various degenerative (Hazra et al., 2015);
Alginate- disorders; entraps 86.07% of quercetin, allowing (Frent et al., 2022);
chitosan 24-hour drug delivery into the intestines; show (Frent et al., 2023);
antibacterial and antifungal effects on various (Bhadraiah et al., 2023)
strains; the absorption of albendazole and its
active metabolite was enhanced.
Sodium High sodium alginate concentrations increase (Kalalo et al., 2022);
Alginate particle size, yield, and entrapment efliciency;
effectively prevent monoamine neurotransmitter (Xu et al., 2023);
depletion and have antidepressant effects on rats, (Szulc Musiol et al., 2023)
reducing depressive behavior, anhedonia, weight
loss, and improving inflammatory cytokine
levels; efliciently transport quercetin to the pig
skin in an ex vivo setting.
Inulin- Show no immediate toxicity in animal studies (Nalini et al., 2019);
Chitosan- and improves the protective effects of quercetin;. (Liu et al., 2022);
Aodium suitable for colonic fermentation; facilitates (Liu et al., 2023)
Alginate bacterial activity modulation and potentially
mitigates gut dysbiosis
Glyceryl Suppressed the histamine secretion from the (Chakraborty et al., 2017);
Behenate mast cells; sustained release, with no impact on (Rosita et al., 2022)
lipid amount, and showed potential as an (Hariyadi et al., 2022)
inhalation delivery system; conforming to
pulmonary inhalation route specifications.
Chitosan- Excellent biocompatibility and (Zhou et al., 2021);
Polycaprolactone antioxidant/bactericidal properties; alternative to (Azeem et al., 2022)

antioxidant/bactericidal properties; alternative to
antibiotics in treating gastroenteritis; the capacity
of quercetin-loaded membranes to decrease cell
viability in human cell lines under two distinct
situations.

(Viscusi et al., 2023)
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Polymers In vitro results References
Chitosan Potent for treating acute inflammatory bowel (Helmy et al., 2020);
disease due to appropriate pharmacological (Wiggers et al., 2022);
properties; modulating the release kinetics of the (Azeem et al., 2023)
loaded trimethoprim while preserving its
bactericidal properties; antioxidant
characteristics have been verified.
Chitosan- Prolonged circulation duration suggests potential (Liu et al., 2017);
Alumina- pulmonary delivery strategies for hydrophobic (Lee et al., 2018);
PLGA-Oleic anticancer medicines; prolonged release profiles (Nematollahi et al., 2021)
Acid of quercetin; enhanced cytotoxicity and
anticancer properties
Alginate- Rapid and uniform release of the quercetin (Malvano et al., 2021);
Hydroxyapatite glycoside molecule through the coatings, (Kim et al., 2022);
achieving equilibrium after 24 hours; potential as (Montone et al., 2023)
drug and cell delivery vehicles; high
effectiveness in inhibiting the increase of total
viable bacterial count, psychoactive bacteria
count, Pseudomonas spp., and
Enterobacteriaceae over a 15-day period at 4 °C
Eudragit Effectively counteract sulfur mustard-induced (Jat, 2018);
S100 toxicity; demonstrated higher potency in CT26 (Sunoqrot and Abujamous, 2019);
colon cancer cells; delays the release of (Patel and Patel, 2022);
quercetin in the upper gastrointestinal system, (Elizondo Luevano et al., 2023)
showing efficient targeting of the medication to
the colon; the hemolytic activity of polymer and
quercetin was evaluated in human red blood
cells, showed no significant cytotoxic effects as
compared to the control group.
Nano- Potentially contribute to drug delivery platforms (Han et al., 2022);
Hydroxyapatite and clinical applications; sustain quercetin (Ren et al., 2022);
release, regulate osteogenesis genes, promote (Lee et al., 2023)
bone marrow stem cell migration; and
regeneration in a rat model
Chitosan- Potentially valuable for physical therapy and (Zhou et al., 2022);
Fluorescein chemotherapy; offering dense, mechanical, high (Al-Musawi et al., 2023);
Isothiocyanate- porosity, thermal stability, and antioxidant (Elmowaly et al., 2023)
Zein activity; recommended as a viable platform for
colon drug delivery.
Ethyl Enhance absorption, bioavailability, specific (Jat et al., 2014);
Cellulose- drug targeting, reduced dose, and patient (Pingale and Amrutkar, 2021);
Eutragit S 100 compliance; conserve rifampicin release in the (Li et al., 2023)
-HPMC stomach and improve tuberculosis care;

demonstrate comparable antioxidant properties
and ability to inhibit HCT-116 cells like
unbound quercetin.

ry, anti-oxidative, and nontoxic properties, which are signif-
icantly influenced by the concentration of quercetin. In vitro
studies show successful entrapment and controlled release of
quercetin molecules (Dhasmana et al., 2022). The antibacterial

© 2024 The Authors.

activity of the films was tested in vitro against S. aureus (ATCC
25923) with E. coli (ATCC25922), selected as controls and
representative strains for Gram-positive and Gram-negative
bacteria.
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Polymers

In vitro results

References

Starch

Increased resistance to changes in temperature;
increased reducing power, free radical
scavenging activity, and antibacterial action

(Farrag et al., 2018);
(Yong et al., 2020);
(Davoudi et al., 2023)

against E. coli, S. aureus, Salmonella, and L.
monocytogenes; the twofold encapsulation of
quercetin by porous starch and inulin resulted in
a more consistent release of quercetin in

the colon.

The gelatin-quercetin films in this investigation showed
no action against S. aureus and E. coli, regardless of the as-
say method used. The outcome may be attributed to the low
quercetin content of the films. Among the film samples, none
contained a quercetin concentration sufficient to reach the Min-
imum Inhibitory Concentration (MIC) required to stop bacte-
rial growth, despite having 3.8% quercetin loaded and weighing
5.39 mg. The highest concentration of quercetin in the PBS
solution used in the broth microdilution assay was 20 ug/mL.
The MIC values for pure quercetin are 125 ug/mlL for S. aureus
and 500 ug/mL for E. coli (Rubini et al., 2020). Furthermore,
the films with additional quercetin showed antioxidant and
antibacterial properties depending on the release rate. The
gelatin/quercetin films showed considerable inhibitory effects
on L. monocytogenes and E. coli (I.zati and Rhim, 2021). The in
vitro test results using gelatine-alginate as polymers are shown
in Table 4.

3.2.2 Maltodextrin and Inulin

A functional food powder was created by blending carbohy-
drate polymers, such as maltodextrin and inulin, with active
chemicals that have probiotic and antioxidant characteristics.
The powders comprised microorganisms encapsulated at a mi-
croscopic level and particles that were not agglomerated. The
inclusion of inulin and maltodextrin increased both antiox-
idant activity and viability. The inulin-maltodextrin blends
demonstrated superior encapsulation efliciency, and the dry-
ing temperature had a minimal impact on the yield. This
study underscored the advantages of using carbohydrate poly-
mer blends for the microencapsulation and conservation of
active molecules containing furanose groups, which had greater
{lexibility than pyranose rings (Lourenco et al., 2020). Bulk
quercetin had the slowest dissolve rate, but quicker dissolution
profiles were achieved by testing both free and film-loaded
nanocrystals. After five minutes, the percentages of quercetin
dissolved from the fast-dissolving films, freeze-dried quercetin
nanocrystals, and quercetin raw material were 66.73%, 54.65%,
and 5.20%, respectively (Lai et al., 2015). The antioxidant
activity and viability showed synergistic effects when combined
with inulin-maltodextrin blends. Inulin enhanced antioxidant
activity, while maltodextrin improved viability (Saavedra Leos
et al.,, 2022). The in vitro test results of using maltodextrin-
inulin as polymers are shown in Table 5.

© 2024 The Authors.

3.2.3 Carnauba Wax

The microencapsulated powders showed a considerably re-
duced dissolving rate in the simulated saliva with a pH of 6.8
compared to the non-encapsulated quercetin. Therefore, zein,
carnauba wax, and shellac were considered most eflicient in con-
cealing the flavor. The electronic tongue bitterness test in vitro
showed that the microencapsulated powders could effectively
mask the flavor. Based on the in vitro digestion results, the rates
at which carnauba wax and shellac-microencapsulated powders,
as well as pure quercetin, dissolved were similar in a medium
with a pH of 1.0 and 6.8, representing the gastric and intestinal
environment respectively. Conversely, the rate at which zein-
microencapsulated powders dissolved was significantly slower
than the other powders. The chemical structure of quercetin
remained the same, but the crystallinity decreased with mi-
croencapsulation. This implies that the hot-melt extrusion
microencapsulation technique can be attractive for producing
bioactive powders (Khor et al., 2017). The in vitro test results
using carnauba wax as polymers are shown in Table 6.

3.2.4 Poly (lactic-co-glycolic acid) (PLGA)

The study found that quercetin effectively encapsulated 74
+ 1.2% of PLGA microspheres, showing anticancer potential.
The biodegradable PLGAq microspheres, assessed using cy-
totoxicity and flow cytometric studies, showed significant in-
hibition of cancer cells at higher doses. These biodegradable
microspheres have the potential to be a promising therapeutic
approach for cancer (Karthick et al., 2019).

The loading capacity of the microspheres was 7.77 + 0.15%,
while the drug encapsulation efliciency was 81.84 + 1.60%.
There was no indication of sudden release during a 30-day
long-lasting release pattern of quercetin in a laboratory setting.
Furthermore, a cytotoxicity analysis showed that the expo-
sure of INS-1 cells to PLGA microspheres had no detrimental
consequences. This study suggests that the electrospray tech-
nique can manufacture quercetin-loaded PLGA microspheres
(Nguyen and Jeong, 2018).

Quercetin was encapsulated within microspheres made of
poly(lactic-co-glycolic acid) and subsequently analyzed using
a scanning electron microscope. Silicon elastomer-based con-
cave microwells were utilized to create three-dimensional cell
spheroids. The results showed that quercetin-loaded micro-
spheres increased alkaline phosphatase activity, Runx2 protein
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Table 4. In vitro Study of Gelatine-Alginate Polymers Containing Quercetin

Polymers

In vitro Results

References

Gelatine-Alginate

Decrease in swelling, an improvement in

(Rubini et al., 2020)

mechanical properties, and a decrease in
denaturation enthalpy

Gelatine-Alginate

Significant inhibitory effects on L.

(Ezati and Rhim, 2021)

monocytogenes and E. coli

Gelatine-Alginate

The gelatine-alginate-quercetin beads were

(Dhasmana et al., 2022)

designed to effectively trap and release quercetin

molecules

Table 5. In vitro Study of Maltodextrin-Inulin Polymers Containing Quercetin

Polymers

In vitro Results

References

Maltodextrin-Inulin

Showed a dissolution rate similar and

(Lai et al., 2015)

significantly greater than that of bulk

quercetin

Maltodextrin-Inulin

Increased antioxidant activity and

(Saavedra Leos et al., 2022)

viability of quercetin nanocrystals

Table 6. In vitro Study of Carnauba Wax Polymers Containing Quercetin

Polymer

In vitro Results

References

Carnauba Wax

Lower dissolution rates in salivary pH 6.8

(Khor et al., 2017)

medium

expression, and mineralization. These biodegradable micro-
spheres could enhance osteoblastic differentiation in cell ther-
apy (Lee et al., 2018).

Intraperitoneal administration of PLGA-quercetin nanopar-
ticles to APP/PS1 mice improved cognitive and memory im-
pairments, with no harmful effects from systemic toxicity. This
suggests that PLGA-quercetin nanoparticles are suitable for
sale biomedical applications, particularly in treating Alzheimer’s
disease. The results have significant implications for investi-
gations and practical use of nanoparticles in disease treatment
(Sun et al., 2016).

Microparticles composed of L-lactide and 1,3-dioxolane
demonstrated sensitivity to acidic pH and accelerated release
of quercetin due to the restricted solubility. The antiradical
activity and hydrophilic-hydrophobic characteristics enable
microparticles to inhibit all tested bacteria strains. The antibac-
terial action of quercetin was enhanced through encapsulation
(Kost et al., 2022). The in vitro test results of using PLGA as
polymers are shown in Table 7.

© 2024 The Authors.

3.2.5 Glyceryl Behenate

The formation of Solid Lipid Microparticles (SLM) comprises
the combination of lipids and surfactants, namely Glyceryl Be-
henate and Poloxamer 188 respectively. The SLM was man-
ufactured using the melt oil-in-water emulsification method
and dehydrated using a freeze dryer. This study examined the
system’s potential for delivering lipophilic active drugs, such
as quercetin, into the lungs. Due to the inclusion of lipids in
the formulation, this approach offers several advantages, such
as excellent tolerability, regulated release, protection against
severe conditions, and minimized risk of adverse effects. The
results showed that the physical and chemical characteristics
of the SLM and the drug’s release pattern were affected by the
composition of the formulation and the manufacturing tech-
nique used. Future studies should prioritize examining tests
related to mass median aerodynamics and in vivo investigation
(Rosita et al., 2022).

A lipid microparticle system was created by using glyceryl
behenate and poloxamer 188 as the lipid and surfactant poly-
mers respectively. Quercetin was synthesized as a desiccated
powder. The solid lipid microparticle (SLM) delivery system
demonstrated favorable physical properties, including moisture
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Polymers In vitro Results References
PLGA Potentially impacted Alzheimer’s disease (Sun et al., 2016)
treatment when administered intraperitoneally to
APP/PS1 mice
PLGA Minimal burst release and no harmful effects (Nguyen and Jeong, 2018)
when exposed to INS-1 cells
PLGA Effectively inhibited cancer cells at higher (Karthick et al., 2019)

concentrations

content, yield, high drug loading, and entrapment efficiency.
In addition, the augmentation of the surfactant concentration
in poloxamer 188 from formula 1 to 5 (0.2% to 2%) led to
the anticipated formation of smooth and spherical particles,
as well as enhanced flow characteristics. The surfactant polox-
amer 188 concentration was increased to extend the period
when quercetin was released. The SLM quercetin yielded par-
ticles with a size of less than 5yum, which met the requirements
for pulmonary inhalation. Furthermore, aerodynamic mass
median (MMAD) testing has been conducted to ascertain the
proportion of powder deposited on the alveolar surface, val-
idating the ability of SLM quercetin to penetrate the alveoli
(Hariyadi et al., 2022). An in vitro investigation was carried out
to measure the cumulative drug release percentage over a pro-
longed duration. The parameter is crucial as it impacts both the
quantity of medicine released over a set period and the release
pattern. The results showed that 88.7+1.5% of quercetin was
liberated from the formulation after 504 hours (Chakraborty
et al., 2017). The in vitro test results of using glyceryl behenate
as polymers are shown in Table 8.

3.2.6 Pectin

During the acute phase, quercetin-based inflammatory bowel
disease treatment relies on local colon activity. An oral micro-
sphere system was developed for colon-specific administration,
which responded to the microenvironment, producing drug
release as well as better stability and less stomach swelling than
chitosan-treated microspheres. The oligochitosan coating im-
proved colon adhesion and release, suggesting the value for
surface modification applications in colon delivery and disease
treatment. The long-term use and food-derived components
make the microsphere a viable therapeutic approach (Jing et al.,
2023).

Quercetin is efficiently enclosed within the polymeric ma-
trix composed of pectin and casein. Administering quercetin
encapsulated in oral form at 10 mg per kilogram substantially
reduced oxidative stress in the liver and brain of rats with
adjuvant-induced arthritis during an extended treatment pe-
riod. The administration in this manner also did not cause
any harm to the liver or mitochondria. However, the anti-
inflammatory properties were insufficiently strong to be de-

© 2024 The Authors.

tected by the paw edema approach. The phenomenon illus-
trates that the existence of pectin/casein microcapsules loaded
with quercetin can alter levels of oxidative stress without sig-
nificantly affecting inflammation. This discovery provides evi-
dence for the continued utilization of quercetin as a long-term
treatment for rheumatoid arthritis, specifically as a supplement
with antioxidant properties (Souza et al., 2021). The in vitro
test results of using pectin as polymers are shown in Table 9.

3.2.7 Nano-Hydrohepatite

Microspheres with an eyeball-shaped structure composed of
quercetin, nano-hydroxyapatite, and poly(glycolide-co-epsilon-
caprolactone) were successfully manufactured through airflow
shearing. These materials have exceptional encapsulation ef-
ficiency and a consistent release pattern. The application of
microspheres resulted in a beneficial immunological milieu,
as demonstrated by laboratory studies and animal investiga-
tions. Microspheres had a significant impact on successful
bone repair by influencing the polarization of M2 macrophages
and enhancing osteo-differentiation in Bone Marrow Stem
Cells. The airflow shearing method had a potential role in
constructing a drug delivery platform. Moreover, the combi-
nation of quercetin, nano-hydroxyapatite, and poly(glycolide-
co-epsilon-caprolactone) in composite microspheres showed
potential as cutting-edge materials for bone-filling purposes.
The precise control of osteogenesis was proposed as a novel
approach to bone regeneration (Han et al., 2022).

A recent investigation used electrostatic spraying to gen-
erate hydroxyapatite microparticles of uniform dimensions
ranging from 50 to 150 ym without requiring intricate ar-
rangements or additional stages. Laboratory experiments con-
ducted in vivo and in vitro further confirmed that the newly
developed hydroxyapatite microbeads could carry quercetin
and bone morphogenetic protein-2, promoting bone growth.
Furthermore, the concurrent administration of bone morpho-
genetic protein-2 and quercetin using hydroxyapatite beads
resulted in a synergistic impact on the regrowth of bone in a
rat model with calvarial abnormalities. The study showed that
electrostatic spraying was an effective technique for produc-
ing ceramic granules. Hydroxyapatite microbeads containing
quercetin and bone morphogenetic protein-2 also reportedly
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Polymers In vitro Results

References

Glyceryl Behenate  Suppressed the histamine secretion from the
mast cells

Sustained release, with no impact on lipid
amount, and shows potential as an inhalation
delivery system

Glyceryl Behenate

Conformed to pulmonary inhalation
route specifications.

Glyceryl Behenate

(Chakraborty et al., 2017)

(Rosita et al., 2022)

(Hariyadi et al., 2022)

Table 9. In vitro Study of Pectin Polymers Containing Quercetin

Polymers In vitro Results

References

Anti-inflammatory properties were less
sufficient to be targeted by paw edema
approaches.

Pectin-Casein

Pectin Enhanced adhesion and release, making it a
viable therapeutic approach.

(Souza et al., 2021)

(Jing et al., 2023)

Table 10. In vitro Study of Nano-Hydroxyapatite Polymers Containing Quercetin

Polymers In vitro Results References
Nano- Potentially contributed to drug delivery (Han et al., 2022)
Hydroxyapatite platforms and clinical applications.
Nano- Sustain quercetin release, regulate osteogenesis  (Ren et al., 2022)
Hydroxyapatite genes, and promote bone marrow stem cell

migration.

Hydroxyapatite Promote bone growth and regeneration in a rat

model.

(Lee et al., 2023)

Table 11. In vitro Study of Polycaprolactone Polymers Containing Quercetin

Polymers In vitro Results References

Chitosan- Excellent biocompatibility and (Zhou et al., 2021)
Polycaprolactone antioxidant/bactericidal properties

Chitosan- Alternative to antibiotics in treating (Azeem et al., 2022)
Polycaprolactone gastroenteritis

Chitosan- The capacity of quercetin-loaded membranes to  (Viscusi et al., 2023)

Polycaprolactone  decrease cell viability in human cell lines under

two distinct situations.

functioned as highly eflicient implants for the treatment of  rial consisting of quercetin-alpha-calcium sulfate hemihydrate
bone abnormalities (Lce et al., 2023). A novel composite mate-  and nano-hydroxyapatite has been developed for quercetin

© 2024 The Authors.
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Table 12. In vitro Study of Starch Polymers Containing Quercetin

Polymers In vitro Results References
Starch Increased resistance to changes in temperature; (Farrag et al., 2018)
increased reducing power;
Starch Free radical scavenging activity, and (Yong et al., 2020)
antibacterial action against E. coli, S. aureus,
Salmonella, and L. monocytogenes
Starch The twofold encapsulation of quercetin by (Davoudi et al., 2023)

porous starch and inulin resulted in a more
consistent release of quercetin in the colon.

delivery and controlled release. This material can increase the
expression of genes specific to the formation of bone tissue,
effectively enhancing the migration, mineralization, prolifer-
ation, and maturation of bone marrow stem cells. Significant
anti-inflammatory effects were also found when tested in a lab-
oratory setting. Furthermore, quercetin-alpha-calcium sulfate
hemihydrate/nano-hydroxyapatite showed substantial repar-
ative properties in living organisms, showing superior ability
to induce bone growth and exceptional compatibility with bi-
ological systems. These results suggest potential application
as an ideal substitute for natural bone grafts. Quercetin and
calcium ions modified the microenvironment of the model-
ing region and enhanced the expression of RUNX2, OSX,
and OCN (Ren et al., 2022). The in vitro test results of using
nano-hydroxyapatite as polymers are shown in Table 10.

3.2.8 Polycaprolactone

Ultra-homogenization was used to create three distinct types
of microspheres namely chitosan-polycaprolactone (CS-PCL-
Ms), quercetin-polycaprolactone (QT-PCL-Ms), and chitosan-
quercetin-polycaprolactone (CS-QT-PCL-Ms). These micro-
spheres were loaded with levofloxacin, and the antibacterial
effects against Pseudomonas aeruginosa 15692, Staphylococcus au-
reus 12600, and Escherichia coli 25922 were assessed by mea-
suring the particle size, charge, antioxidant, hemolytic, and
in vitro drug release. The antibacterial effect of the loaded
microspheres was confirmed by evaluating histological alter-
ations, weight loss, and diarrhea scores in an in vivo antidiar-
rheal model. Based on the results, CS-QT complex and its
levofloxacin-loaded microspheres (CS-QT-PCL-Levo-Ms)
demonstrated an increase in bactericidal activity against E. coli
and P. aeruginosa of more than twofold, while against S. aureus,
it was only 1.5 fold.

The synergistic effects of quercetin (QT) and chitosan (CS)
also improved the antioxidant properties of the CS-QT com-
plex. All microspheres used at 5 ug/100 ul. on albino rats did
not cause any skin discomfort, yielding < 5% hemolytic effect
and < 0.5 PDI value. Based on the first-order release behav-
ior, CS-QT-PCLLevo-Ms had less than 50% release within 16
hours in phosphate buffer pH 6.8.

© 2024 The Authors.

Stability experiments indicated a 30-month shelf life for the
CS-QT-PCL-Levo-Ms complex. The microsphere-shaped
CS-QT complex, which possesses synergistic antibacterial and
antioxidant capabilities, can serve as a viable substitute for cur-
rently available antibiotics in the treatment of gastroenteritis
(Azeem et al., 2022). Quercetin was gradually released, pro-
moting wound healing and prolonged bacteriostasis. A faster
decline was also demonstrated compared to rutin due to high
instability and easy decomposition in neutral and alkaline envi-
ronments. Limited release and rapid breakdown of quercetin
may hinder the use in burn treatments (Zhou et al., 2021). The
release rate of quercetin was studied in PBS and pH = 8 solu-
tions to mimic the conditions of a skin lesion. The data were
analyzed using the Gompertz model, showing that quercetin
was released more slowly in an acidic environment, as shown
by the diffusion coefficients. The photostability of quercetin-
loaded membrane was assessed by exposure to UV-A lamp
irradiation for up to 10 hours, showing stability of the encapsu-
lated compound in the fibers even under prolonged treatment.
The quercetin released from membranes retained the biolog-
ical activity, as indicated by the cytotoxic effects on cultured
cells (Viscusi et al., 2023). The in vitro test results of using
polycaprolactone as polymers are shown in Table 11.

3.2.9 Starch
Experiments were conducted to investigate the release of quercetin
through the films in a mixture of water and ethanol. The re-
lease reached equilibrium after 1-4 days for films constructed
from cereal starch, while those made from legumes required
more than a week to achieve the same equilibrium. The data
was analyzed using the Peppas-Sahlin model, indicating that
the release kinetics were governed mainly by fiction diffusion.
The main applications of the produced biofilms are active food
packaging (Farrag et al., 2018). Corn starch was effectively
modified with quercetin through an acid-catalyzed conden-
sation process. The resulting conjugate was soluble in water
and showed optimal grafting efficiency. All instrumental in-
vestigations verified that quercetin was well attached to starch
aldehyde. The conjugate demonstrated distinct structural fea-
tures compared to native and starch aldehyde. The antioxidant
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Table 13. In vitro Study of Chitosan Polymers Containing Quercetin

Polymers

In vitro Results

References

Chitosan-
Sodium Alginate

Chitosan-
Sodium Alginate

Chitosan

Chitosan

Chitosan

Chitosan-Zein

Chitosan- PLGA
Chitosan-
Fluorescein

Isothiocyanate

Chitosan-
Alginate

Chitosan-Oleic
Acid
Chitosan-Inulin
Inulin-Chitosan-
Sodium Alginate

Chitosan-Zein

Entraps 86.07% of quercetin, allowing 24-hour
drug delivery into the intestines.

Show antibacterial and antifungal effects on
various strains.

Potential for treating acute inflammatory bowel
disease due to appropriate pharmacological
properties.

Antioxidant characteristics have been verified.
Modulates the release kinetics of the loaded
trimethoprim while preserving the bactericidal

properties

Offering dense, mechanical, high porosity,
thermal stability, and antioxidant activity.

Prolonged release profiles of quercetin.
Potentially valuable for physical therapy and
chemotherapy.

The absorption of albendazole and its active
metabolite was enhanced
Prolonged circulation duration suggests potential
pulmonary delivery strategies for hydrophobic

anticancer medicines.

Show no immediate toxicity in animal studies
and improve the protective effects of quercetin

Suitable for colonic fermentation.

Recommended establishing a viable platform for
delivering to the colon.

(Frent et al., 2022)

(Frent et al., 2023)

(Helmy et al., 2020)

(Azeem et al., 2023)

(Wiggers et al., 2022)

(Al-Musawi et al., 2023)

(Lee et al., 2018)

(Zhou et al., 2022)

(Bhadraiah et al., 2023)

(Liu et al., 2017)

(Nalini et al., 2019)

(Liu et al., 2022)

(Elmowatfy et al., 2023)

and antibacterial properties of starch aldehyde significantly in-
creased upon conjugation with quercetin. The results showed
that an acid-catalyzed condensation procedure was appropriate
for producing starch aldehyde-polyphenol conjugates (Rubini
et al., 2020), with potent antibacterial effects against E. coli and
S. aureus. The antibacterial activity was significantly increased
by integration with quercetin, which has strong antimicrobial
properties (Yong et al., 2020). Incorporating inulin into the
porous starch effectively safeguards quercetin during the pro-

© 2024 The Authors.

cess of digestion. Biologically active compounds with poor
water solubility have limited bioavailability, hindering the effec-
tive transport of the desired molecule. Based on the results, the
porous starch-inulin matrix is a suitable carrier for regulating
the release of quercetin in simulated gastrointestinal settings
(Davoudi et al., 2023). The in vitro test results of using starch
as polymers are shown in Table 12.
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3.2.10 Chitosan

Chitosan is often combined with Na alginate in microsphere
formulations, forming microparticles with varying sizes. The
highest chitosan concentration entraps 86.07% of quercetin,
enabling regulated drug delivery into the intestines. These
microspheres possess a textured surface, dense structures, and
creases, with thermal stability facilitating the application for
delivering drugs at physiological temperatures (Frent et al.,
2022).

Polymeric microspheres, with a size range of 1 to 5 um,
may be easily dispersed in water and have controlled release
characteristics at pH 4.5 and 7.4. These microspheres have a
high concentration in the lung and a prolonged circulation time,
indicating prospective use as a pulmonary delivery method for
hydrophobic anticancer drugs (Liu et al., 2017). Inulin filling
and chitosan coating in the alginate polymer network increase
gel strength and encapsulation efficiency. Alginate+inulin+chito
san+quercetin performed better than other formulations, lead-
ing to the selection for colonic fermentation. Quercetin re-
lease was delayed but occurred within 3 hours and was en-
tirely metabolized by the microbiota within 24 hours. Algi-
nate+inulin+chitosan+quercetin microspheres showed promise
for targeted quercetin transport to the colon (Liu et al., 2022).
Furthermore, quercetin was entrapped by chitosan-sodium
alginate-quercetin microspheres (Caq-MS), releasing 71.46 +
0.25°91.06 £ 0.15% in vitro. The smoothness and roughness of
the microspheres increased with higher polymer concentration.
Caq-Ms demonstrated antibacterial and antifungal properties
against several strains, resulting in broader inhibition zones
against Escherichia coli, and Candida albicans, as well as smaller
zones against Staphylococcus aureus (IFrent et al., 2023).

Fluorescein isothiocyanate was successfully used to label
chitosan-quercetin drug-loaded nanoparticles, demonstrating
antioxidant qualities, encapsulation effectiveness, and drug-
loading efficiency. The drug-loaded rate was 8.39%, and encap-
sulation rate was 83.65%. The fluorescence aperture matched
the antibacterial circle, providing a method for tracking medi-
cation release and activity. This new encapsulation structure
could be used in physical therapy and chemotherapy (Zhou
et al., 2022). The administration of albendazole and quercetin-
impregnated chitosan alginate microspheres enhanced the ab-
sorption of albendazole and increased the bioavailability of the
active metabolite, albendazole sulphoxide (Bhadraiah et al.,
2023).

Quercetin microparticle formulations were tested for the
pharmacological, morphological, and compatibility proper-
ties. A significant proportion was released in the IBD colon-
mimicking medium and therapeutic effects were assessed us-
ing a rabbit colitis model. The results showed that quercetin
microparticles had better therapeutic effects than simple medi-
cation and untreated animals, suggesting potential use in acute
inflammatory bowel disease treatment (Helmy et al., 2020).

Chitosan-quercetin-polycaprolactone-Levofloxacin-Ms sho
wed increased bactericidal activity against E. coli and P. aerugi-
nosa, reaching up to 1.5 times against S. aureus. The antioxi-
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dant properties were confirmed through green-colored phos-
phate molybdate complexes. Furthermore, the use of maleic
acid, in vitro, and in silico antimicrobial studies confirmed the
potential as a treatment strategy (Azeem et al., 2028). Gallic
acid is incorporated into chitosan-basil seed gum hydrogel,
forming hydrogen bonds. The hydrogel possesses a compact
microstructure, favorable mechanical characteristics, substan-
tial porosity, thermal durability, and a notable swelling ratio.
Due to the elevated antioxidant activity and biocompatibil-
ity, the hydrogel has great potential as a material for tissue
engineering. Cell culture tests confirmed the nontoxic and bio-
compatible nature (Al-Musawi et al., 2023). The drug release
from the microparticles showed reduced loss in the simulated
stomach and intestine fluids as well as fast, specific release in
environments mimicking Inflammatory Bowel Disease colon
(Helmy et al., 2020). However, the release rate of quercetin
reduced in pH 5.5 and 6.5 compared to 7.4, eventually reach-
ing maximum capacity (Nalini et al., 2019). The in vitro test
results of using chitosan as polymers are shown in Table 13.

3.2.11 Eudragit S 100

Quercetin microspheres can mitigate the harmful effects caused
by exposure to Sulfur mustard. The drug release profile of
Eudragit-based microspheres was highly favorable, with a re-
lease rate of up to 99% and an optimal particle size of 60.89 +
1.91 um. The drug was wholly assimilated in the polymer, with
73% drug entrapment, and a previous study has confirmed the
oral bioavailability (Jat, 2018). A nanoprecipitation method was
used to create an optimized formulation of quercetin loaded in
Eudragit® S 100 nanoparticles, resulting in good drug loading
and efficiency encapsulation values. The nanoparticles formed
intermolecular H-bonding between quercetin and the polymer,
releasing the drug at neutral pH after ionizing carboxylate moi-
eties in the polymer. The nanomedicine candidate showed
significantly higher potency in CT26 colon cancer cells (Suno-
qrot and Abujamous, 2019). Furthermore, Eudragit-coated
nanoparticles can inhibit premature drug release before reach-
ing the colon, indicating a bright outlook for targeted drug
delivery (Patel and Patel, 2022). A method was created to
effectively encapsulate non-water-soluble biomolecules, such
as flavonoid quercetin, using the nanoprecipitation technique
and Eudragit® polymers for pharmaceutical purposes (Eli-
zondo Luevano et al., 2023). The in vitro test results of using
Eudragit S 100 as polymers are shown in Table 14.

3.2.12 Sodium Alginate

The study showed that alginate microspheres coated with chi-
tosan can provide controlled quercetin drug delivery, increasing
therapeutic bioavailability for various degenerative disorders.
The aerosolization ionic gelation method was used to create
quercetin-loaded ca-alginate microspheres, which were freeze-
dried. The results showed that increasing sodium alginate
concentrations decreased drug loading but enhanced particle
size, yield, and entrapment efficiency (Kalalo et al., 2022). The
ALINCH-Q microspheres, containing alginate, inulin, chi-
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Table 14. In vitro Study of Eudragit S100 Polymers Containing Quercetin

Polymers In vitro Results References
Eudragit S100  Effectively counteract Sulfur mustard-induced (Jat, 2018)
toxicity
Eudragit S100 Demonstrated higher potency in CT26 colon (Sunoqrot and Abujamous, 2019)
cancer cells
Eudragit S100

Delayed the release of quercetin in the upper
gastrointestinal system, showing efficient
targeting of the drug to the colon

(Patel and Patel, 2022)

Eudragit S100  The hemolytic activity of polymer and quercetin
was evaluated in human red blood cells, showing
no significant cytotoxic effects compared to the
control group.

(Elizondo Luevano et al., 2023)

Table 15. In vitro Study of Sodium Alginate Polymers Containing Quercetin

Polymers In vitro Results References
Sodium Enhanced bioavailability for various (Hazra et al., 2015)
Alginate- degenerative disorders.
Chitosan
Sodium Higher sodium alginate concentrations increased (Kalalo et al., 2022)
Alginate particle size, yield, and entrapment efficiency.
Alginate- Demonstrate potential as drug and cell delivery (Kim et al., 2022)
Hydroxyapatite vehicles.
Sodium Facilitate bacterial activity modulation and (Liu et al., 2023)
Alginate-

potentially mitigate gut dysbiosis.
Chitosan-Inulin

Sodium Effectively prevented monoamine (Xu et al., 2023)
Alginate neurotransmitter depletion and had
antidepressant effects on rats, reducing
depressive behavior, anhedonia, weight loss, and
improving inflammatory cytokine levels;
Sodium Efficiently transport quercetin to the pig skinin  (Szulc Musiol et al., 2023)
Alginate an ex vivo setting.
Alginate- Rapid and uniform release of the quercetin (Malvano et al., 2021)
Hydroxyapatite glycoside molecule through the coatings,
achieving equilibrium after 24 hours.
Alginate- High effectiveness in inhibiting the increase of (Montone et al., 2023)
Hydroxyapatite

total viable bacterial count, psychoactive bacteria
count, Pseudomonas spp., and
Enterobacteriaceae over a 15-day period at 4 °C
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Table 16. In vitro Study of Ethyl Cellulose Polymers Containing Quercetin

Polymers In vitro Results References
Ethyl cellulose- Enhanced absorption, bioavailability, specific d (Jat et al., 2014)
Eutragit S 100- rug targeting, reduced dose, and patient

HPMC compliance

Ethyl Cellulose-
Eutragit S 100

Ethyl cellulose-
HPMC

Conserved rifampicin release in the stomach and
improved tuberculosis care

Demonstrated comparable antioxidant properties
and ability to inhibit HCT-116 cells like

(Pingale and Amrutkar, 2021)

(Li et al., 2023)

unbound quercetin.

Table 17. In vitro Study of Alumina Polymers Containing Quercetin

Polymers In vitro Results References
Chitosan- Prolonged circulation duration suggests potential (Liu et al., 2017)
Pleic Acid pulmonary delivery strategies for hydrophobic

anticancer medicines

Chitosan-PLGA

Chitosan-
Alumina

Prolonged release profiles of quercetin;

Enhanced cytotoxicity and anticancer properties

(Lee et al., 2018)

(Nematollahi et al., 2021)

tosan, and quercetin, showed a significant increase in the pro-
duction of 3-hydroxyphenyl propionic and 3-hydroxyphenyl
acetic acids during in vitro batch colonic fermentation. This
indicates that the microspheres promote the metabolism of
4-hydroxyphenyl acetic and 3,4-dihydroxyphenylacetic acid.
ALINCH-Q also enhanced the production of all short-chain
fatty acids, except isovaleric acid, possibly due to the promo-
tion of short-chain rich acid production by quercetin. These
results suggest ALINCH-Q may help mitigate gut dysbiosis by
enhancing the richness and diversity of bacteria community
(Liu et al., 2023). A new method has been developed to pro-
duce quercetin and hydroxyapatite-filled hybrid microspheres
in a two-step pretreatment process, resulting in a controlled
size range of 290 to 330 um. The microspheres showed excel-
lent cell viability and release of hydrophobic medication as a
viable bone substitute, demonstrating great potential as drug
and cell delivery vehicles (Kim et al., 2022). The in vitro test
results using sodium alginate as polymers are shown in Table
15. Quercetin nanogels, a protein drug carrier, prevented the
depletion of monoamine neurotransmitters and had antidepres-
sant effects on rats given reserpine. Moreover, these materials
effectively reversed depressive behavior, reduced anhedonia
and weight loss, as well as improved inflammatory cytokine
levels and dramatic pyramidal cell damage in the hippocampal
CAT1 and CAS3 subregions of a rat model. Quercetin nanogels
also improved CUMS-induced cell apoptosis and proliferation

© 2024 The Authors.

in the hippocampal region (Xu et al., 2023).

3.2.13 Ethyl Cellulose

Ethyl cellulose and Eudragit S100 can be used for drug colon
targeting, resulting in efficient absorption, enhanced bioavail -
ability, specific drug targeting, reduced dose, and side effects,
as well as patient compliance. The FT-IR spectra showed no
chemical interactions between the drug and carriers. The parti-
cle sizes of the prepared microspheres increased with polymer
concentration and decreased with stirring speed. In vivo stud-
ies on male Wistar rats showed that Quercetin-microspheres
demonstrated more effective prophylactic action than conven-
tional dosages, potentially reducing the dose and reducing ad-
verse effects (Jat et al., 2014).

Recent studies have developed floating microspheres with
quercetin-loaded rifampicin to improve tuberculosis treatment
and preserve release in the stomach. These microspheres are
made of HPMC and ethyl cellulose. The application resulted
in extended-release patterns and improved trapping, demon-
strating significant stability. Previous reports state that drug sol-
ubility inversely affects dissolution time, underscoring the im-
portance of the delivery method in drug immersion. Quercetin
loading may enhance the bioavailability of rifampicin, a cru-
cial factor in treating tuberculosis. The microspheres can be
pulverized into tablets, encapsulated, or transformed into oral
solutions for reconstitution. In addition, the stability of the
formulation was compared to that of microspheres without
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quercetin. The results showed that microspheres containing
quercetin remained intact even after six months of stability test-
ing, with an entrapment efliciency of 76.50 percent. The buoy-
ancy percentage was measured to be 61.50% after 8 hours. The
microspheres produced in the stomach environment demon-
strated extended drug release, indicating great potential applica-
tion for the prolonged delivery of antitubercular drugs (Pingale
and Amrutkar, 2021). The in vitro test results of using ethyl
cellulose as polymers are shown in Table 16.

3.2.14 Alumina

The use of y-Alumina nanoparticles led to a substantial en-
hancement in the encapsulation effectiveness, achieving a value
of 95%. In addition, the examination of swelling and quercetin
release pattern showed that y-Alumina increased the pH re-
sponsiveness of the nanocomposite, enabling an accurate and
targeted release. To investigate the mechanism of drug release,
different release kinetic models were used to interpret the exper-
imental data. The nanocomposite containing quercetin demon-
strated significant cytotoxic effects on MCF-7 breast cancer
cells, as evidenced by the MTT experiment and flow cytom-
etry. Furthermore, the increased rate of apoptotic cell death
provided evidence for the anticancer properties of y-Alumina.
The chitosan/polyvinylpyrrolidone/y-Alumina nanocompos-
ite demonstrated significant pH sensitivity and great potential
as a drug delivery system for cancer therapy (Nematollahi et al.,
2021). The in vitro test results of using alumina as polymers
are shown in Table 17.

4. CONCLUSION

In conclusion, quercetin, a flavonoid with antioxidant, anti-
inflammatory, antiviral, anticancer, and cardiovascular proper-
ties, has been studied for drug delivery systems using polymer
composites including alginate, pectin, chitosan, starch, and hy-
droxyapatite. The stabilization, bioavailability, and targeted
administration can all be improved by using polymers as car-
riers. These polymers are designed to improve the stability
and dissolution of quercetin, with various delivery methods
being investigated. To maximize the therapeutic potential, sev-
eral delivery methods are being investigated, including drop-
extrusion, spray drying, hot-melt extrusion, ionic cross-linking,
aerosolization ionic gelation, emulsion-assisted gelation, emul-
sification, coacervation, and ultra-homogenization. These in-
novative methods have the potential for customized medicine
and medication development, with the ability to be adjusted
to target tissues, routes of delivery, and safety requirements.
The benefits of using polymers as quercetin carriers include
controlled release, resistance to degradation, and enhanced
bioavailability. However, when designing polymer-based deliv-
ery systems, it is important to consider factors such as biocom-
patibility, toxicity, and reason for use. The efficacy and safety
of these polymer-based delivery technologies still require addi-
tional investigation and clinical trials. Collaboration between
pharmaceutical corporations, academic institutions, and regula-
tory authorities is essential for transforming promising results
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into real medical discoveries.
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