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Abstract: The scientific field of microcarrier systems has gained significant advancements, especially
in drug delivery and controlled release mechanisms. This manuscript provides a comprehensive
overview of the progress in developing pectin-derived microcarriers fabricated using microfluidic
technology. Pectin, a naturally occurring polysaccharide, has garnered attention due to its biocom-
patibility, biodegradability, and ability to form hydrogels, making it an ideal candidate for forming
microcarriers. The integration of microfluidic technology in synthesizing these carriers has revolution-
ized their design and functionality, enabling precise control over size, morphology, and encapsulation
efficiency. This review systematically analyzes the methodologies employed in the microfluidic
fabrication of pectin-based microparticles, highlighting the significant advantages this technology
offers, such as reduced use of solvents, enhanced reproducibility, and scalability.

Keywords: pectin; microfluidic technology; microparticles; drug delivery; emulsion; hydrogel;
Janus particles

1. Introduction

Microparticles, with sizes ranging from 1 to 1000 um, have been the focus of numerous
investigations over the past decades. Consequently, a variety of applications have been
developed across different fields, including the medical and pharmaceutical sectors [1,2],
materials technology [3,4], food industry [5,6], and environmental science [7,8]. The biomed-
ical sector has been one of the primary beneficiaries of advancements in microparticle tech-
nology, with notable applications in drug delivery [9], tissue engineering [10], imaging [11],
and the development of biosensors [12,13]. These systems are renowned for their high
surface area-to-volume ratio, capacity to transport large quantities of drugs, and ability to
deliver them to specific sites within the body [14].

The synthesis of microparticles has been reported through various protocols devel-
oped to meet specific requirements regarding size, composition, and morphology tailored
to the desired application [15]. Polymerization, spray drying, solvent evaporation, and
self-assembly are common methodologies for the preparation of microparticles [12]. Al-
though widely used, these protocols often fail due to producing particles with a broad
size distribution, poor reproducibility, limited functionality, less tunable morphology, and
difficulty scaling up [16,17]. These challenges hinder their broader applicability.

The advent of microfluidics, coinciding with the need for miniaturization and pla-
narization in bio(chemical) analyses, has played a transformative role in producing par-
ticles with well-defined morphology [18-20]. The field of microfluidics focuses on ma-
nipulating fluids constrained geometrically within environments with micrometer-scale
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dimensions [20,21]. The ability to control fluids in channels of such small diameters al-
lows for precise control over the size of droplets and bubbles, reduces synthesis time, and
enables process automation [22,23]. Microfluidic-based microparticles used as encapsu-
lation systems provide greater stability to active agents and improved controlled release
profiles [18].

Due to their excellent biocompatibility and biodegradability, biopolymers such as
polysaccharides and proteins have gained prominence in the fabrication of microparticles,
especially for biomedical applications [14,24]. Pectins are a group of complex polysac-
charides naturally present in plant cell walls, providing mechanical strength [25]. Its
composition has three main domains: homogalacturonan (HG), rhamnogalacturonan-I (RG-
I), and rhamnogalacturonan-II (RG-II). HG is an unbranched long-chain macromolecule
comprising x-(1-4) glycosidically linked D-galacturonic acid (GalpA). RG-I is formed by al-
ternating rhamnose residues on the GalpA backbone, with extended side chains that include
small amounts of galactan and arabinan. RG-II consists of an HG backbone, which can be
substituted with various hetero-oligomeric side chains [26,27]. When extracted, pectins
become extremely useful colloids, especially due to their ability to form hydrogels, which
can be exploited to fabricate structures with the potential to function as natural carriers.

This review article provides an overview of the use of pectin in the fabrication of
microparticles through microfluidic techniques. First, a summary of the basic principles of
microfluidics for microparticle preparation is presented. Next, the chemical structure of
pectin is discussed in more detail. Finally, the applications of pectin-based microparticles
in various fields are examined.

2. Fundamentals of Microfluidic Technology

The study of microfluidics focuses on manipulating fluids on a submillimeter scale
(10~? to 10~ 8 L) using channels that range in size from tens to hundreds of micrometers [28].
The miniaturization of processes offers several advantages over larger-scale operations,
such as reduced waste of samples and reagents required; lower costs and more efficient
operations; more efficient mass and energy transfer, which occurs due to the increased
specific surface area of the fluids; simultaneous operations that can be performed on the
same chip; and the isolation of the sample from the external environment, which reduces
the chances of contamination and degradation of the samples [19,29].

In this environment, the relative effects of gravitational force are significantly reduced
compared to larger scales, while the forces arising from surface tension and capillarity
become dominant [20]. Due to the reduced scale of the channels, the fluid tends to exhibit
laminar flow. In laminar flow, the velocity of the fluid particles is not a random function
of time, characterized by a smooth and regular flow of the fluids [30]. An immediate
consequence of this phenomenon in microfluidics is that, with few exceptions, two or
more streams of fluid in contact with each other will not mix, except by diffusion [30].
This fact allows for a didactic division of microfluidic applications for particle production
based on the employed mechanism: the first is based on the diffusion—nucleation-growth
mechanism, especially through nanoprecipitation and self-assembly processes, and is
commonly used for the production of nanoparticles (entities with diameters ranging from
1 to 100 nanometers); the second is based on immiscible liquid /liquid systems, consisting
of two or more immiscible phases, commonly employing multiphase flow microfluidic
devices, primarily for the generation of microparticles (entities with diameters ranging
from 1 to 1000 um) and/or droplets [23,31]. Subsequently, detailed information on the
production of microparticles using microfluidic devices will be provided. For a more
comprehensive understanding of nanoparticle fabrication, please consult the recommended
literature [23,31].

A system consisting of two immiscible phases, where one phase (the dispersed
phase) is dispersed as small droplets in another phase (the continuous phase), is called
an emulsion [32]. The two phases often consist of an oily and aqueous phase [33]. The
conventional approach to emulsion production is primarily based on the application of
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shear or impact stresses, such as high-speed mixers and ultrasound, which commonly
results in the generation of emulsions with highly polydisperse droplet sizes due to the
non-uniformity of the applied stress [17]. In contrast, microfluidic devices enable precise
control over droplet generation, resulting in highly monodisperse emulsions with a coeffi-
cient of variation (CV) typically lower than 5% [22,34]. The origin of the energy responsible
for breaking the dispersed phase into droplets can stem from the hydrodynamic pressure of
the flow itself, without external input, as in passive microfluidic devices. On the other hand,
when external energy is locally added to the droplet formation process, the devices have
active control [35]. Depending on the nature of the external energy input, active techniques
can be categorized into electrical, magnetic, centrifugal, optical, thermal, and mechanical
controls [35,36]. Adding energy to the system improves mixing performance and reduces
the time for specific substances to aggregate or precipitate [37].

Certain dimensionless numbers can be employed to understand the complex phe-
nomenon of droplet breakup in microfluidic systems, which are related to the properties
of the fluids, flow conditions, and the geometry/design/material of the channels [17,24].
The dimensionless numbers derive from the forces acting within the medium, namely,
inertial force, viscous force, gravitational force, and capillary force. Table 1 represents
the considered forces. The first of these, the Reynolds number (Re), describes the rela-
tionship between inertial forces and viscous forces. Since inertial forces (generated from
fluid momentum) are neglected when compared to viscous forces (forces arising from
fluid resistance to flow), the Re exhibits low values (107¢ to 10), and thus, the flow is
predominantly laminar [38]. Due to its disregard of interfacial tension, the Re is often
overlooked in the study of droplet formation. The Capillary number (Ca), which describes
the relationship between viscous forces and capillary pressure, is frequently employed
for characterizing microfluidic droplet generation patterns, especially when the effects of
inertial forces outweigh those of inertia. Typically, Ca values range from 103 to 10 [35].
In situations where inertial forces become significant, such as in cases of high-speed flow,
the regime of microfluidic droplet formation can be better described by the Weber num-
ber (We), which reflects the balance between inertial forces and surface tension [24,39,40].
Finally, the Bond number (Bo) represents the relationship between gravitational force
and surface tension [22]. Bo values increase with rising temperature and the addition
of surfactants and are significantly reduced by decreasing the cross-sectional area of the
channel from the dominance of interfacial forces over gravity [41,42].

Table 1. Dimensionless parameters in microfluidic droplet generation.

Dimensionless Numbers Physical Meanings * Equations **
Reynolds number (Re) Inertial force/viscous force Re = %
Capillary number (Ca) Viscous forcg /interfacial Ca—

tension i

Weber number (We) Inertial force./ interfacial oo — o2
tension r

Bond number (Bo) Buoyancy/interfacial tension Bo — APTSLZ

*“/” means divided by. ** In the Re calculation equation, p is the fluid density, L the characteristic dimension,
u the flow velocity, and 7 the dynamic viscosity; in the Ca calculation equation, 7 is the fluid viscosity, u the flow
velocity, and -y the interfacial tension; in the We calculation equation, u is the flow velocity, p the fluid density, L the
characteristic dimension, and <y the interfacial tension; in the Bo calculation equation, Ap is the density difference
between dispersed and continuous phases, g the gravitational acceleration, L the characteristic dimension,
and 1 the interfacial tension.

Droplet breakup can occur through various modes: squeezing, dripping, jetting,
tip-streaming, and tip-multi-breaking. While the squeezing mode is driven by channel
confinement, capillary instability is responsible for the other modes [35]. In the squeezing
mode, the generated droplets are larger than the channel size and highly monodisperse,
occurring at low capillary numbers, such as Ca. < 0 (1072) in T-junctions [43]. In this
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regime, the growing droplet blocks the cross-section of the exit channel, creating a pressure
buildup that results in droplet breakup [44,45]. The dripping mode produces droplets
smaller than the channel dimensions and highly monodisperse, occurring with a successive
increase in the Ca,, transitioning from the squeezing to the dripping mode [35,43]. In
this mode, droplets are produced right behind the exit of a feeding capillary or ejecting
nozzle [46], and it is described when 0 (1072) < Ca. < 0 (1) with Wey < 0 (1) [35,47].
The jetting regime is characterized by the production of polydisperse droplets. Droplet
fragmentation in this mode occurs away from the injection source due to Plateau-Rayleigh
instability [47]. It generally occurs at high flow rates or low interfacial tension and when
Cac + Weq > 0(1). The tip-streaming and tip-multi-breaking modes produce submicrometer
droplets; however, while the former produces monodisperse droplets, the latter produces
polydisperse droplets that follow a geometric progression [35,43].

The traditional droplet breakup modes (squeezing, dripping, and jetting) can be
applied to different channel geometries [35]. Co-flow (coaxial junction) utilizes sets of
coaxial microchannels. In this configuration, the dispersed fluid is introduced into an inner
channel, while the continuous phase flows into an outer concentric channel in the same
direction [19]. The resulting droplets are generally larger than the inner microchannel di-
mension when the breakup modes are dripping or jetting [47]. The flow-focusing geometry
features a constriction region where dispersed and continuous phases flowing coaxially
meet, generating a filament that elongates and eventually breaks, forming droplets [19].
The sudden constriction of the dispersed phase induces high viscous shear forces, thereby
enabling the generation of droplets with sizes down to a few hundred nanometers [14,17].
In a cross-flow geometry, the dispersed phase undergoes shear at a cross junction char-
acterized by an angle 6 (0° < 8 < 180°). The T-junction is the most common case, where
the junction is orthogonal to the dispersed phase. The simplicity and ability to produce
monodisperse droplets (commonly with a CV of less than 2%) make the cross-flow geometry
widely used [35].

The fabrication of microfluidic devices constitutes a pivotal stage in generating
droplets with the desired shape and functionality. The design of such devices must
be meticulously engineered to allow for the desired flow pattern, which is achieved
through specific geometric structures and physicochemical characteristics, including surface
properties [19]. The advancement in silicon-based microelectronics and microelectrome-
chanical systems (MEMSs) has propelled the development of initial microfluidic devices,
typically constructed from silicon and glass, with production techniques adapted from those
used in semiconductor and plastic industries [28,48], such as micromachining, photolithog-
raphy, replica molding, embossing, and injection molding [49]. A typical glass-based
microfluidic fabrication process via micromachining begins with lithography. A photoresist
is deposited on the surface to be microstructured. Light exposes specific areas by using
a mask with predefined patterns, transferring the patterns to the substrate. In the next
step, etching selectively removes material from the substrate where the photoresist has
been cleared, creating the desired microchannels. Finally, bonding joins the micromachined
substrates to form enclosed channels. This bonding can be achieved through heat or special
adhesives [19,50]. Nevertheless, traditional manufacturing methods exhibit several draw-
backs, including high costs, lengthy processes, the requirement for clean-room facilities, and
limited finishing [19,23,49]. Recent manufacturing methods, such as 3D printing, wherein
3D printers are employed to create devices through successive layers of material, have
facilitated the production of devices at lower costs and with less complex processes [49].

The selection of materials for constructing microfluidic devices significantly influ-
ences particle synthesis, as scale reduction enhances the properties of these materials [51].
Various materials have been explored, including glass, silicon, paper, ceramics, metals,
and polymers [50-52]. Microfluidic devices based on inorganic materials, such as glass,
silicon, and ceramics, commonly exhibit high solvent compatibility, stable electroosmotic
mobility, and mechanical rigidity, along with optical clarity for glass-based devices and
semiconductor properties for silicon-based devices [23,53]. However, microfluidic devices
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based on inorganic materials are challenging and expensive to manufacture, often imped-
ing scale-up efforts [53]. Additionally, these materials are impermeable to gases, limiting
applications involving cell culture [23]. Due to these factors, polymers have been preferred
as the material of choice for chip fabrication. Various polymers have been utilized, in-
cluding elastomers such as poly(dimethylsiloxane) (PDMS), and thermoplastics such as
polymethylmethacrylate (PMMA), polycarbonate (PC), polystyrene (PS), polyvinylchloride
(PVC), and cyclic olefin copolymer (COC) [53]. The primary advantages of employing
polymers for microfluidic device fabrication lie in their considerably lower costs than glass
and silicon and their diverse properties, which vary among available polymers, enabling
them to cater to a wide range of applications [49].

3. Polymeric Microparticles

Polymer-based microparticles are renowned for their versatility. These materials find
utility across diverse domains, serving industrial applications to impart protection, func-
tionality, and finishing to products such as paper, metals, and wood, as well as advanced
applications in biomedical and analytical sectors. Examples include drug delivery for
chemotherapy, the fabrication of supports for chromatographic columns, spheres employed
in flow cytometry, and the recovery of DNA and proteins [54]. A range of polymers is avail-
able for use in microparticle fabrication, depending on the desired properties and purposes,
which can be categorized as follows: synthetic polymers, including poly(ethylene glycol),
polyglycerol, poly(acrylic acid), and poly(acrylamide), and natural polymers (also referred
to as biopolymers), encompassing polysaccharides (such as alginate, chitosan, agarose,
and pectin), proteins (including gelatin, collagen, and albumin), and bacterial-derived
biopolymers (such as bacterial cellulose and dextran) [17].

Despite their technical advantages, using synthetic polymers in microparticle fabrica-
tion, particularly those intended for biomedical applications, has been subject to debate.
Many of these polymers have fossil origins, either directly or indirectly, and more sustain-
able alternatives must be sought with the rational use of petroleum sources [55].

Due to their highly organized nature and alignment with properties such as biocompat-
ibility, biodegradability, low antigenicity, and high bioactivity, biopolymers have garnered
attention from researchers in the field of microparticle fabrication via microfluidics [14,56].
In this context, abundant polysaccharides in nature present unique opportunities for cost-
effective microparticle production [14]. Alginate [57], chitosan [58], and cellulose [59] stand
among the polysaccharide examples already explored in microfluidic applications.

4. The Case of Pectin

Pectin, a complex biomacromolecule and abundant heteropolysaccharide in the pri-
mary cell wall and middle lamella of plants, plays diverse roles, ranging from maintaining
cell integrity, which influences the firmness and texture of fruits and vegetables, to func-
tions in immunity against phytopathogens [60-63]. Due to its significant presence in plant
matrices, unused and discarded residues from agriculture, the agro-industry, and the food
industry are its primary sources, including apple pomace, citrus peel, and sugar beet
pomace [64,65]. Commercially, due to its ability to interact with water, pectin is commonly
used as a solution thickener and gelling agent in food and pharmaceutical products [65,66].

Structurally, pectin is a complex and heterogeneous polysaccharide, primarily com-
posed of homogalacturonan (HG), rhamnogalacturonan I (RG-I), and rhamnogalacturonan
II (RG-II) domains (Figure 1) [26]. The HG, which is the main region, comprises the
“smooth” regions of pectin, consisting of a linear chain of «-1,4-D-galactopyranuronic acid
(GalpA) residues. When branched by side chains formed by different sugars, some of which
are rare, such as D-apiose ((3R,4R)-4-(Hydroxymethyl)tetrahydro-2,3,4-furantriol), L-aceric
acid (3-C-Carboxy-5-deoxy-L-xylofuranose), and Kdo (2-Keto-3-Deoxy-D-Mannooctanoic
Acid), it forms RG-II [67,68]. The RG-, in contrast, has a main chain formed by alternating
a-L-thamnose (Rhap) and GalpA residues, which becomes branched when Rhap residues
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are substituted by side chains composed of either a single sugar residue or combined chains
of arabinans, galactans, or arabinogalactans [60].

Smoothregion Hairy region

<

HG RG-I RG-II
£ D-Galacturonic acid (GalA) A Tiismied iine
*L—Arabinnge (Ara) A L-Fucose (Fuc) B oMty
ﬁ D-Xylose (XyD . D-Apiose (Api) L O-Acetyl
D 3-Deoxy-D-lyxo-heptulosaric acid (Dha) O D-Galactose (Gal)

Figure 1. An illustration of the three polysaccharide segments commonly found in all pectin species:
homogalacturonan (HGA), rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II). The
figure was created following the symbol nomenclature for glycans guidelines [69,70].

The extraction method used can significantly affect the structure of pectins, influenc-
ing their potential applications [66]. The most traditional method for extracting pectins
involves heating plant matrices rich in this polysaccharide in acidified solutions, inducing
the hydrolysis of protopectin into pectin and its solubilization in the aqueous medium
used [71]. The corrosive nature, lengthy extraction steps, high temperatures, low yields, and
potential environmental impact have spurred the adoption of green approaches and emerg-
ing technologies, such as enzymatic extraction [72], microwave-assisted extraction [73],
ultrasound-assisted extraction [74], ohmic heating [75], subcritical extraction [76], and deep
eutectic solvents [77].

Gelation with divalent cations, particularly calcium, is one of pectin’s most signifi-
cant functional properties, serving as a key factor in numerous biological functions and
technological applications. Gelation proceeds via a classic “egg-box” mechanism, involv-
ing specific and strong interactions between calcium ions and blocks of galacturonic acid
residues [78,79]. The degree of esterification (DE), based on the percentage of esterified
carboxyl groups in the HG region, is commonly used to classify pectins. Pectins are thereby
divided into two types: high-methoxyl pectins (DE > 50%) and low-methoxyl pectins
(DE < 50%). The primary characteristic resulting from this classification is the ability to
form gels. High-DE pectins form gels when heated in acidic solutions with a low pH (2-3.5)
and in the presence of high sugar concentrations (55-75%), while low-DE pectins can form
gels across a broader pH range in the presence of divalent cations such as calcium (Ca?*)
or zinc (Zn?*) [80]. Due to these properties, high-DE pectins are generally used in the
preparation of jams, jellies, or marmalades, while low-DE pectins have a broader range
of applications due to their less demanding gelling conditions and the ability to produce
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gels with different characteristics, making them extensively utilized in the preparation
of reduced-calorie products [66]. The DE, along with molecular weight (MW), monosac-
charide composition (MC), the RG-I/HG ratio, and spatial conformation, significantly
influences pectins” physicochemical and biological properties. These factors depend on
various parameters, including the raw material, vegetative period, harvest time, storage
duration, and extraction method [26,81].

Pectin has been recognized for its positive effects on human health. Similar to other di-
etary fibers, the human body does not produce enzymes capable of degrading pectin, which
remains intact upon reaching the intestine and serves as a fermentation substrate for the
intestinal microbiota [82]. Two important aspects linked to its beneficial effects are observed
in this process: the regulation of the intestinal microbiota and the generation of short-chain
fatty acids (SCFAs) [83]. Thus, positive effects of pectin consumption on various human
ailments have been reported, such as beneficial effects against hyperglycemia [84], and
colorectal cancer [85]. Additionally, due to its resistance to upper gastrointestinal enzymes,
pectin has been used as a carrier for the specific delivery of drugs to the colon [25,86].

5. Pectin-Derived Microparticles

The structural attributes of pectin confer emulsifying properties, stabilizing effects, and
the ability to alter the viscosity of the medium in various systems where this hydrocolloid is
added. In conjunction with its soft and flexible nature, as well as its inherent high biocom-
patibility, pectin as a building material for fabricating particles/microparticles/microgels
has been widely adopted for various purposes [87-102]. Many methodologies have been
developed for producing pectin-based microparticles based on electrostatic interactions or
emulsions [25,103-105].

The most traditional method for producing pectin-based microparticles involves
molding pectin with an oppositely charged compound by adjusting the pH of the medium.
Unesterified galacturonic acid molecules in low-DE pectins, under certain pH conditions,
can have negatively charged deprotonated carboxyl groups that serve as binding sites
for electrostatic interactions [103]. Cross-linking is commonly induced with divalent
cations such as Ca?* and Zn?* through the ionotropic gelation mechanism. Due to its
simplicity, this system has been explored as a delivery system for various purposes, such
as medications [106,107], bioactives [108,109], and probiotics [110,111]. To enhance the
performance of these systems, control swelling, and increase stability [112], pectin hydrogels
are additionally cross-linked with proteins like whey protein [113] and gelatin [6], as well
as polysaccharides like chitosan [114] and alginate [115].

Due to the hydrophilic functional groups (hydroxyl and carboxyl) and hydrophobic
functional groups (carboxylic ester and amide), pectin can be used as an emulsifier [103].
The stability of the formed emulsions is achieved through steric stabilization, primarily
attributed to the neutral sugar side chains in RG-I, and electrostatic stabilization, due to the
ionization of carboxyl groups in HG [116]. Different gelling mechanisms (acidification with
ethanol, ionotropic cross-linking with Fe3*, and ionotropic cross-linking with Ca®*) were
explored in the formation of pectin-based emulsion gels for the delivery of bioactives in the
gastrointestinal tract [117]. The gelling methods significantly influenced the properties of
the emulsion gels, thereby altering the release mechanism of the microparticles. While gels
formed by acidification with ethanol and iron exhibited a sustained release profile in the
small intestine, calcium gels released their content only during passage through the colon.

6. Applications of Pectin in Microparticle Production via Microfluidics

Despite their simplicity, a common challenge with conventional processes is the lack
of control over microparticles’ size, shape, and homogeneity [24]. In this regard, method-
ologies based on microfluidic principles enable the precise and reproducible production of
pectin-based particles (Table 2).
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Table 2. The utilization of pectin in the production of microparticles through microfluidic technology
and its applications.

Gelation Droplet Particle
Mechanism MP Structure TYPE Cargo Diameter Effects Refs.
Spherical W/0 Gold particles <1.0 mm Controlled release [118]
Internal son ].amllsdparti}fles " W/0O BSA 92.0 um Multidrug delivery [119,120]
. pherical, doughnut-like, ; .
gelation and ellipsoidal W/0 18.0-42.0 um Smart swelling [121]
Spherical W/0O - 40.0-100.0 pm Smart swelling [122]
Spherical, d.o ughm}t-hke, W/0 - 22.0-200.0 pm Smart swelling [121]
and anisotropic
Spherical and ellipsoidal W/O Fe;O3 55.0-100.0 pm Magnetic anisotropy [123]
. Retinyl palmitate . .
Spherical O/W and quercetin 67.3-103.4 um Multidrug delivery [124]
External Spherical W/0 BMP-2-CDs 35.0 um Sustained delivery [125]
gelation system
Vegetative cells and
Spherical W/0 spores of 282.1-362.8 pm Maintained viability [126]
Clostridium butyricum
Spherical W/0 FCWP and LJWP 120.0 um s“Stalg‘;ie‘fsh"erY [127]

Abbreviations: W/O: water-in-oil emulsion; O/W: oil-in-water emulsion; BSA: bovine serum albumin; BMP-2-
CDs: Bone Morphogenetic Protein-2 conjugated with carbon dots; FCWP: Fenneropenaeus chinensis water-soluble
protein; LJWP: Lateolabrax japonicus water-soluble protein.

In a precursor approach to microfluidic studies, monodisperse pectin microparticles
were produced using a microchannel emulsification system [128]. Initially, a W/O emulsion
was made using tetraglycerol polyricinoleate and oleic acid as the continuous phase and
a 0.5 wt% pectin solution as the dispersed phase. This emulsion was then homogenized in
the microchannel with an external aqueous phase containing Tween 20 and calcium ions to
create a double W/O/W emulsion. The pectin-loaded internal aqueous phase was then
gelled, resulting in the formation of monodisperse pectin microparticles. Although the
microchannel technique produces fewer polydisperse particles (commonly less than 5%), it
lacks the precision of microfluidic devices in controlling droplet size, shape, anisotropy,
uniformity, and internal structure [129].

Gelation with divalent cations, especially calcium ions, has been the most widely
used approach for creating pectin-based microparticles in microfluidic methods [14]. In
an initial exploration of microfluidic concepts, microbeads were successfully produced
using pectin and rapeseed oil [118]. A flow-focusing microfluidic device made of poly-
carbonate, fabricated by micromilling, enabled the formation of monodisperse droplets.
Notably, cross-linking time significantly influenced nanoparticle release, with observations
suggesting a two-stage cross-linking process: rapid gelation of the outer layer followed
by prolonged cross-linking dependent on ion concentration homogenization within the
gelling droplet. The importance of calcium ion diffusion during the formation of pectin
microparticles was also verified by Fang and Cathala [122]. They demonstrated that the
addition of winding channels after droplet formation enhances the homogeneity of the
microparticles by improving the mixing between pectin and the cross-linking agent. Fi-
nally, the microfluidics method of collecting the newly produced microparticles has been
shown to affect their microstructure [123]. The settling collection method, which entails
consecutively dropping hydrogels from the outlet hole, effectively preserves the shape of
the soft pectin hydrogels compared to the collection via tubing connected to the outlet port
of the microfluidic device (Figure 2).

Pectin-based microparticles with diverse morphologies, such as spherical, doughnut-
like, oblate ellipsoid, and mushroom-like shapes (Figure 3), were produced using a microflu-
idic platform. This platform exploited different gelation methods (internal and external
gelation) and water diffusion in microfluidic channels (on-chip), as well as the deforma-
tion of pre-formed droplets outside the channels (off-chip) [120]. Studies of the swelling
behavior of hydrated and dried-rehydrated pectin microparticles indicated that drying did
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not significantly affect their shapes and swelling capacities, except for the mushroom-like
microparticles [121]. The precise control of microparticle morphology opens opportunities
for applications in various fields, such as drug delivery, optical devices, and the formation
of advanced materials.

(a) (b)
Bl o0 0 o

‘I O Calcium chloride
N “\{ Pectin

(© (d)

Glass

¢ 0 eal

Figure 2. Microfluidic device for generating pectin hydrogel microspheres: (a) A schematic illustration
of external cross-linking within the microchannel. (b) An optical microscope image of pectin droplets
within the microchannel. (¢) An overall schematic of the microfluidic device containing pectin hy-
drogel microspheres and the outlet port aligned with the hole in the slide glass. (d) A cross-sectional
view of the microfluidic device [123].

Figure 3. Scanning electron microscopy images of pectin hydrogel microparticles obtained through
various methods: (a) Solvent diffusion using anhydrous DMC without a cross-linking step.
(b) Solvent diffusion and external gelation of the dispersed phase using CaCl, as the cross-linking
agent. (c) Solvent diffusion and internal gelation of the dispersed phase using CaCOj as the cross-
linking agent. (d) Without solvent diffusion, utilizing external gelation. (e) Without solvent diffusion,
utilizing internal gelation. Scale bars: 10 um [120].



Fluids 2024, 9, 184

10 of 19

DAPI oM
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One of the most common applications of microfluidics is the encapsulation and con-
trolled release of active ingredients, such as drugs, nutrients, fragrances, or cosmetics [19].
For this purpose, transport systems must exhibit excellent biocompatibility, biodegrad-
ability, and high drug-loading efficiency [27]. To ensure consistency in the drug release
profile, effective control over the size, shape, and composition of the microparticles is
necessary [22]. Furthermore, multiple active ingredients can be co-encapsulated within
a single microparticle, enabling the investigation of synergistic effects [19]. This concept
was demonstrated with pectin-based microparticles produced via microfluidics, which were
used to encapsulate both hydrophobic and hydrophilic agents within the same system [124].
Using a flow-focusing microfluidic device, monodisperse oil droplets containing retinyl
palmitate (RP) and quercetin nanoparticles were continuously generated within an aque-
ous pectin solution. In a second inlet, this pectin solution flowed through a mixture of
water, ethanol, and calcium ions. The pectin around the oil droplets gelled through ionic
cross-linking with calcium and ethanol precipitation. The successful encapsulation of the
ingredients was demonstrated through a series of optical microscopy images (Figure 4).

No functional Only quercetin  Both RP and
component Only RP

nanoparticles quercetin

O O O o

Figure 4. Optical microscopy images, along with 4 ,6-diamidino-2-phenylindole (DAPI)- and
fluorescein isothiocyanate (FITC)-filtered fluorescence images, of various pectin microcapsules:
(A,E,I) empty pectin microcapsule, (B,F,J) RP-containing pectin capsule, (C,G,K) quercetin-containing
pectin capsule, and (D,H,L) pectin capsule containing both RP and quercetin [124].

Pectin-based microgels have emerged as a promising alternative for aquatic protein
delivery [127]. Certain aquatic proteins are packed with essential amino acids, and some
have health benefits, such as antioxidant and immunomodulatory properties [130-132].
Despite this, harsh conditions of temperature and pH can lead to the loss of functional
activity of these proteins. Wang et al. [127] fabricated electrostatically crosslinked pectin-
based microgels with zinc cations and a layer of cationic chitosan molecules to encapsulate
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soluble proteins from Fenneropenaeus chinensis and Lateolabrax japonicus. These microgels
had uniform size and spherical shape, demonstrating distinct release profiles in the gas-
trointestinal tract, with an enhanced release under colonic conditions. Thermal analyses
indicated interactions between the proteins and the microgels, showing improved thermal
stability of the proteins after encapsulation. Additionally, the microgels did not affect the
antioxidant and immunostimulatory activities of the proteins.

Advances in tissue engineering and regenerative medicine have employed microfluidic
technologies to create a suitable microenvironment for repairing and regenerating lost
or damaged tissues, including pectin-based microparticles [133,134]. The protein Bone
Morphogenetic Protein-2 (BMP-2), which functions as an osteogenic growth factor and
has been applied in bone repair therapies [135,136], was conjugated with carbon dots
(CDs), which possess intrinsic fluorescence properties, to create a therapeutic platform
where both osteogenesis and bioimaging are needed. Monodisperse BMP-2-CD-loaded
pectin droplets, with a size of 35 um and a CV < 5%, were produced using ionic gelation
between pectin and zinc ions, facilitated by an MF flow-focusing droplet generator [125]. To
optimize the controlled release of BMP-2-CDs, the pectin microparticles were incorporated
into composite scaffolds made of gelatin (G), elastin (E), and hyaluronic acid (HA). These
polymers (GE-HA) combined resulted in scaffolds with sustained BMP-2-CD release for
21 days, appropriate degradation, water absorption capacity, and mechanical strength,
ideal for enhanced cell adhesion, as demonstrated with MG-63 cells. This approach shows
potential for biocompatible structures in therapeutic and bone tissue engineering.

The resistance of pectin to gastrointestinal enzymes can be used for the targeted de-
livery of drugs, bioactives, and biotics to the colon, aiming to treat or alleviate specific
conditions [86]. Inflammatory bowel disease (IBD) is a chronic inflammation of the gas-
trointestinal tract and is a multifactorial disease triggered by intestinal microbiota dysbiosis,
immunological abnormalities, genetic predisposition, and environmental factors. IBD can
manifest as either Crohn’s disease (CD) or ulcerative colitis (UC). While CD can affect the
entire gastrointestinal tract, UC is generally confined to the colon [137]. A therapy for
ulcerative colitis (UC) was developed by regulating microbiota homeostasis by delivering
Clostridium butyricum spores, utilizing polysaccharide microparticles, including pectin, via
microfluidic technology [126]. Vegetative cells or spores of C. butyricum at a concentration
of 8 x 10!9 CFU/mL were mixed with a low-DE pectin solution (DE = 34%). This mixture
was emulsified in an oil phase using a microfluidic device and subsequently cross-linked
with CaCl, and chitosan, as illustrated in Figure 5. The encapsulation process effectively
increased the thermal stability of both vegetative cells and spores of C. butyricum against
heat processing and lyophilization. It also extended their viability during prolonged stor-
age and enhanced their tolerance to gastrointestinal fluids. The chitosan-coated particles
demonstrated remarkable stability, likely due to the dense gel network structure formed
between pectin and chitosan, which effectively reduced the porosity and permeability of the
particles. In a murine model, the microparticles reduced symptoms of acute dextran sulfate
sodium (DSS)-induced colitis, such as weight loss and colon shortening. Additionally,
histological observations of colon tissue showed a significant reduction in colitis-induced
damage, and levels of pro-inflammatory cytokines, including mouse interleukin 6 (IL-6)
and tumor necrosis factor-alpha (TNF-«), decreased after treatment. Overall, the results in-
dicated that dietary polysaccharide microcapsules containing C. butyricum are a promising
alternative for restoring intestinal damage caused by colitis.

Named after a two-faced Roman god of the same name, Janus particles were initially
proposed by Pierre-Gilles de Gennes [138]. Simply put, Janus particles consist of particles
with surfaces or regions exhibiting distinct physical or chemical properties, within the
same particle, often of different natures [139,140]. This asymmetry provides distinct optical,
electrical, or magnetic properties that can be exploited for various purposes, such as
controlling molecular recognition and self-assembly processes [139,141]. As demonstrated
by Marquis et al. [119], pectin is a suitable hydrogel for the synthesis of homo (pectin—pectin)
or hetero (pectin—alginate) Janus particles (Figure 6). In a microfluidic system with a flow-
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focusing device, droplets of pectin or alginate with CaCO3; were generated in sunflower
seed oil. Subsequently, sunflower seed oil with surfactant and acetic acid was added to
induce gelation. Homo Janus particles were successfully produced, although their interface
was not as clearly defined as that of hetero particles. Conformational constraints from
esterified and non-esterified galacturonic acids, coupled with convective and interdiffusive
mixing phenomena, were responsible for the invaginations at the homo Janus interface.
In hetero Janus particles loaded with bovine serum albumin (BSA), microscopic analysis
showed BSA transferring to the charged alginate pole. This transfer was ascribed to
diminished attractive electrostatic interactions between BSA amino groups and pectin
carboxylic groups, owing to the presence of methoxy groups along the pectin chain [120].

C. butyricum
Pectin > Droplets CaClz Chitoson

»

Microcapsul les™. - Coating
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-&"é’ Pectin@C. butyricum Chitosan@ectin@C. butyricum *
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©000000000000000000000000000000000000000000000000000000008000000anl
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Figure 5. (A) The microfluidic device (left) and a schematic of the microcapsule preparation process
(right), and (B) microscope images and (C) SEM images of chitosan—pectin, pectin—spore, and
chitosan—pectin-spore microcapsules [126].
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Figure 6. Fluorescence confocal microscopy images and fluorescence intensity profiles for
(a) FA—pectin/Bodipy—pectin homo Janus microbeads and (b) FA-alginate/Bodipy—pectin hetero
Janus microbeads. Excitation wavelengths for FA and Bodipy were set at 488 nm and 561 nm, respec-
tively, with emission fluorescence recorded between 500 and 530 nm (green) and 570 and 620 nm (red).
Flow rates for FA—pectin (or FA-alginate), Bodipy—pectin, and oil in each channel were 1 pL/min,
1 pL/min, and 18 pL/min, respectively. Scale bars: 100 pm (left) and 50 um (middle) [119].

7. Conclusions

The introduction of microfluidic technology has revolutionized the field of microcarri-
ers, driven by the need for precise control over particle characteristics such as size, shape,
and composition to meet the demands of diverse applications. Pectin’s complex composi-
tion offers remarkable versatility for microparticle fabrication, enabling its utilization in
biomolecule delivery, bioimaging technologies, and regenerative medicine. Combining
pectin with other biopolymers holds immense potential for modulating its properties.
Novel particle concepts, such as Janus particles, present exciting possibilities for pectin,
paving the way for exploration in new fields like molecular recognition.

Despite the progress achieved, this technology remains underutilized. Many applica-
tions realized with pectin microparticles produced by conventional methods have not yet
been explored with monodisperse microparticles. Additionally, there is a lack of research
on delivering compounds or drugs to the colon, an area with clear untapped potential.
Furthermore, no studies have been found on the application of pectin and microfluidic
technology for developing nanoparticles or nanocarriers, which are crucial for addressing
needs that microparticles cannot fulfill.
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