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Valorization of agro-industrial waste offers a sustainable pathway for obtaining industrially
valuable compounds. Carrot root pomace, a nutrient-rich byproduct, represents a promising
and sustainable source of pectin. This study evaluated the suitability of carrot root pomace
pectin (CRPP) in the fabrication of baicalin-loaded microparticles for an oral delivery
system. The physicochemical characterization of CRPP was assessed at varying
concentrations, at different pH levels, and at varying ionic strengths. CRPP demonstrated
high surface activity at low pH, while under ionic strength, reduced viscosity, but improved
foamability properties. Changes in the zeta potential of CRPP under different pH and ionic
strength confirmed its weak anionic character. CRPP exhibited rather poor gelling abilities
in the presence of divalent ions, but surprisingly better gelling abilities with trivalent ions.

CRPP was evaluated as an end-coating for sodium alginate-chitosan baicalin-loaded
microparticles. The matrix of microparticles was fabricated using medium-viscosity sodium
alginate (NaALG) via ionic gelation with Ca* ions, layered with chitosan (CHIT) and coated
with CRPP. Three formulations of microparticles: NaALG, NaALG/CHIT, and
NaALG/CHIT/CRPP were studied under simulated conditions of a 4-stage gastrointestinal
tract. NaALG/CHIT/CRPP microparticles exhibited the largest size followed by NaALG
microparticles and NaALG/CHIT microparticles were the smallest. All achieved high
encapsulation efficiency more than 80%. Microparticles presented the highest physical
stability in simulated saliva (SSC) and the lowest in simulated gastric fluid (SGC). The
release profiles of baicalin under gastrointestinal conditions in vitro form of all formulations
indicated early release under SSC and SGC. NaALG/CHIT/CRPP showed the highest
cumulative release by the end of SGC and minimal release of baicalin in simulated intestinal
(SIC) and colon conditions (SCC).
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Symbols and Abbreviations
Abbreviations

CHIT- chitosan

CP- commercial pectin

CRP-carrot root pomace
CRPP-carrot root pomace pectin
DE-degree of esterification
EAE-Enzymatic assisted extraction
FVW-fruits vegetable waste
GalA-galacturonic acid
HG-homogalacturonan

IEC-ion exchange chromatography
HMP-high methoxylated pectin
LMP-low methoxylated pectin
MAE-microwave assisted extraction
Mw-molecular weight

NaALG- sodium alginate

NacCl- sodium chloride
NADES-natural deep eutectic solvent
O/W-oil in water
PEC-polyelectrolyte complex
RG-rhamnogalacturonan
SCC-simulated colonic conditions
SEM-scanning electron microscope
SGC-simulated gastric conditions
SIC-simulated intestinal conditions
SSC-simulated saliva conditions
SWE-subcritical water extraction

XGA-Xylogalacturonan



Symbols and variables

CR
EA
EE
FC
FS

Rcrep

SI

Greek Letters

Name

concentration

cumulative release

emulsifying activity

encapsulation efficiency

foam capability

foam stability

height of the solution

recovery of carrot root pomace pectin

swelling index

Name Units
Surface tension mN/m
Zeta potential mV

Units

M or mg/ml
%

%

%

%

%

cm

%
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Introduction

Biopolymers can generally be derived from several renewable sources, including animals,
marine sources, fungi, and plants. They may be of protein or polysaccharide origin, but the
abundance and versatile physicochemical characteristics of polysaccharides make them
highly promising among other available sources [1]. Among them, natural polyelectrolytes,
including chitosan, pectin, alginate, cellulose derivatives, and hyaluronic acid, have gained
great interest in biomedical applications. These biopolymers are commonly employed in the
formulations of hydrogels, nano and microparticles, and thin films, particularly for sustained
drug release due to their non-immunogenicity, non-toxicity, and biodegradability.

Polysaccharide-based polyelectrolytes carry functional groups such as carboxyl and ester
moieties incorporated into their backbone, enabling chemical modifications and interactions
through electrostatic attraction, covalent bonding, and hydrogen bonding. When formulated
as polyelectrolyte complexes (PECs), by combining oppositely charged polymers, they
enhance the encapsulation efficiency of valuable substances within different structures,
protect encapsulated compounds across varying pH environments, and help to modulate the
release behaviour [2].

Microparticle delivery systems are an efficient strategy for improving stability and
increasing bioavailability of bioactive compounds. Factors, such as particle size, swelling
behaviour, and the polymeric matrix-loaded compounds interactions, positively influence
their health-promoting performance. To reinforce structural integrity and optimize the
release kinetics of the carriers, another coating layer of polyelectrolyte may be used [3].

In the present study, carrot root pomace pectin (CRPP) was evaluated for physicochemical
properties and its suitability as a coating material in the development of baicalin-loaded
microparticles for an enhanced oral delivery system. The carrot root pomace (CRP) is among
the common processing wastes in the food processing industry in Europe. It is rich in
bioactive compounds and dietary fibers. It has been extensively explored as a source of
carotenoids, vitamin B and K, and antioxidants due to its nutritional value [4]. While a few
studies have researched the presence of pectin in carrot root pomace, exploration of its
suitability as a functional matrix in drug delivery systems is underexplored. Thus, following
the increase in new biomaterial global demand and growing interest in agro-food industrial
waste valorization, CRP offers a sustainable source of valuable pectin.

The study evaluated the physicochemical and functional properties of CRPP, including
interfacial activity, surface charge, gelling ability, viscosity modification ability,
emulsifying activity, and foamability under varying conditions of CRPP concentrations, pH,
and ionic strength, adjusted by different concentrations of NaCl. The fabrication of
microcarriers employed medium viscosity sodium alginate (NaALG) crosslinked with
calcium ions as the primary hydrogel matrix. Chitosan (CHIT), a cationic polysaccharide,
was applied as a coating of NaALG matrix and served as an intermediate layer to bridge



CRPP. CRPP, a weak natural polyanionic, was used as an outer coating for microparticles
to enhance controlled drug release [5]. The stability, EE%, and cumulative release (CR%)
profiles of fabricated microparticles were analyzed.

Baicalin, the model compound, a flavonoid-based bio-compound extracted from the roots of
Scutellaria baicalensis is recognized for its antioxidant, antimicrobial, anti-inflammatory,
neuroprotective, and anti-cancer properties. Despite its therapeutic benefits, baicalin exhibits
very low bioavailability owing to its low solubility in water. This makes it an ideal candidate
for encapsulation to enhance its absorption at the targeted area [6].
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1. Literature review
1.1. Sources of pectin.

The accelerating increase in the global population has significantly increased the demand for
products in sectors such as food and energy, putting pressure on the natural resources
required by these industries. To preserve these natural resources, the world is currently
emphasizing a circular economy [7]. The Circular Economy Action Plan of the European
Union (EU), which was first introduced in 2015 on SDG target 12.3, focuses on minimizing
waste, including agricultural and food industrial waste valorization, and maximizing
resource recovery. This approach helps address challenges such as resource depletion and
environmental degradation that arise from the linear economy model.

Based on this, food-derived waste has a very great effect on both the economy and the
environment. According to the EU Commission 2023, nearly 59 million tonnes of waste
derived from food are produced each year, with an approximated loss of €132 billion [8].
This food waste is comprised of discarded food and non-edible parts, which are generated
throughout all stages from farming, through manufacturing and processing, up to
consumption. Following EU monitoring of food waste, the food processing and
manufacturing sector contributes about 20% of food waste in the form of byproducts and
inedible parts. It is also reported that 63% of the total food waste generated is fruit and
vegetable waste (FVW) [9] [10]. From these FVW, about 10-35% of the raw mass consists
of seeds, pulp, skin, peels, tubers, roots, and pomace, where 40-50% of the total mass is
discarded as residues. These wastes are mainly generated from industrial processes,
including juice and jam manufacturing, wine production, oil production, and vegetable
processing plants.

To highlight the innovations, a zero-waste biorefinery approach represents a sustainable
extraction of valuable compounds, especially as biopolymers, including polysaccharides,
which have found various applications in food, the biomedical field, agriculture, and material
science [11]. In addition, utilization of food waste helps to minimize up to 16% of the
greenhouse gas emissions, which are contributed by the EU food system, and water pollution
caused by high organic load contributed by the discard of untreated waste. Among
biopolymers extracted from these FVW are polysaccharides, particularly pectin, a natural
polymer found in plants in either the fresh or dry content of fruits and vegetables, with
potential applications in the development of sustainable biobased products.

Pectin constitutes up to 30% of plant primary cells and the middle lamella; therefore, it
gained significant attention for its functional versatility, such as a stabilizing agent and
thickening agent [11]. Reflecting on its increasing importance, the pectin market globally
was recorded at approximately $ 1256.7 million in 2024. It is estimated to rise at a compound
annual growth rate of 7%, up to an estimated value of $2318.1 million between the period
2025-2033 [12]. This increase is linked to the rising demand for the use of sustainable and
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renewable-derived ingredients in different sectors, including nutraceuticals, cosmetics and
advanced biomaterials for therapeutic applications.

Pectin has been efficiently extracted from FVWs using different extraction techniques,
emphasizing the need for further research into more sustainable sources that can be explored
for pectin extraction. The commonly used sources include apple pomace, citrus peels, and
others such as potato peels, sugar beet roots pulp, mango peels, carrot pomace, banana peels,
and watermelon peels [13]. Thus, utilizing these materials is aligned with sustainable goals
and supports the development of circular bioproduct systems. A summary of the valuable
sources explored from which pectin can be extracted, and their corresponding yields, is
presented below.

Table 1. Pectin’s sources and extraction yield from different agro-food industrial wastes

source type of waste Yield (%) | Ref.
apple pomace 2-19 [14]
banana peels 2-15 [15]
carrots pomace 7-19 [16]
citrus peel, pulp, pips 6-26 [17]
grapefruit peels 13-32 [18]
mango peels 9-29 [19]
+ | passion fruit | peel 4-70 [20]
£ | peach pomace 4-18 [16][21]
chickpeas husk 8 [17][22]
potato pulp 5-10 [18][23]
o | pumpkin pulp 7-22 [19][24]
S | sugar beet pulp 4-16 [21][25]
o | sunflower head 10-11 [22][26]
O | tomatoes skin, seed and pulp 15-36 [23][27]

Building on the growing industrial applications of pectin, understanding its structure and its
relationship to its functionality is crucial for tailoring its properties to targeted applications.
Pectin is an acidic and structurally complex heteropolysaccharide made up of poly-a-(1,4)-
linked D-galacturonic acid (GalA) units. The molecular architecture consists of distinct
domains, including homogalacturonan (HQG), (RG-I) and
rhamnogalacturonan-II (RG-II), and xylogalacturonan (XGA) regions [28].

rhamnogalacturonan-I

HG represents a linear, ‘smooth’ region of the polymer backbone composed of poly-a- (1,4)
of D-GalA units that are either partially methyl esterified or acetylated [29]. The proportion
of methyl-esterified units of the HG to the total carboxylic acid units is referred to as the
degree of esterification (DE). DE and molecular weight (Mw) influence the functional
properties of pectin, such as gel formation behaviour. Based on DE, pectin is categorized as
high methoxyl pectin (HMP) with DE above 50% and as low methoxyl pectin (LMP) with
DE below 50% [30].
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RG-I is characterized by an alternating unit of a-(1,4)-D-GalA and a-(1,2)-L-rhamnose
(Rha) with most side chains attached to the Rha units. The rhamnose units are 20-80%
substituted by neutral oligosaccharides, including arabinose, furanose, and galactose,
forming a branched or ‘hairy’ region [31]. Moreover, these side chains may contain units
such as fucose, glucopyranose, and 4-O-methyl-B-glucopyranose as their terminal residue
[28].

Hairy region Smooth region Hairy region
RG 11 HG XGA RG1
,ﬁm—Rha
1“}.1(:
Gal Gal Ara
Alce A Gal Ata
tha Gfﬂ Ara
A \
A}n ? . Xyl Xyl Xyl ('Ia' Xyl Aga
(jalA—j:'ra lA—Lﬁn lA—(jalA—(}alA—GilA-(ja]_A—Ga 1A—Gj|lA—Gai_A—(}a lA»(_ialA—Ga!_A—(i}a lA—(jnlA—GalA—('Sa lA—TalA—lﬁha—(]jal A —Rhaf&ifl A-Rha-GalA-Rha-GalA-
O Api *l o o \ Xyl e} Gfll o o
Rha Gal
Fpe-Xyl il COOH Ci.a]
| G.‘dl
Gal Glal
Gal
\ - /
GalA=D-Galacturonic acid Xyl=D-Xylose RG II=Rhamnogalacturoronan II
Rha=L-Rhamnose Gal=D-Galactose RG I=Rhamnogalacturoronan I
Ara=L-Arabinose Fuc=L-Fucose HG=Homogalacturoronan
Api=D-Apiose Ace A=L-Aceric acid XGA=Xylogalacturonan
Glu A=D-Glucuronic acid o =o0-Acetyl
Gal=L-Galactose ® =¢-Methyl

Figure 1. The Schematic structure of pectin

RG-II represents the structurally complex and highly branched region that covers a small
backbone region consisting of a-(1,4)-linked D-GalA units and the side chains
predominantly composed of galactose, fucose. Sometimes it consists of D-glucuronic acid,
D-apiose, L-aceric acids, and arabino furanose. Xylogalacturonan (XGA) is a less complex
region composed of many side chains of xylose, which are attached to the main pectin
backbone. RG II and XGA, similar to RG-1, are classified as ‘hairy’ regions due to the side
chains attached in these regions [11].

1.2. Extraction methods of pectin

The choice of method to be used for the extraction process is very important as it directly
influences the structural properties of the pectin. The extraction process of pectin is primarily
dependent on and controlled by the principles of mass transfer, relying on the hydrolysis of
protopectin and subsequent solubilization of pectin [32]. This process is influenced by
several process variables, among which pH is one of the critical factors that significantly
affects pectin yield. A low pH is preferred as it facilitates the conversion of protopectin to
pectin through the hydrolysis process. Other variables include temperature, extraction time,
type of solvent, and solid-liquid ratio [33].

Extraction techniques are generally categorized into conventional techniques, commonly
including acidic and alkaline extraction under high temperature, followed by alcoholic
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precipitation, and novel or alternative techniques. Acidic extraction typically offers pectin
with a high DE, whereas the alkaline extraction method yields pectin with lower DE due to
the saponification process occurring during alkaline extraction [33]. According to Liang et
al. [34] acid extraction of dried fig fruit resulted in a LMP enriched with galacturonic acid
units, making it preferable for industrial-scale applications. Commonly used acids include
mineral acids (sulfuric and hydrochloric acids) or organic acids (lactic or citric acids), which
are used at high temperature (60-90°C) for 1- 6 hours to hydrolyze the protein interlinked
with HMP. However, there are challenges associated with this route, including the corrosion
of the equipment from mineral acids and the difficulty in waste treatment generated during
the processing.

To overcome the drawbacks of conventional methods, such as long extraction times, several
novel techniques have been developed for pectin extraction have been explored [35]. These
include enzymatic-assisted extraction (EAE), which utilizes cellulase or protopectinases that
degrade the cell wall, thereby enabling the pectin’s release. It offers high selectivity and
preservation of functional groups, but is limited by cost, time-consuming, and enzyme prone
to deactivation. Microwave-assisted extraction (MAE) offers a short extraction time and
minimal energy use; however, it is associated with the risk of pectin degradation if conditions
are not properly optimized. Ultrasound-assisted extraction (UAE) is an efficient technique
and offers a short processing time, but it is limited when it comes to scale-up. Another
technique is subcritical water extraction (SWE). It is a green, efficient, and solvent-free
extraction technique, and the main disadvantage is the risk of compound degradation at high
temperatures and the high cost of the apparatus.

Another environmentally friendly extraction technique is natural deep eutectic solvent
(NADES. It uses natural organic solvents, such as saccharides, amino acids, and carboxylic
acids. NADES are prepared based on the specific mole ratio mixing of their components,
including choline chloride, the chosen organic acid, and mono- or disaccharide, to favour
the extraction yield [33]. NADES proved to exhibit excellent physical features and extraction
capability compared to when separate compounds would have been used, resulting in high
pectin yield. Elgharbawy et al. [36] reported a 96% yield of low methoxylated pectin sourced
from pomelo peel using NADES (choline chloride-malonic acid 1:1) compared to 37%
pectin yield obtained using malonic acid alone. But also, it was shown that a high DE (>55%)
was achieved. Freitas et al. [33] compared the enzymatic extraction and citric acid extraction
methods for pectin extraction and isolation from dried passion fruit peels. The enzymatic
extraction method (30U/ml of protopectinase, at pH of 3.0, 37 °C) yielded 258 mg of LMP
per g of dried passion fruit peel, while the citric acid (0.0416 M, 120 minutes, 78 °C, solvent
ratio=1:30 m/v) extraction method resulted in 131.8 mg of LMP per g of dry passion fruit
peel. Despite the advantages offered by the novel techniques, their application on a large
industrial scale is still challenging due to high costs and requires more optimization of
processes.
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1.3. Physicochemical features of pectin

The performance and application of pectin are primarily governed by its physicochemical
properties, which vary depending on pectin’s origin, chemical composition and structure.

1.3.1. Interfacial activity

Surface tension refers to the property of a liquid that occurs at the interface between liquid
and air due to cohesive forces between molecules. Molecules at the surface experience fewer
neighbouring interactions than those in the bulk solution, leading to higher free energy. As
a result, the liquid tends to reduce its surface area to reach a more stable, lower energy state
[37].

Pectin exhibits a unique interfacial property to modify surface tension, making it a valuable
interfacial stabilizer. This behaviour is attributed to its amphiphilic structure containing both
hydrophilic (GalA residues and sugars) and hydrophobic regions (methyl esters and acetyl
groups). When dissolved in water, pectin molecules tend to migrate and form a layer at the
interface between water and air or oil and water. At this interface, the hydrophobic groups
orient outward and hydrophilic regions remain in the aqueous phase. This molecular
arrangement displaces water molecules, reduces the interface repulsive force and lowers the
free energy [38].

The behaviour of pectin at interfaces is highly determined by intrinsic molecular factors such
as DE, Mw, and protein content. It is reported that pectin with high DE shows greater ability
to reduce surface tension at the interface between water and oil owing to the increased
presence of methyl ester groups on the GalA backbone. These hydrophobic groups enhance
the amphiphilic nature of the polymer, improving its adsorption to the oil-water phase and
resulting in more effective reduction of surface tension [39]. Proteins possess inherent
surface-activity properties due to the presence of -COOH groups, which are hydrophilic, and
non-polar amino group residues, which are hydrophobic. These structural features allow
protein adsorption at the interface and synergistically enhance interfacial activity when
together with pectin. Likewise, a high Mw.

Additionally, external parameters, such as the pectin’s concentration and pH. At higher
concentrations, more pectin molecules are available to adsorb at the interface, leading to
denser layer formation and reducing surface tension more effectively. At low pH, carboxyl
groups are protonated, making pectin more hydrophobic and enhancing surface adsorption.
In contrast, high pH deprotonates -COOH, increasing electrostatic repulsion, resulting in
weaker adsorption and lower interfacial activity [39].

1.3.2. Emulsifying activity
Emulsification is described as the process that involves applying kinetic energy to break
down large deformable droplets into smaller ones, which are dispersed in a continuous phase
that is immiscible or partially miscible. This results in the formation of new liquid interfaces,
stabilized by emulsifiers that adsorb onto the droplet surfaces, creating a steric stabilizing
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layer that prevents coalescence. The dispersion of droplet sizes depends on the rate at which
the emulsifier can stabilize the interface relative to the droplet collisions rate [40]. The
stability of the emulsion is determined by changes in droplet size over time. Therefore, key
features of an effective emulsifier include the capacity to quickly reduce interfacial tension
by adsorbing onto the oil-water interfaces and to form a stable protective layer that prevents
flocculation or coalescence [40]. Emulsion stability is primarily governed by the structural
characteristics and conformation of the emulsifying agent.

Among many polysaccharides with interesting applications in emulsions, pectin has gained
attention in many fields, including the food industry. It allows for improved food
digestibility, ease of spreading, mouthfeel and an acceptable texture [41]. Beyond its
application in the processing and packaging sector, pectin as an emulsifying agent offers the
opportunity to encapsulate bioactive compounds in cosmetics, functional foods and
pharmaceutical products. The emulsifying ability and stability of pectin mainly depend on
the molecular structure and its capacity to adsorb on the water-oil interface interface.

The pectin's ability to stabilize emulsions is mainly governed by its structural features and
conformation. The fine droplet formation and stabilization by pectin in emulsions is due to
the hydrophobic regions, mainly acetyl and methyl groups. However, according to
Ngou’emazong et al. [40] and Funami et al. [42], pectin emulsifying ability is dependent
on the protein portion as well. For such conjugates, protein plays a role as an anchor point
of oil droplets via hydrophobic groups. Further, Jia et al. [43] describe that the structural
composition and characteristics of pectin, including the neutral saccharide domain, Mw,
degree of methylation (DM), protein content, and ferulic acid moieties, have a great role in
the emulsification behaviour. Mendez et al. [44] compared the behaviour of pectin sourced
from watermelon rind and two other pectins: citrus and apples, which are commercially
available. It showed that the watermelon rind pectin had higher emulsification activity due
to the higher protein content and neutral saccharide side chains compared to commercial
ones.

1.3.3. Foamability

Foamability is referred to as the ability of substances to form a distribution or dispersion of
gas bubbles within a liquid phase. The formation of foam is contributed to by interfacial
activity and molecular flexibility of the foaming agent. When mechanical energy is applied,
such as shaking or whipping, air is incorporated into a liquid, the foaming agent adsorbs at
the air-water interface and forms a film that traps air [45][46]. This property of various
substances is useful in ensuring an appropriate texture and appearance of aerated products
in food, cosmetics, and biomedical applications.

Pectin’s foamability is highly influenced by the hydrophobic groups in its structure, which
adsorb at the interface between air and liquid. Pectin molecules form a thin, cohesive
protective film that traps air bubbles generated via shaking or vigorous mixing. This film
helps to prevent the coalescence of gas bubbles, reduces interfacial tension between bubble
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films, and induces repulsive forces that stabilize the foam. Additionally, pectin modifies the
viscosity of the solution, which slows the drainage of liquid out of thin films between gas
bubbles, further enhancing foam stability.

Similar to other properties, the foaming ability of pectin can be affected by intrinsic
molecular factors, such as Mw, neutral saccharide composition, or protein content and
extrinsic factors including temperature, pectin concentration, and pH. Pectin has shown
limited foamability; however, it can interact with proteins through electrostatic interaction
to improve the property. These interactions result in pectin-protein complexes formation that
strengthen the interfacial films, improve foam stability and increase the liquid’s ability to
trap and retain gas bubbles [45].

1.3.4. Gelling ability

Among the properties of pectin that strongly contribute to its potential in different sectors,
including food, biomedical, and cosmetics fields, is its gel-forming ability. The gelling
ability of pectin forms the basis for developing different delivery systems and, therefore,
makes it necessary for a clear understanding of pectin and its physicochemical
characterization before its application in any field.

Gelling is explained as the process that involves the formation of an interconnected 3D
network of polymer chains, such as pectin, which traps solvent to produce a semi-solid
structure from liquid, known as a gel. Pectin can form various gel structures, such as
hydrogels, which are water-swollen and flexible networks for encapsulation purposes and
allow for controlled release of bioactive materials [47]. Xerogels result from ambient drying
of hydrogels and have denser structures, while cryogels are macroporous networks resulting
from sub-zero freezing [48]. Oleogels are formed from the structuring of the oil using pectin
as a gelling agent to form a network structure [49]. Aerogels are highly porous and ultra-
lightweight materials formed by replacing the liquid component of the gels with gas without
collapsing the network structure using supercritical drying. These different structures of the
gels allow for tailored functionality.

Pectin’s gelling mechanism is driven by the chemical structure and the intermolecular forces,
including electrostatic interactions and hydrogen bonds, which hold the polysaccharide
chains entangled into a network. The structural feature of pectin that mainly defines the
gelling ability of a pectin is DE [50]. HMPs tend to form gels at low pH conditions
(carboxylic rests are protonated, thus the repulsive interactions are reduced) and high
saccharide content through hydrogen bonding and hydrophobic interactions. LMPs form
gels by ionic crosslinking via bridges from divalent ions (usually Ca*") that connect two -
COO" groups from different chains of polymer, forming the egg-box structures. This
structure is described by the junction points created through the orderly and side-by-side
connection of GalA via ionic bonding by calcium ions [50].
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Said et al. [48] described the contributions of the main regions; HG, RG-I and RG-II
structures to the gelling ability of pectin. The HG region is essential in establishing the gel
matrix and provides gel strength and stability through the linear galacturonic acid chains.
RG-I, which has the side branches of arabinose and galactose, facilitates the entanglement
and increases gel elasticity. For pectin containing both HG and RG-I regions, its gelling
property is governed by the proportion of HG to RG-I and the polymeric degree of the HG
chains. RG-II region, which is more complex and constitutes a unique pectin component,
has great crosslinking abilities and thus helps to generate stable and physically stronger
hydrogels [48]. Bu et al. [51] reported that the hydrogel with a dense network and stable
performance in a simulated digestive environment was obtained using LMP extracted from
dried hawthorn via hot water extraction. Hawthorn-derived LMP was characterized by high
GalA content (81.72%), high Mw (348.43KDa) and a suitable proportion of monosaccharide
compositions: 0.59% Rhamnose, 1.41% arabinose, 0.96% xylose and 0.19% mannose.

1.3.5. Viscosity modification ability

Viscosity describes the resistance of the fluid to flow and is influenced by internal friction
or intermolecular interaction between molecules. Various factors can hinder or promote the
free movement of molecules in a solution, thereby determining their viscosity. These include
temperature, pH, temperature, and ionic strength [52]. For example, pH alteration can alter
the ionization of -COOH groups, which in turn affects the molecular interaction and,
consequently, the resulting solution viscosity. Increasing temperature reduces viscosity
because it decreases intermolecular interaction between molecules and faster the free motion
of molecules in the solution. Ionic strength, determined by the presence of salts such as NaCl,
can shield the charge, promote the molecular aggregation and potentially increase viscosity
[53].

Pectin’s ability to modify the viscosity of solutions is influenced by its intrinsic structural
characteristics, such as Mw, surface charge and GalA content. Moelants et al. [52] described
how these different factors affect the viscoelasticity of pectin in aqueous solutions. The
reports showed that the higher Mw leads to higher viscosity because longer chains can
overlap and entangle, creating greater resistance to flow. GalA is the main component of the
HG region and is responsible for gelling and viscosity properties. GalA content also
determines the carboxyl group content present in the polymer. A higher content of GalA
increases the charge density, causing electrostatic repulsion between molecules, which
influences viscosity [54].

1.3.6. Surface charge

Surface charge represents the electrical charge of a particle suspended in a solution and is
often expressed as zeta potential ({). This property reflects the electrostatic attractive or
repulsive forces between particles and plays a significant role in evaluating the stability of
aqueous systems based on polyelectrolytes, such as pectin [55]. Zeta potential values are
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used to compare the stability of dispersed systems, where £0-10 represents nonstable, +10-
20 relatively stable, £20-30 intermediately stable, and £30mV mostly stable systems [55].

Pectin is a naturally anionic polysaccharide due to the negatively charged carboxyl group
from GalA residues. While the DE has a pronounced influence on the charge density of the
pectin backbone, it can also lead to some variations in the pectin's behaviour across different
applications [56]. LMPs have a greater proportion of free carboxyl groups than HMPs and a
stronger negative charge; thus, the electrostatic repulsion among dispersed particles is also
more pronounced compared to HMP.

Tholstrup Sejersen et al. [57] investigated some factors affecting the surface charge of pectin
by using casein aggregates from acidified milk drinks as counter ions. It was reported that
increasing pectin concentration has a direct relationship with zeta potential of the mixture;
thus, when the concentration of LMP in acidified milk drink increased, the emulsion was
more stable. However, some other parameters, such as temperature, ionic strength, and pH
can also affect the surface charge of pectin [54].

1.4. Applications of pectin

Pectin has found applications in many different areas, including food and beverages, food
packaging, the biomedical field, and the environmental field [48]. The wide application of
pectin is attributed to its desirable features, including biocompatibility, biodegradability, and
the capacity to form different structures, such as hydrogels, microcapsules, and films [13]
[58].
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Figure 2. Different applications of pectin in food, packaging, biomedical and environmental sectors.
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In food and beverages, pectin is mostly explored as a gelling, emulsifying, and stabilizing
agent, imparting the viscosity of different food products. A low methylated and amidated
citrus pectin was applied as a food additive in the production of a low-calorie jam, helping
in the management of type-2 diabetes [13]. A low methoxylated pectin from okra is applied
as a food polysaccharide emulsifier in the preparation of food-grade emulsions, including
drinks from fruits or milk products [59].

Pectin is applied in food packaging, attributed to its strong water-holding capacity, as its
incorporation in the protective films for vegetables and fruits has improved water barrier
activity, thereby prolonging their shelf life [48]. LMP extracted from citrus fruit was used to
develop films incorporated with clove bud essential oils. These films exhibited good
antioxidant and antimicrobial activity [60]. Moreover, hydrogel coatings have proven their
ability in protecting fresh food from deterioration as they serve as a semi-permeable barrier
against microbes and enzymes, hence reducing water loss from fresh food. LMP extracted
from apple waste was used to formulate hydrogel-based coatings, which have been shown
to preserve carrots by preventing the accumulation of flavonoids and lignin precursors
responsible for undesirable flavors, as reported by Ranjitha et al. [61].

As a biopolymer in biomedical and pharmaceutical applications, pectin has been shown to
have health benefits when explored for application in drug delivery systems, wound healing,
reduction of cholesterol, and the development of membranes used for artificial organs such
as corneas, catheters, and contact lenses [58]. The mucoadhesive properties of commercial
pectin (LMP and HMP) used in microcarriers allow for longer residence time at the site of
drug absorption. Moreover, its degradation by an enzyme in the colon allows for targeted
oral delivery, particularly colon-specific drugs that are prone to degradation in harsh gastric
fluid.

Pectin can also be used as a naturally derived biosorbent for heavy metals remediation in
contaminated environments and wastewater. Its adsorption efficiency depends on the source,
the amount of free carboxyl groups, and hydroxyl groups. Several research studies reported
a high affinity of HMP sourced from sugar beet pulp for the removal of Pb*" and Cu** [62].

1.5. Pectin-based microparticles
1.5.1. Microparticles and their biomedical significance.

The growing interest in micro-technologies in different fields, including biomedical and
pharmaceutical, has significantly influenced research on the development of polymeric-
based microparticles for therapeutic applications. Microcarriers are useful for drug delivery
to the targeted region in the body, and these systems offer several advantages, such as
sustained drug release, reduced risk of drug-induced side effects and toxicity, minimizing
the drug dosage and administration frequency, increased absorption and bioavailability, and
making it easy to transport the drug to the difficult-to-access sites [63].
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Various drug delivery systems have been fabricated and tested both in vivo and in vitro for
the drug delivery pathways such as nasal, vaginal, ocular, oral and transdermal. In the
fabrication, biopolymers like polysaccharides such as alginate, starch, pectin, chitosan,
cellulose derivatives, and dextran have gained attention due to their interesting features [64].
The major advantage of polysaccharides is the ability to form a 3D crosslinked network that
allows entrapment of the bioactive compounds and facilitates the controlled release and
degree of flexibility [63].

Among these polysaccharides, alginate is mostly used for the design of microcarriers due to
its low cost, hydrophilicity and elasticity. Alginate is a linear copolymer made up of
alternating B-(1,4)-D-mannuronic acid and a-(1,4)-L-guluronic acid units [65]. It can be
applied singly or combined with other polymers, forming a complex structure for
encapsulation. To improve the structural integrity, stability, and functionality of
microcarriers, additional layers of polymer can be added as a coating layer through a
technique referred to as layer-by-layer (LbL) coating. This technique involves the sequential
deposition of a charged polymer on the surface of pre-encapsulated microparticles such as
chitosan. The layering of polyelectrolytes may be expanded into multiple coatings to provide
the required features for the delivery system. In oral delivery systems, this multilayered
nature of microparticles helps to avoid early degradation in the gastrointestinal phase,
improve muco-adhesion, and avoid the burst effect. Moreover, the L-b-L approach can
incorporate the stimuli-sensitive layers that improve the control of drug release kinetics at
the targeted region [63].

1.5.2. Microparticle fabrication and characterization techniques.

There are different techniques, both physical and chemical, that are employed in the
formulation of drug-encapsulated microparticles. Some main techniques employed are:

e covalent crosslinking that involves the use of chemical agents such as glutaraldehyde
or genipin, which are used to form a stable covalent bond between the polymeric
chains, enhancing the mechanical strength and stability of the microparticles [66].

e polyelectrolyte complexation is a chemical technique that involves mixing a
polyanionic polymer solution with a polycationic polymer solution, allowing for
electrostatic interaction between them and forming PECs under mild conditions. It is
mostly applied to sensitive compounds [65].

e solvent evaporation involves the formation of water dispersed in oil (W/O) or oil
dispersed in water (O/W) emulsion through mixing a drug-polymer solution with the
oil phase and a surfactant during the initial stage. The technique is followed by
solvent evaporation, allowing the formation of microparticles. This technique is
preferred for both hydrophilic and hydrophobic drugs, depending on the type of
emulsion formed [67].

e ionic gelation allows for crosslinking between ionic polymer chains and multivalent
ions to form a solid particle; this technique involves incorporation of a (usually)
hydrophilic drug into polymer bulk and allowing gelation to occur upon contact with
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appropriate ions, i.e. sodium alginate crosslinks with calcium ions to form a hydrogel
matrix [63].

e spray drying provides microparticles using a drug-polymer solution sprayed through
a nozzle into a hot chamber, allowing for a faster evaporation of solvent, resulting in
the formation of dry microparticles. This technique is not suitable for heat-sensitive
bioactive compounds [68,69].

e cmulsion technique involves dispersing a drug-polymer solution in an immiscible
continuous phase to form an emulsion which is then solidified. Single emulsion
(O/W) is mostly applied for the hydrophobic drugs, while double emulsion (W/O/W)
involves an aqueous drug solution emulsified in a polymer-organic phase, which is
then re-emulsified into a second aqueous phase. The removal of solvent follows,
leading to microparticle formation [66].

e complex coacervation depends on the phase separation between the oppositely
charged polymers (polyelectrolytes) in a solution. The polymer tends to associate and
form a polymer concentrated phase referred to as a coacervate that can encapsulate
the active compound within it [69].

e microfluidic technique involves pushing polymer/drug solution through the micro-
channel device into highly uniform microdroplets, which are further solidified into
microparticles [69].

e polymerization is mostly used for converting emulsion droplets into microparticles.
It involves the addition of monomers or oligomers to the dispersed phase together
with appropriate initiators, such as thermal or photo initiators. Thermal
polymerization can affect the bioactivity of the molecules and can also cause an
unstable emulsion, which may coalesce before solidification; thus, it’s a less
preferred initiator [66].

Characterization of microparticles is necessary to evaluate the efficiency of the microparticle
fabrication technique and the performance of the microparticles in terms of both drug
encapsulation and release profile. Through this evaluation, microparticles can either be
verified for applications in drug delivery or allowed for a more optimized process to improve
the microparticles' efficiency for a tailored application. The characterization of these
microparticles involves the study of their morphology, size, stability, and porosity using
different analytical techniques [70].

Optical microscopy is used for observing general particle shape and size, providing a quick
assessment of microparticle uniformity and giving information about the fabrication process
if it needs some optimization. A scanning electron microscope (SEM) provides a high
resolution of microparticle surface morphology and size. This helps to analyze the surface
roughness, porosity and integrity, which are important for understanding their interaction
with biological tissues as well as the release kinetics. The FTIR technique is used for the
identification and analysis of the chemical functional groups to confirm the crosslinking
between polymers during the fabrication and structural stability of microparticles under
different stages of simulated conditions. It gives information on the mechanical strength,
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stability and possibility of microparticles degradation, which influences its performance in
drug delivery applications. UV-Vis spectrophotometric techniques are used for both
determining the amount of drug or bioactive compounds encapsulated during the
development of microparticles and determining the amount of drug release in vitro at specific
time points based on absorbance under simulated conditions. Important for revealing the
release kinetics profile and indicating how effective the microparticles are as carriers.
Assessing the stability and behaviour of microparticles in different simulated conditions is
performed using the swelling index by measuring changes in their weight upon immersion
into the tested solutions. This study provides insight into the stability, permeability and pH
responsiveness of microparticles under simulated conditions. The X-ray diffraction method
is used for the study of the internal phase composition and crystallinity of the microcarriers.
It helps to understand the nature of microparticles, which can affect the drug dissolution rate
as well as the bioavailability of the drug. Moreover, enzymatic or thermal degradation tests
may be conducted on microparticles under various enzymes or elevated temperatures. It
reflects the microparticles’ biodegradability and suitability for targeted delivery [70] [71].

1.5.3. Drug-release behaviour of pectin-based microparticles

Controlled and sustained drug release is a desirable feature when developing microparticles
for drug delivery to avoid drug concentration fluctuation in the patient and improve
therapeutic efficacy in the biomedical field. To ensure this, there are several factors to be
considered during the fabrication of drug delivery systems, including properties of the
encapsulated compound, such as solubility, properties of the polymeric matrix, such as
viscosity, porosity, the interaction between matrix and compound, and external conditions,
including temperature, pH, enzyme, and ionic strength effects on the microparticles [72].
Moreover, microparticles' release behaviour relies on different mechanisms, including
diffusion, dissolution, erosion, swelling, and osmotic pressure [73].

Studies on pectin-based microcarriers under simulated conditions of the oral digestive tract
have demonstrated the great potential of pectin application in a delivery system. It is reported
that gels formed using LMP extracted from lime peels tend to swell when exposed to the
medium of the gastric fluids and adhere to the stomach epithelium cells before digestion
begins [74]. This adherence prolongs the residence time and provides benefit for the delivery
of drugs or supplements in the stomach that are related to the treatment of gastric disorders
and weight loss.

Paharia et al. [75] report that LMP showed stability against degradation by gastrointestinal
enzymes such as proteases, amylases, and microflora in the intestine, making it potentially
suitable for the delivery of colon-targeted drugs. Despite the successful delivery of 5-
fluorouracil-loaded, Eudragit-coated pectin microspheres have been reported, challenges
like swelling in aqueous conditions and a minimal leakage of drug in the gastrointestinal
tract were reported. The use of divalent ions such as Ca®" and co-mixing pectin with other
polysaccharides has been recommended to form a stronger matrix for this application. In
another study, Shishir et al. [76] reported on LMP-chitosan conjugated liposomes as a
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delivery system of neohesperidin. The results indicated that combining chitosan and LMP
from citrus peel provides better protection of the nano liposomal membrane from
gastrointestinal degradation in comparison to the use of chitosan alone, improving the
controlled release of the neohesperidin in the colon. Approximately 72% and 78% of the
neohesperidin were protected from degradation during the gastric and intestinal phases,
respectively. It demonstrates pectin’s role in enhancing the stability of liposomes from
degradation under gastric conditions.
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2. Aim and scope

This study aims to investigate the physicochemical properties of carrot root pomace pectin
(CRPP) and assess its suitability as a building material for oral delivery systems of bioactive
compounds.

The scope of this study is:

e to characterize CRPP physicochemical properties under varying pH, concentration
and ionic strength conditions.

e to fabricate CRPP-coated microcarriers and assess their encapsulation efficiency,
morphology, structural integrity, and release profile under simulated conditions of
four-stages gastrointestinal tract.
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3. Methodology
3.1. Materials and chemicals

Crude carrot root pomace pectin (cCCRPP) was provided by Aleksandra Mazurek-Hotys,
MSc, from the Bioproducts Technology Lab, Faculty of Chemistry, Wroctaw University of
Science and Technology. Low methoxylated commercial pectin (CP) from Sigma Aldrich
(Poland) was used as a control reference.

Reagents used in the research:

e o-amylase from Bacillus sp.

e baicalin

e bile salts

e chitosan (CHIT)

e aweak anionic exchange resin A

e cthylenediaminetetraacetic acid (EDTA)
e maleic anhydride

e MCT oil food grade

e sodium alginate (NaALG) of medium viscosity
e porcine gastric mucosa-derived pepsin

e sodium dodecyl sulphate (SDS)

e Trizma® base

Organic and inorganic acids, iron chloride (III) hexahydrate, inorganic salts, calcium
chloride and hydroxides were analytical-grade chemicals.

3.2. Purification of crude CRPP
3.2.1. lon exchange chromatography (IEC)

A weak anionic exchange resin A was pre-activated by swelling in distilled water, gently
stirred, and left to sediment for about an hour before decantation. The resin was treated with
HCI for 45 min, rinsed with de-ionized water, then treated with NaOH, and rinsed using
distilled water until a pH = 6 was reached.

A small amount of cCRPP was dissolved in distilled water was prepared and stirred until
completely dissolved. The solution was then slightly heated and ultrasonicated for some
minutes in 3 cycles to enhance dissolution. The solution was vacuum filtered, and the filtrate
was mixed with activated weak anionic exchange resin. CRPP was eluted using NaCl
concentration gradient. CRPP eluate was concentrated by evaporating water using a rotary
evaporator (Ika Rotavisc, Poland).
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3.2.2. Dialysis of the CRPP

The dialysis membrane (Spectra/Por 2, Roth, Poland) was pretreated by boiling in distilled
water with a small amount of EDTA dissolved, followed by flushing with boiling distilled
water. CRPP after IEC was dialyzed against distilled water, changed every 12 hours. The
dialysis continued until the conductivity of the water matched that of distilled water. After
dialysis, the CRPP water was evaporated from the sample under reduced pressure by rotary
evaporation to dryness. The recovered sample was further dried using a moisture analyzer
(MB-27, OHAUS, Switzerland) to determine the final weight of CRPP. The CRPP recovery
(Rcrep) was calculated using equation 1.

Rcrep = 2—; * 100% Eqgn. 1

where m is the weight of the purified and dried CRPP (g) and mo is the weight of cCRPP
(g). The purified CRPP was used for all measurements and fabrication of microparticles.
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Figure 3. schematic description of CRPP purification steps

3.3.Physicochemical characterization of CRPP
3.3.1. Measurements of surface tension

The surface tension of CRPP and SDS (as a reference) solutions at concentrations of 0.001-
1 mg/ml was measured at room temperature using a Wilhelmy balance plate method under
varying conditions of ionic strength (0.001-1 M NaCl) and pH 3 - 8. The mass was noted
before submerging and after partially submerging the plate in a 25 ml solution. The surface
tension (y) of CRPP and SDS solutions was calculated using equation 2.

__ (mx-mo)xg

= (mN/m) Eqn. 2
where mx is the mass of the plate submerged in solution, mo is the mass of the plate before
submerging, g is the gravity, | is the circumference of the plate, and d is the thickness of the
plate.
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3.3.2. Measurements of foaming ability

Solutions of CRPP and SDS (as a reference) at 0.001-1 mg/ml concentration were poured
into a glass cylinder and subjected to high-speed rotor-stator homogenization (X120, CAT,
Germany) at the highest speed as described by Bayar et al. [77]. Foaming study of CRPP
and SDS was conducted under varying conditions of ionic strength (0.001-1 M NaCl) and
pH 3 — 8. The formed foam was measured after 30 seconds for 2 minutes. The foam
capability (FC) and the foam stability (FS) parameters for pectin were calculated using
equations 3 and 4, respectively

FC(%) = ==+ 100 Eqn.3
FS(%) = ==+ 100 Eqn.4

where Hy is the height after 30 seconds, Hy is the height after 1 or 2 minutes, and Ho is the
initial height of the solution before homogenization.

3.3.3. Measurements of emulsification property

Emulsions of the Oil in water (O/W) were prepared using MCT oil with 0.5 - 2 % CRPP or
CP solution (as a reference). The oil phase was finely dispersed using a homogenizator
(X120 model, CAT, Poland) at the highest speed for 5 minutes, and measurements were
done for 6 days at room temperature. Emulsification was assessed qualitatively based on
whether there was phase separation and quantitatively by measuring the height of the
emulsified layer over time.

3.3.4. Determination of zeta potential

Surface charge of CRPP and CP (as reference) solutions at concentrations of 0.001-1 mg/ml
were measured under varying conditions of ionic strength (0.001-1 M NaCl) and a pH range
of 3 - 8. A small amount of each sample was transferred into a folded capillary zeta cells and
the electrophoretic mobility of pectin was determined using a zeta potential and particle size
analyzer (Zetasizer Ultra, Malvern Instruments, United Kingdom). The results were
expressed as zeta potential (C).

3.3.5. Viscosity property

A small volume of CRPP and CP (as reference) solution (0.001-1 mg/ml) was transferred
into a glass beaker. A digital rotational viscometer (Rotavisc lo-vi, IKA Germany) equipped
with an S-9 spindle was used to measure the viscosity at the lowest rotating speed for a
minute.
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3.3.6. Gelling properties

Small volumes of 0.11 mg/ml of CRPP and 1 mg/ml CP (as reference) solutions were
prepared, and their initial viscosities were measured using a digital rotational viscometer
(Rotavisc lo-vi, IKA Germany) at room temperature. Next, a cumulative volume of 10 ml
was added stepwise in increments ranging from 100ul to 1 ml using 1M solutions of divalent
ion (Reagent B) and trivalent ion (Reagent C) ions, homogenized (X120, CAT, Poland) at
the lowest speed for 3 minutes, followed by some minutes to equilibrate. The viscosities of
pectin solutions were then measured again.

3.3.7. CRPP resistance under stimulated conditions of the 4-stage gastrointestinal tract

A small amount of CRPP was dissolved in distilled water and stirred overnight. Each fluid
simulating different parts of the gastrointestinal tract was added separately in 1:1 (v/v):
simulated saliva (SSC) at pH=6.7, 10 min, simulated gastric fluid (SGC) at pH=2, 2h,
simulated intestinal fluid (SIC) at pH=6.5, 4h, and simulated colon fluid (SCC) at pH=7.8,
4h. In each fluid, CRPP was kept under stirring at 37 °C. After treatments, dialysis of the
samples was performed and then dried. Structural stability of native and treated CRPP was
analyzed using FTIR spectroscopy with an ATR device (IRSpirit, Shimadzu, Japan). The
spectra were recorded at a specified frequency range and resolution.

3.4.Application of CRPP for baicalin-loaded microparticles
3.4.1. Fabrication of the CRPP-coated baicalin-loaded microparticles

A small volume of NaALG solution was combined with baicalin to obtain a suspension. The
mixture was loaded into a syringe with a 25-gauge needle, and the solution was dripped into
CaCl; solution using a syringe pump (Ascor Med, Poland) at a defined flow rate. The formed
microspheres were allowed to cure at room temperature while stirring for 90 minutes, filtered
and thoroughly rinsed with distilled water and dried under 4°C for 48 h to obtain NaALG
microparticles. The freshly prepared NaALG microparticles were immersed in CHIT
solution (prepared in glacial acetic acid) and gently stirred for 15 minutes at room
temperature. The microspheres were filtered and thoroughly rinsed with distilled water to
remove any unadsorbed polymer to obtain the NaALG/CHIT microparticles. Subsequently,
the NaALG/CHIT microparticles were soaked in CRPP solution under the same conditions.
After filtration and thoroughly rinsing with distilled water to eliminate excess polymer that
was not adsorbed, the final NaALG/CHIT/CRPP microparticles were obtained.

3.4.2. Characterization of baicalin-loaded microparticles

An optical microscope (Achios X, Euromex, Netherlands) was employed to observe the
shape and size of the microparticles at magnification ranging between x4-10x. The surface
morphology was examined using a scanning electron microscope (SEM) (JSM-6601LV,
JEOL, Japan) at specified accelerating voltage and magnification ranging between 40 —
1500x magnification. The size of the microspheres was calculated using Image J software



29

1.52V (National Institute of Health, USA) from 100 randomly selected microspheres for
each formulation placed on the watching glass.

EE% was determined using a UV-Vis microplate reader (SpectrostarNano, Biogenet,
Poland) at a wavelength of 338 nm. Mass of the unencapsulated baicalin remaining in the
solution after the formation of the microparticles was estimated using a calibration curve
prepared for baicalin at different concentrations (0 - 10 ug/ml). EE was calculated using Eqn
5.

mo—mb

EE(%) = x100% Eqn.5

mo
Where EE% is the encapsulation efficiency, mo is the initial mass of the baicalin used, and
mb is the mass of baicalin remaining unencapsulated in the solution after microparticle
formation.

The physical stability of the microparticles under simulated gastrointestinal conditions was
assessed by immersing microparticles sequentially in SSC for 10 min, in SGC for 2 h, in SIC
for 4 h, and in SCC for 4 h, with gentle stirring at 37 °C. At designated time points,
microparticles were removed from the liquid, rinsed using distilled water, drained to remove
excess water and then weighed. The swelling index was calculated using equation 6.

WI-W0

Swelling index (SI)= o

Eqn.6

Where Wi is the weight of the swollen microparticles after being subjected to simulated fluid
conditions, and Wy is the initial weight of the microparticle.

3.4.3. Determination of in vitro release profile under gastrointestinal conditions

A defined quantity of microspheres was sequentially immersed in 10 ml of solutions of
simulated digestive conditions, starting with SSC, followed by SGC, SIC, and finally SCC,
at 37 °C with gentle stirring and specific conditions for 10, 120, 240 minutes and overnight,
respectively. Following each stage, microspheres were filtered, well rinsed with distilled
water and transferred to the next simulated fluid condition. During each stage, small volume
of the samples was collected at a specific time interval and substituted with an equal volume
of fresh solution. The collected sample was mixed with NaOH in a 1:1 (v/v) ratio,
centrifuged (minicentrifuge, neoLab, Germany) for 3 minutes at 5000 rpm and small volume
of the supernatant was transferred to a well of 96 well microplate for the UV-Vis
spectrophotometric (A = 338 nm) (SpectrostarNano, Biogenet, Poland) analysis to determine
the amount of baicalin released. The cumulative release (CR) of baicalin at each stage was
calculated using equation 7.

CR (%)=Z—Ex100% Eqn.7
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Where mb is the amount of baicalin released up to a given time, and mo is the total amount
of baicalin released throughout the experiment.

3.5.Statistical analysis

The measurements were performed at least in triplicate, and the mean+SD was calculated
using Origin Pro 8.5 software. For drawing, MATLAB R2024a software and Origin Pro 8.5
were used. Statistical significance was evaluated using ANOVA analysis and followed by
the Tukey test when required at p < 0.05.
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Figure 4. Schematic representation of experimental procedures for the fabrication and characterization of
microparticles
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4. Results and Discussion

Pectin has gained interest in the fabrication of drug delivery systems due to its
biocompatibility, non-toxicity, and its resistance to degradation by digestive fluid conditions
such as the acidic conditions in the gastric. These attractive features make it a suitable
candidate, particularly in the delivery of colon-targeted drugs. Pectin, used during studies,
was extracted from CRP, and this study focused on studying the physicochemical properties
and application in an oral drug delivery system.

cCRPP was subjected to purification using IEC to remove phenolic compounds, followed
by dialysis to remove reagent A until the conductivity matches that of distilled water. High
recovery yield of CRPP was obtained more than 60 % and the purified CRPP appeared white
and bright in colour compared to cCRPP. CRPP was identified as LMP, with a degree of
acetylation (DAc) below 10% and Mw, 64KDa [78]. The purified CRPP was then used to
study various physicochemical properties and the design of microparticles described in this
study. Control references used were commercial pectin (CP), a LMP extracted from apple
with low DE <8% and high GalA content >74% and sodium dodecyl sulphate (SDS), a well-
known surfactant, which possesses a hydrophobic dodecyl chain (12 carbons) and a
hydrophilic sulphate group.

4.1.Surface tension (y) properties

The y of the CRPP solution at 0.001-1 mg/ml was evaluated. Similar conditions of
concentration and ionic strength were applied for SDS as a control reference. The surface
tension of distilled water was measured as 70.444+4.7 mN/m. As shown in Figure 5, both
SDS and CRPP exhibited the ability to reduce surface tension more as the concentration
increased.

At their native pH (Figure 5C and D), a 22.1% decrease in y was achieved with 1mg/ml
CRPP, while SDS at the same concentration resulted in a 50.9% decrease, compared to the
surface tension of distilled water. CRPP demonstrated surface activity (low decrease of
surface tension) even at the lowest concentration (0.001mg/ml) indicating strong interfacial
activity.

Although CRPP exhibited a different trend from the literature, its surface activity was
statistically significantly (p<0.05) affected by the NaCl, as noticeable reductions were
observed. The ability to reduce the surface tension even at its lowest concentration proves
its potential in various applications. In all cases, the lowest concentration (0.001 mg/ml) of
CRPP and SDS and in some cases, 0.01 mg/ml of CRPP, showed inconsistency, possibly
due to very dilute concentration, which may limit its adsorption at the interface. Although
there is no clear explanation, it is reported that variation in LMP ability to lower the surface
tension at the liquid-air interface may arise from concentration as well as the origin of the
pectin. Additionally, it was reported that higher esterification enhances the surface activity
[79][80].
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CRPP's surface activity is attributed to hydrophobic functional groups within it, including
acetyl groups and methyl esters that adsorb at the interface between air and water. These
hydrophobic groups replace water molecules at the surface, reducing the repulsive force and
facilitating the lowering of the surface tension [81]. Even though CRPP is extremely low
methylated pectin, it exhibited a significant reduction in surface tension of the solution when
dissolved in water, when compared to distilled water.
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Figure 5. The surface tension (y) plots of CRPP (B, C) and SDS (A, D) under varying pH and ionic strength.

As the pH of the solution increased, the CRPP surface tension increased at all CRPP
concentrations except 0.001mg/ml, which slightly deviated above pH=6 (Figure 5C). The
observed behaviour is due to the increasing ionization of -COOH to hydrophilic carboxylate
(-COQO) as the pH increases. These -COO™ remain along the pectin backbone and prevent it
from adsorbing at the surface, reducing the CRPPs' ability to lower the surface tension.

As the NaCl concentration in the solution increased, SDS (Figure 5A) showed a noticeable
decrease in y. CRPP (Figure 5B) at 1 and 0.1 mg/ml also showed a decrease in y as NaCl
increased from 0.001 to 0.1 M. A slight increase at 1 M was noticed for 0.1 and 1 mg/ml
CRPP. In contrast, 0.001 and 0.01 mg/ml of CRPP, an irregular trend with no clear trend
was observed. Jelena Surlan et al. [82] reported a different trend regarding the influence of
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NaCl on the surface tension of sugar beet pectin. At 5g/L in the absence of NaCl, the surface
tension decreased from 62.5 to 44.2 mN/m, whereas at the same concentration in the
presence of 10g/l of NaCl, it only decreased to 54.5 mN/m. This pectin behaviour may be
due to interactions between Na" ions and carboxylate moieties of pectin chains, altering their
hydrophobic interactions. At their higher concentration, Na* ions hide the hydrophobic
group within the macromolecule, resulting in fewer hydrophobic groups available at the
interface and hence, a weaker reduction in surface tension [82].

4.2 Foaming ability properties

The foamability of CRPP and SDS was evaluated at different concentrations across pH 3-8
and ionic strength using NaCl (0.001 to 1 M). Foamability was characterized by measuring
the height of the foam formed after vigorous homogenization after 30, 60, 90 and 120
seconds. The findings are summarized in Figure 6 and 7.

20 I o 007 mg/ml CRPP 300 | . 0.001 mg/mI SDS
I 0.01 mg/ml CRPP _8.?1 m?lrlnlsilgs
[C""70.1 mg/ml CRPP 250 |2 .1 mg/m
15 || 1 mg/ml CRPP B 1 mg/ml SDS
200
a2 2
© 10 o 150
= [
100
5t ]
50
0
103 107 107 10° 1073 102 10 10°
log (NaCl Conc., M) log (NaCl Conc., M)

Figure 6. The Foam capability (FC%) plots of CRPP (A) and SDS (B) under ionic strength

For CRPP, foams were formed only at 1 mg/ml (5.46+0.06%) in the native solution without
salt. Under ionic strength, as shown in Figure 6A, the foamability of CRPP at 0.001 mg/ml
increased almost twice as the NaCl concentration increased from 0.001M to 1M NacCl at the
same concentration. However, foamability was lowest at 1 mg/ml of CRPP with 1M NaCl,
suggesting the presence of high salt concentration hinders the CRPP foaming ability.

In contrast, SDS achieved a higher FC% (185.31+0.64%) in the absence of NaCl at 1mg/ml
and decreased as the SDS concentration decreased, with no foam observed at 0.001 mg/ml.
In solutions with NaCl (Figure 6B), FC of SDS increased at lower NaCl concentration (0.001
and 0.01M), especially at 0.01, 0.1 mg/ml SDS. At higher NaCl concentration, a drop in
foamability was observed, although the FC remained higher compared to the solution
without NaCl. This suggests the presence of moderate salts enhances foam formation of
anionic surfactants, while an excess amount of salts diminishes the foamability.
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The stability of foam over time was determined after 120 seconds and is represented in
Figure 7. The foams formed with CRPP were generally unstable and rapidly decreased over
time. At 0.001 mg/ml CRPP, the highest decrease at 0.001M NaCl was noted compared to
the foamability measured soon after the test. At the same concentration, but with 1 M NaCl,
a low decrease was determined after 120 seconds, suggesting an improvement, but overall
stability remained low.
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Figure 7. The Foam stability (FS%) of CRPP (B) and CP (A) at 0.001-1mg/ml concentrations under ionic
strength was measured after 120 seconds.

For SDS, the FS was much greater compared to CRPP throughout all the concentrations,
especially at lower concentrations of NaCl. In solutions of 1M NacCl, a 1.9 % decrease in
formability over time was achieved, while at native SDS concentration(1mg/ml), a decrease
of 3.8 % was obtained after 120 seconds. These findings can be explained as the foamability
and stability at lower salt concentration are due to a reduction in electrostatic repulsion of
the molecules at the interface, which allows the higher packing of the molecules, promoting
efficient foaming as it reduces the energy required for foam formation. It also reduces the
surface tension on the bubble film, which reduces coalescence [83]. However, at high
concentrations of salt, the surface tension reduction is much greater and causes the molecules
to aggregate in the bulk before reaching the interface, which hinders proper packaging and
therefore reduces both formability and stability [84]. As stated, CRPP has a low Dac, which
indicates very low hydrophobicity. This supports the results obtained, showing that SDS, a
well-known surfactant, had a better foamability than CRPP.

4.3.Emulsification properties

The emulsification properties of CRPP and CP at different concentrations (0.5-2%) were
evaluated for 6 days, and the measurement of the emulsified layer height throughout the
study period was recorded as shown in Table 2. The emulsification activity (EA) was not
calculated because the volume of the emulsions prepared and the vial sizes used were not
uniform. Therefore, emulsification was assessed qualitatively based on whether there was
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phase separation and quantitatively by measuring the height of the emulsified layer over
time.

For CRPP, an improvement in emulsion stabilization was observed as the concentration
increased. However, none of the concentrations were able to form a fully stable emulsion
without layer formation. Two-phase separation was consistently observed throughout the six
days, as shown in Table 2. The highest stabilization was recorded at 2% CRPP, where the
low amount of creaming (top) layer was observed over six days. Both 0.5 and 1% CRPP
showed a similar creaming layer height, which is higher than 2%(w/v) CRPP. Despite the
lack of a statistically significant difference in the height of the creamy layer (p<0.05),
observation of the bottom phase (Figure 8) showed that the emulsion containing 2% CRPP
concentration appeared more opaque than the emulsion at lower CRPP concentrations. Also,
CP emulsions were thicker than CRPP emulsions. As the CRPP concentration decreased, the
bottom layer appeared increasingly transparent, indicating reduced emulsifying capacity.
This suggests that higher concentration may enhance emulsion stability by lowering the
surface tension at the oil-water interface more effectively than lower concentration, thereby
minimizing droplet collisions and preventing phase separation. A similar behaviour was
demonstrated with CP.

Table 2. The height of the emulsified (creamy) layer during emulsification over six days for different
concentrations of CRPP and CP

Sample CRPP Cp

Days 0.5%w/v 1%w/v 2%w/v 0.5%w/v 1%w/v 2%w/v
H=1.8cm H=19cm H=19cm H=3.3cm H=3.2cm H=3.3cm

Height of the top layer (creamy layer), cm

1 0.2 0.3 0.2 0.5 0.5 0.0
2 0.3 0.3 0.3 0.6 0.7 0.0
3 0.3 0.3 0.3 0.7 0.8 0.5
4 0.4 0.3 0.4 1.0 0.9 0.9
5 0.5 0.5 0.4 1.4 1.6 1.0
6 0.5 0.5 0.4 1.8 1.7 1.5

H=Height of the mixture

The images of O/W emulsions prepared from CRPP and CP at 0.5- 2% w/v and studied for
6 days are shown in Figure 8.

The 2% CP formed a stable emulsion with no phase separation during the first two days,
indicating complete O/W emulsion stabilization, but its stability decreased with time. From
day three, layers started to form, attributed to the movement of oil droplets to the surface
due to density differences and droplet coalescence, resulting in phase separation. At the end,
by day 6, about 1.5 cm of the top layer (creamy layer) was formed. In contrast, the lower CP
concentrations (0.5 and 1%) exhibited phase separation from the first day. The creaming
layer for 0.5% CP increased from 0.5 cm to 1.8 cm, while for 1% CP, it increased from 0.5
cm to 1.7 cm over the six days.
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CRPP and CP emulsions
Sample B Day 1

CRPP
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Figure 8. Pictures of O/W emulsions stabilized by CRPP and CP at concentrations of 0.5, 1, and 2% w/v
were observed for six experimental days.

These results indicate that although CRPP and CP at higher concentrations have shown a
good tendency in emulsion improvement and long-term stability. The hydrophobic acetyl
groups present in the pectin and proteins associated with pectin contribute to emulsifying
activity. These function as anchors to the oil droplets and decrease the surface tension at the
oil-water interface between the droplets, increasing emulsion stability. These molecules are
still less effective in maintaining long-term emulsification [85]. This justifies the low
foamability properties exhibited by CRPP as it has a very low DAc which contributes to its
low hydrophobicity. Additionally, pectin can further be improved through modification to
strengthen its hydrophobicity, thereby increasing the emulsion stabilization property [86].

4.4 Zeta potential properties

Zeta potential is crucial in determining the surface charge of the polyelectrolyte, and it is
important in stability and dispersion behaviour in solutions. The zeta potential of CRPP
solution at 0.001- 1 mg/ml was evaluated under varying ionic strength (0.001-1M NaCl) and
pH 3-8. CP was used as a control reference.

In Figures 9A and 9B, the zeta potential value of both CRPP and CP, respectively, decreased
(higher negative values) with the pH increase, indicating an increase in the magnitude of the
negative surface charge of pectin. A similar trend was reported by Rafe et al. [80], where the
zeta potential of LMP decreased from -11mV at pH=3 to 43mV at pH=8. This trend is
attributed to the increase in the ionization of the carboxylic acid group, which increases the
number of negatively charged carboxyl groups (-COO").
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For both CRPP and CP, higher concentration exhibited greater charge density. Both the
lowest concentration (0.001 mg/ml) and the highest concentration (Img/ml) of CRPP
showed a reduction in zeta potential as the pH increased from 3 to 8, as shown in Figure 9A.
A similar trend was observed for CP (Figure 9B) at 0.001 mg/ml, where zeta potential
decreased from 12.22 mV to -48.34 mV and a decrease from 1.66 to -46.24 mV at Img/ml.
A pH increase resulted in a reduction in zeta potential (became more negative), confirming
an increase in electrostatic repulsion, which in turn enhances pectin stability in solutions. It
was also noticed that throughout the pH range, the solution was transparent, suggesting no
formation of aggregates and supporting that strong electrostatic repulsion between the pectin
chains [87].
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Figure 9. Zeta potential of CRPP (A, C) and CP (B, D) under different pH (3-8) and ionic strength (0.001-1M
NaCl)

The zeta potential remained negatively charged throughout the tested pH range (3 to 8) for
CRPP, which is due to the anionic nature attributed to the -COO™ groups in the uronic acid’s
moieties. However, a slight positive charge was observed for CP at pH<4 (Figure 9B) and a
weakly negative charge for CRPP at pH< 4. These observations are likely due to partial
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protonation of the carboxyl group by H" ions due to the addition of HCI solution around the
pectin’s pKa value of ~ 3.5 [87]. A significant statistical difference (p<0.05) in zeta potential
was obtained in the pH range of 3-8, consistent with reports by other studies [3].

Regarding ionic strength, as shown in Figures 9C and 9D, zeta potential showed a varying
trend across pectin concentration as the NaCl concentration increased from 0.001 to 1 M.
For CP and higher concentrations of CRPP (1 mg/ml and 0.1 mg/ml), pectin becomes less
negatively charged.

At0.001 and 0.01 mg/ml, CRPP showed fluctuations with no clear zeta potential trend across
NaCl concentrations. Generally, increasing NaCl reduces the charge density of the pectin
molecules due to the interaction between Na* ions and -COO™ groups, which leads to
neutralizing their charge. This results in a weak electrostatic repulsion between the polymer
chains, promoting aggregation [88]. This was evident during the experiment as both CRPP
and CP solutions became opaque, particles settled, and a reduction in the solubility of pectin
occurred as NaCl concentration increased.

4.5.Viscosity properties

Viscosity is a key property of fluid influenced by the intermolecular and intramolecular
forces within a fluid. The investigation focused on CRPP and CP (as a reference) at
concentrations ranging from 0.001 to 1 mg/mL under varying pH conditions (3-8) and NaCl
concentrations, as shown in Figure 10. At their native pH=4.6 and 4.2 for CP and CRPP,
Figure 10B and Figure 10A, respectively, their viscosity increased as their concentration
increased as a result of stronger inter- and intra-molecular bonding. These include hydrogen
bonds between the hydroxyl groups in carboxyl rests and amide moieties of protein present
in the molecule (protein content<2% for CRPP), forming a 3D network aggregate within the
pectin molecule [78][82].

The influence of pH on the viscosity is shown in Figures 10A and 10B. Both CRPP and CP
exhibited a decrease in viscosity as pH decreased from their native pH to 3. Above the native
pH, the viscosity of CRPP showed a significant decrease until pH=5, after which a slight
increase was observed at 1 mg/ml, while the lower concentrations decreased slightly. In
contrast, CP showed a significant drop until pH=5, followed by a gradual decline across all
concentrations.

These results are linked to the protonation and dissociation of -COOH. At low pH, the
increased availability of H" causes the protonation of -COO- groups, reducing electrostatic
repulsion and allowing polymeric chains to approach more closely. This facilitates
hydrophobic interactions between the polymeric chains, promotes aggregation, and leads to
an increase in viscosity. In contrast, at higher pH, deprotonation of -COOH generates more
-COO" groups, which increases electrostatic repulsion and chain flexibility, resulting in
lower viscosity. Moreover, hydrogen bonding, pectin concentration, and the presence of
amide groups capable of accepting protons contribute to the reduction of the repulsion effect.
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Therefore, the influence of pectin on the viscosity at different pH levels depends on its
equilibrium state that results from the combined effects of all these factors [40]. Statistical
analysis revealed a significant difference, at p < 0.05, within the given pH range, particularly
at low pH levels (3-5) for CRPP and CP. In contrast, at pH levels above 6, there was no
significant difference observed among the viscosities in pH groups 6, 7, and 8.

A
8.5
8.0 =
7.5
7.0
6.5
6.0
5.5
5.0

4.5 ]
4.0

—&— CP at 0.00l mg/ml

—8&— CP at 0.01mg/ml

—d— CP at 0. 1mg/ml

—¥—CP at Img/ml
-

Viscosity (mPa.s)

pH

—— CRPPat 0.001mg/ml
—&— CRPP at 0.0 Img/ml
—&— CRPP at 0.1 mg/ml

—¥— CRPP at lmg/ml

i i

5.5

Viscosity (mPa.s)
o
(o]
|

4.5 :

C pH
7.6
7.4
7.2 4
7.0
6.8
6.6
6.4
6.2
6.0
5.8
56 LS YL ELETY L L SR AR L PREURRETLEL AL | b LEREaF. 0L F !
1E-4 1E-3 0.01 0.1 1

—&— Img/ml CRPP
—e— Img/ml CP

Viscosity (mPa.s)

NaCl Cone.,mg/ml (log scale)

Figure 10. Viscosity of the samples CRPP and CP under different pH (A and B) and ionic strength (C).

The viscosity of the CP was observed to be higher than that of CRPP at 1 mg/ml when
evaluated under varying concentrations of NaCl (Figure 10C). For CRPP, a decrease in
viscosity was obtained as NaCl increased from 0.001 to 0.1 M, with a slight increase at 1 M.
Similarly, the decrease in viscosity of CP was also observed (from 6.9 to 6.7 mPa.s) as NaCl
increased from 0.001 to 0.1 M and then increased to 7.3 mPa.s at 1 M NaCl. The reduction
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of viscosity is attributed to Na' interference with the hydrogen bonding in the pectin
macromolecules via interaction with OH™ or carboxyl groups. This causes alterations of the
primary structure of the pectin, leading to conformational changes as the structure forms a
globular structure [89]. This occurs as the hydrophobic group becomes enclosed in the core
of the macromolecule, resulting in bending and curving of the chains, which leads to a
decrease in diameter and volume, and a reduction in viscosity [90].

4.6.Gelling properties

Both CRPP and CP are LMPs; therefore, they should exhibit a gelling ability in the presence
of multivalent ions. Generally, LMPs have unesterified carboxyl groups that can interact
with divalent ions, to form a 3D gel network through a mechanism referred to as the egg box
mechanism [48]. Reagent B and reagent C were used to study their influence in gelling

ability of 0.1mg/ml of CRPP and 1 mg/ml of CP, and their influence is presented in Figure
10.

In Figure 11, trivalent ions were observed to induce a greater increase in viscosity of CRPP
when compared to behaviour under the influence of divalent ions. An increase in viscosity
was achieved after the addition of 100 ul of reagent C (trivalent ions) in comparison to the
viscosity of the native CRPP solution. However, no statistically significant difference at
p<0.05 was obtained between the viscosities measured after the addition of trivalent and
divalent ions in CRPP solution. Despite the use of a very low concentration of CRPP, a
slight, yet well visible change in viscosity was observed, which signifies the possibility of
CRPP demonstrating gelling ability when the concentration increases.
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Figure 11. Influence of multivalent ions on the gelling ability of CRPP and CP solution
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For CP, a higher gelling response was observed. The highest viscosity (11.15+0.33 mPa.s)
was achieved with 100 pl of reagent C (trivalent ions ), nearly twice the viscosity (6.75
mPa.s) achieved using reagent B at the same volume, from the native CP viscosity of 6.5
mPa.s. A statistically significant difference (p<0.05) was obtained between the viscosities
obtained after the addition of trivalent and divalent ions. Both CRPP and CP demonstrated
the same trend, an increase in viscosity with small volumes of ionic solution, followed by a
plateau or slight decrease that stabilized as more volume was added.

A slight gel formation was observed around a beaker during the experiment with trivalent
ions compared to divalent ions. Moreover, a direct comparison between CRPP and CP is
limited due to the concentration difference, which is also a factor affecting their gelling
ability. Other factors are the number of ester groups, which influence flexibility and reduce
the aggregation, temperature, including the Mw of pectin, and pH of the solution. Lowering
in pH reduces electrostatic chain repulsion and favours their association, which enhances the
gelling property [48].

4.7.CRPP resistance under simulated gastrointestinal conditions.

CRPP is applied in the fabrication of oral drug delivery systems; therefore, the resistance to
simulated gastrointestinal conditions was evaluated to analyze the structural changes and
assess its suitability for this application. Figure 12 shows an FTIR spectrum of native CRPP,
and CRPP exposed to simulated conditions: saliva (SSC), stomach (SGC), small intestines
(SIC), and colonic (SCC).
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Figure 12. FTIR spectra of CRPP under different conditions: Native CRPP and CRPP under simulated
conditions of the 4-stage gastrointestinal tract.

CRPP demonstrated structural stability under the simulated conditions, with minor structural
changes noted. A broad peak was observed in all spectra of CRPP at 3400 cm™! as the result
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of -OH stretching vibration arising from intra- and intermolecular hydrogen bonds within
the galacturonic acid rests. However, this peak was decreased in the spectrum of CRPP after
exposure to SIC, possibly suggesting interaction with bile salts or degradation of pectin. Du
et al [91] reported similar findings regarding a decrease in pectin peak 3400 cm™' under
simulated gastric fluid conditions. A peak detected at 2929 cm™ corresponds to the CH-
bending vibration, which is rather discrete in all spectra, and this may be due to loss of
methoxy ester groups and the presence of CHj3, associated with rhamnose substitutes in the
main backbone [92].

A peak found in pectin’s spectrum around 1750 cm’!, associated with methyl-esterified
carboxyl group, was not detected in either native or treated samples. Since CRPP is LMP,
this absence may indicate a very low DM that was not able to be detected by FTIR [93]. An
absorption peak at 1585 cm™! corresponding to -COO™ groups stretching vibration was
consistently present in all spectra, though a slight reduction was noted in the spectrum of
CRPP after exposition to SIC. This suggests interactions with bile salts that reduce the
detection of -COO™ groups [94]. The range from 1300 to 800 cm™ is identified as the
fingerprint region, representing specific pectin monosaccharide compositions which vary
depending on the raw material and extraction techniques used [91].

4.8.Fabrication and characterization of CRPP-coated baicalin-loaded microparticles

CRPP was applied as a coating for microparticles intended for oral delivery of baicalein.
Sodium alginate (NaALG) was used as the core material for the encapsulation of baicalin
via an ionic gelation mechanism in the presence of Ca** ions, owing to its high gelling ability.
Since both CRPP and NaALG are anionic polyelectrolytes, chitosan (CHIT) was used as an
intermediate layer to facilitate the crosslinking with CRPP as a coating. There are several
important factors in the design of microparticles, including size, surface charge, swelling
and erosion behaviour to ensure high encapsulation efficiency, stability and sustained release
of the drug [3]. This work formulated three types of microparticles (NaALG, NaALG/CHIT,
and NaALG/CHIT/CRPP) and characterized to determine their size, baicalin encapsulation
efficiency (EE%), stability as measured by the swelling index (SI), and cumulative release
(CR%) profile, evaluating their suitability for oral drug delivery. In calculating the EE% and
CR%, a calibration curve of baicalin within 0.1 M NaOH was prepared. Figure 13 shows the
calibration curve of baicalin.
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Figure 13. The calibration of baicalin in NaOH

4.8.1. Size and surface morphology of baicalin-loaded microparticles

The size of the microparticles, as shown in Figure 14, indicates the change in size according
to each formulation. The core microparticle (NaALG) exhibited an average size, while upon
addition of chitosan, a decrease in the size by 16.4% was noted, which could be attributed to
electrostatic interaction between sodium alginate and chitosan, forming a denser and
compacted structure, which causes a reduction in the size. However, upon the CRPP coating,
the size showed an increase of size by 52.2% compared to the size of NaALG/CHIT. The
increase in size may be due to the formation of an additional coating layer that forms a weak
interaction with the existing matrix, leading to a loose network.
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Figure 14.The size+ SD, um of the microparticle’s formulations: NaALG, NaALG/CHIT, and
NaALG/CHIT/CRPP microparticles

The shape and surface morphology of the dried microparticles, as observed under optical
and SEM, are presented in Figure 15.
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Figure 15. Scanning electron and optical microscope micrographs of NaALG NaALG/CHIT, and
NaALG/CHIT/CRPP microparticles

All microparticles (Figure 15) were yellow and showed irregular, spherical, or elliptical
shapes. NaALG microparticles exhibited a slightly rough surface, with some cracks and
folds, which could be attributed to shrinkage and internal stress during the drying process.
NaALG/CHIT microparticles had a rough, more compact and wrinkled surface. This could
be due to substantial NaALG matrix shrinkage as CHIT was adsorbed under acidic
conditions. Under pH below pKa of carboxylic rests of sodium alginate become protonated,
therefore repulsive interactions are reduced. The wrinkles may be caused by structural
contractions during the drying process. However, NaALG/CHIT/CRPP showed a smooth,
less wrinkled and rough and flattened surface. This morphology suggests that CRPP interacts
with alginate via repulsive forces through negative charge at carboxylic rests of uronic acids,
resulting in the observed surface morphology.

4.8.2. Encapsulation efficiency (EE%) and stability of baicalin-loaded microparticles

The EE% of all microparticle formulations is represented in Figure 16. EE% represents the
amount of total baicalin that was successfully incorporated into microparticles during
fabrication. This helps with the evaluation of the suitability of the biopolymers and the
technique used for encapsulation.
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Figure 16.The encapsulation efficiency (EE£SD%) of the microparticle’s formulations: NaALG,
NaALG/CHIT, and NaALG/CHIT/CRPP microparticles

All microparticles exhibited relatively high EE%, with the highest value observed in NaALG
microparticles, followed by NaALG/CHIT microparticles, and the lowest EE was observed
for NaALG/CHIT/CRPP. A slight reduction in EE% of 4% and 6% was noted following
electrostatic interaction with chitosan and CRPP, respectively, compared to the EE of the
main matrix. The EE decrease could be attributed to the diffusion of baicalin during the
coating processes because of prolonged exposure to the aqueous solutions and the
insufficient amount of polymer, which leads to the formation of a porous network. Moreover,
possible leakage of baicalin may have occurred due to the electrostatic repulsion between
sodium alginate and CRPP during coating, leading to swelling, increased porosity and the
expulsion of some baicalin.

The swelling index (SI) reflected the stability of microparticles under the influence of
conditions simulating saliva, gastric fluid, intestinal fluid, and colonic fluid for 10, 120, 240,
and 240 minutes, respectively. The SI of the microparticles is represented in Figure 17.
Before immersion in SSC, the microparticles were rehydrated in distilled water. At this
stage, NaALG/CHIT/CRPP microparticles exhibited the highest water absorption and
SI=100.4, attributed to the high hydrophilicity of CRPP, arising from -OH and -COO"
moieties that strongly associate with water, increasing water uptake and expansion of
polymeric network chains (chitosan swelling) [95].
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Figure 17 . The swelling index of NaALG, NaALG/CHIT and NaALG/CHIT/CRPP under SSC and SGC.

Microparticles of all three types showed a higher swelling index in SSC (pH=6.7) after 10
minutes and followed by a decrease in swelling in SGC (pH=2). Generally, swelling
increases with pH due to electrostatic repulsion among the deprotonated -COOH groups at
alginate and CRPP backbones, which promote matrix expansion. Opposite result under
acidic conditions, where protonation of -COO™ groups reduces repulsion, leads to the
microparticle contraction and reduces swelling [94].

NaALG microparticles exhibited moderate swelling in SSC and SGC. This could be
attributed to a densely crosslinked network formed with Ca®" during ionic gelation of
guluronic rests, which limits alginate chain mobility and thus causes the reduced swelling.
Although during the hydration stage, NaALG and NaALG/CHIT exhibited relatively low
swelling indices less than 2. Their swelling behaviour was governed by the pH, the structural
features of the polymeric matrix and ions present of the solution.

NaALG/CHIT microparticles showed the highest swelling index in SSC, which decreased
upon exposure to SGC. Their wrinkled surface morphology increased surface area,
enhancing interaction with the solution. In SSC, the higher swelling was caused by the
deprotonation of -COQO" in alginate. Under low pH, the amino groups in chitosan become
protonated, inducing internal repulsion, leading to the swelling of the matrix [96]. However,
the swelling effect was partially reduced by the protonation of the -COO", which reduces
repulsion, leading to matrix contraction to some extent [97].

However, NaALG/CHIT/CRPP microparticles, upon exposure to simulated conditions,
appeared saturated and showed a drop in swelling index in SSC and even further drop when
immersed to SGC. This is likely due to saturation of hydrophilic functional groups of all
three polymers with water molecules, as well as the protonation of -COO™ under the acidic
conditions in the SGC, causing a matrix contraction that led to water expulsion and shrinkage
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of microparticles. Another factor could be an insufficient chitosan layer between the two
polyanionic polyelectrolytes. This insufficiency creates electrostatic repulsive forces
between the two polymers and increases swelling, especially during the rehydration stage
[97].

The degradation of microparticles in SIC, pH 6.5, was observed after approximately 30
minutes of incubation, and no further swelling index could be determined in SIC or SCC.
The degradation of microparticles in SIC is driven by exchange between the Ca®* (used
during ionic gelation) and Na" (present in the simulated solution), leading to water uptake,
expansion of the microparticles, and finally erosion of the polymeric matrix [94].

4.8.3. Baicalin release profile under 4-stage gastrointestinal conditions in vitro

The cumulative release profile of microparticles is a key criterion in evaluating their
suitability in the intended route of drug administration. /n vitro cumulative release profile of
baicalin from NaALG, NaALG/CHIT, and NaALG/CHIT/CRPP microparticles, under
stimulated conditions mimicking the fluid conditions along the oral delivery system, is
represented in Figure 18.

Encapsulation aimed to protect baicalin from early phase release, particularly in the harsh
acidic environment of the gastric conditions and ensure more sustained and controlled
release in the intestinal phase, where absorption into the bloodstream primarily occurs.
CRPP was incorporated as an outer coating to improve the mechanical strength and modulate
the release profile. Microparticles were immersed in SSC, SGC, SIC, and SCC, and the
amount of released payload was analyzed at defined time intervals to quantify the release of
baicalin.

NaALG microparticles exhibited a relatively low release of baicalin in the early phase of
simulated conditions compared to other microparticles (Figure 18A). Only 11.0% of the
baicalin was released in SSC, followed by increase in baicalin release in SGC, and further
release in SIF. Small amount was released in SCC (<20%) in SCC. This trend is likely due
to the dense, crosslinked NaALG network formed during ionic gelation with Ca**, which
limits the mobility of the payload and the swelling of alginate chains, thus preventing the
premature release of encapsulated baicalin.
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Figure 18. In vitro release profile of baicalin from microparticles: NaALG NaALG/CHIT, and

NaALG/CHIT/CRPP under simulated conditions; SSC (0-10 min), SGC (10-130 min), SIC (130-370 min)
and SCC (>370 min).

NaALG/CHIT microparticles (Figure 18B) showed improved protection in the early phase
of simulated conditions (SSC) compared to NaALG microparticles. However, release
increased in the next simulated conditions (SGC, SIC) and even the amount released in SCC
was less compared to NaALG. The increased release in SGC may be due to electrostatic
repulsion from protonated -NHz groups in CHIT, combined with a low amount of CHIT to
form a stable, uniform layer around NaALG core. Since the CHIT was only electrostatically
bonded to sodium alginate, no crosslinking agent was used; the resulting network may have
been too weak to withstand acidic excess swelling, allowing baicalin to diffuse out. This
CHIT layer likely enhanced surface interactions and contributed to more controlled and low
release of baicalin in SSC. Moreover, the wrinkled surface morphology observed under SEM
may have occurred from polymeric disentanglement, thereby slightly increasing surface area
for drug diffusion [96].

In contrast, NaALG/CHIT/CRPP microparticles exhibited a burst release profile (Figure
18C), which was contrary to the expected results, as CRPP was added as a coating to prevent
excessive swelling and early release of baicalin in harsh simulated gastric conditions. More
than 20% of baicalin was released in SSC, and the release of baicalin further increased when
immersed in SGC. In contrast, less than 20% was released in both SIC and SCC. Despite
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CRPP’s known protection ability from gastric conditions, more than half of the baicalin was
released in the early stages of oral delivery systems, specifically in SSC and SGC. This may
be due to strong repulsive interaction between polyanionic anions (CRPP and NaALG) and
CHIT, resulting in a loosely packed polymeric matrix with increased porosity. Additionally,
the repulsion between polyanionic chains may have induced reorganization of the primary
structure of the core matrix, leading to loosening of the baicalin encapsulated with NaALG
and thereby, facilitating easier drug release [98]. Furthermore, the synergistic electrostatic
repulsion between NaALG and CRPP chains may have overcome the individual electrostatic
interaction with chitosan, leading to increased swelling, enlarged pore size and release of a
large amount of baicalin compared to NaALG microparticles, which only experience
repulsion from NaALG chains alone.

The cumulative release profile generally showed that adding an outer coating layer to the
NaALG core, especially CRPP, increased the release of baicalin in the early phases,
particularly during simulated gastric conditions. This could be attributed to structural
changes in the NaALG core due to coating and protonation behaviour of -COO" groups in
both NaALG core and CRPP under acidic conditions, which triggered excessive shrinkage
and subsequent expel of baicalin [98].
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Conclusion

This study investigated the potential of carrot root pomace-derived pectin (CRPP) as a
functional biopolymer in the fabrication of baicalin-loaded microparticles for oral drug
delivery applications. The physicochemical characterization showed that CRPP
demonstrated promising gelling ability, especially with trivalent ions, notable surface
activity, especially at low pH, and zeta potential, indicating its potential for stabilization of
aqueous dispersions. Although its emulsification and foaming capacities were relatively
weak, CRPP still holds great value as a functional biopolymer for drug delivery systems.

CRPP-coated baicalin-loaded microparticles were successfully fabricated via ionic gelation
using NaALG as the core matrix, layered with CHIT and finally coated with CRPP through
electrostatic  interactions. Microscopic (SEM and optical) confirmed that
NaALG/CHIT/CRPP were spherical or elliptical with quite smooth surface morphology and
high EE (>85%) of baicalin.

Swelling studies showed that NaALG/CHIT/CRPP microparticles exhibited high water
uptake due to their strong hydrophilicity and demonstrated high control over swelling in
simulated conditions compared to NaALG and NaALG/CHIT systems. In vitro release study
under gastrointestinal conditions revealed the release of baicalin in the early simulated
conditions (SSC and SGC) with limited delivery in the later phases (SIC and SCC) for
NaALG/CHIT/CRPP microparticles. Although NaALG/CHIT/CRPP was expected to show
better protection, it unexpectedly released up to 80% of baicalin at the end of SGC,
suggesting insufficient resistance to harsh gastric conditions.

Despite these limitations, CRPP presented good physicochemical properties and potential
for oral drug delivery systems. Further improvements, including optimization of the coating
process by increasing the CRPP coating thickness, incorporating a crosslinking agent during
fabrication to strengthen their structure and interactions, and adjusting the concentration of
CRPP, could enhance the protection of microparticles, stability, structural integrity and
ensure the sustained release profile of baicalin at the targeted area.
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