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Abstract

Selecting a microparticle fabrication method requires an understanding of payload compat-
ibility, particle formation, and manufacturing constraints. This review summarizes these
considerations and provides guidance on method selection. PubMed, Scopus, and Web of
Science databases were searched up to February 2026, supplemented by Google Scholar
searches. This structured narrative review compares 16 microparticle fabrication methods,
examining their mechanisms, key formulation and process variables, material compatibility,
particle properties, release behavior, scalability, and limitations. Representative patented
methods are also listed to provide an additional informative technological context. Among
the analyzed methods, interfacial dynamics, heat and mass transfer, payload partition-
ing, and carrier solidification help explain how processing conditions influence particle
properties and release. Spray drying and coating are relatively well-established industrial
processes. Droplet microfluidics and electrospraying enable precise control over particle
size and architecture, though throughput and scale-up remain challenges. Whereas mild
aqueous processing may help preserve the integrity of labile biomacromolecules, solvent-
and melt-based techniques require careful control of residual solvents and thermal expo-
sure. For long-acting delivery, particular attention must be paid to matrix tortuosity, the
changing contributions of diffusion and degradation, and initial burst release. However,
direct comparisons are difficult due to differences in formulation parameters and testing
conditions. Method selection remains application-dependent. Payload stability, desired
particle structure and release profiles, manufacturing constraints, and production scale
must all be comprehensively considered. More consistent reporting and direct comparisons
under relevant industrial conditions would provide stronger support for these decisions.

Keywords: microparticles; method of preparation; solvent evaporation; solvent extraction;
spray drying; electrospraying; single emulsion; double emulsion; pan coating

1. Introduction
The process of forming microparticles—including microspheres, microcapsules, and

microbeads—with 1–999 µm size represents an essential feature of modern drug delivery
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systems and functional material development [1]. The multiparticulate drug delivery
system has several advantages, especially with regard to the controlled release of active
pharmaceutical ingredients (APIs) and the improvement of the bioavailability of poorly
soluble APIs [2]. In addition, the system is effective in masking undesirable tastes and
providing API protection from early degradation by the environmental factors [3]. An im-
portant difference in the release of microspheres and microcapsules is generally attributed
to the internal structure of these microparticles. The microsphere is a matrix system, while
the microcapsule is a reservoir system with a well-defined core–shell structure [4]. Here,
“microparticle” is the umbrella term; “microbead” refers to gel-based particles, and “micro-
pellet” refers to small, preformed pellets used as coating substrates, provided their size falls
within the micrometer range. However, the drug release behavior cannot be determined
solely by the internal structure. In the polymer particle system, the drug release is also
influenced by the chemical properties of the polymer, hydrophilicity, molecular weight,
chain length, end group functions, crystallinity, and the degradation or dissolution rate of
the polymer matrix [5]. In the lipid-based system, the most important influencing factors
include lipid composition, hydrophobicity, melting behavior, polymorphism, crystallinity,
drug–lipid miscibility and distribution, surfactant content, and the lipid digestion or ma-
trix dissolution process [6]. Generally, these factors interact together to affect the water
permeability, drug diffusion, matrix remodeling, and initial release rate of the system.

The preparation method is one of the factors influencing the final physicochemical
properties of particulate drug delivery systems (Figure 1). Particle size and porosity are
determined jointly by formulation components and process parameters, while surface
charge mainly depends on the nature of the formulation components and their specific
surface area distribution. The choice of a microparticle fabrication method generally de-
pends on the properties of the payload and the desired product attributes. Relevant factors
include solubility, chemical and thermal stability, phase behavior, viscosity, interfacial
tension, heat and mass transfer, the solidification mechanism, and the expected production
scale. Lipophilic and hydrophilic payloads often differ in their partitioning behavior and
processing requirements. Protein formulations may be sensitive to heat, dehydration, shear,
and interfacial exposure during spray drying. Suitable excipients and careful control of
inlet and outlet temperatures and residence time may mitigatesome of these effects. Nitro-
gen may also be used as the drying gas when oxidative degradation is a concern. When
organic solvents are required, their compatibility with the payload and the residual solvent
levels should be assessed [7,8]. Microfluidic systems provide fine control over particle
size and morphology, although higher throughput usually requires the parallelization of
multiple microchannels. Spray drying can usually be scaled more readily for industrial
production [9]. Herein, we evaluate sixteen microencapsulation techniques, comparing
their underlying physical mechanisms, critical process parameters (CPPs), critical quality
attributes (CQAs), and scale-up feasibility. This comparative framework aims to help select
the appropriate preparation method based on the physicochemical properties of the active
pharmaceutical ingredient and the desired product characteristics.

Existing reviews typically focus on individual preparation techniques or specific mate-
rials and applications, limiting direct comparisons of fundamental mechanisms, process
variables, and scale-up limitations among different methods. To address this gap, this
review evaluates sixteen different particulate preparation methods within a unified frame-
work that links physicochemical mechanisms and key process parameters to the properties
and performance of the particles. Its principal contribution is an integrated comparison link-
ing fabrication mechanisms, critical process parameters, particle attributes, payload com-
patibility, and scale-up considerations, supported by diagrams and quantitative examples.
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Figure 1. Classification and mechanisms of microparticle fabrication methods.

1.1. Common Physicochemical Determinants of Microparticle Formation

Although equipment and processes differ, the production of microparticle formu-
lations is influenced by many common physicochemical factors. The final particle size,
morphology, internal structure, solid-state properties, encapsulation efficiency, and release
behavior reflect the interactions among formulation composition, interfacial phenomena,
transport processes, and solidification conditions. Manufacturing processes can affect these
properties, but these effects are not independent of the payload, carrier, solvent system,
and operating parameters.

The formation of droplets depends on the balance among inertial, viscous, and in-
terfacial forces. This balance can be described by the Weber number, Capillary number,
Reynolds number, and viscosity ratio:

We =
ρU2L

γ
, Ca =

µU
γ

, Re =
ρUL

µ
, λ =

µd
µc

where ρ and µ are the density and dynamic viscosity of the continuous phase, U is the
characteristic relative velocity, L is the characteristic length, γ is the interfacial tension,
and µd and µc are the viscosities of the dispersed and continuous phases, respectively.
The Weber number is particularly relevant when inertial forces contribute substantially to
droplet breakup, while the capillary number is commonly used for low-Reynolds-number
flows, such as those in microchannels. Greater shear or lower interfacial tension generally
promotes droplet deformation and size reduction. A high dispersed-phase viscosity may
resist breakup, producing larger or less uniform droplets. Surfactants can lower interfacial
tension and limit coalescence, although excessive concentrations may increase continuous-
phase viscosity or alter the particle surface [10–18]. Wetting also affects whether a liquid
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phase spreads over a solid core or previously formed particles. The capillary pressure
across a curved interface is described by the following:

∆P = γ

(︃
1

R1
+

1
R2

)︃
where R1 and R2 are the principal radii of curvature [19]. Changes in interfacial tension,
curvature, and wettability can therefore affect droplet stability, coating deposition, and
shell formation.

Heat and mass transfer govern the conversion of liquid droplets or precursor phases
into solid microparticles. Solvent transport is driven by differences in chemical potential
and can often be approximated using Fick’s law:

J = −D∇C

where J is the solvent flux, D is the diffusion coefficient, and ∇C is the concentration
gradient. For a spherical droplet, the surface-area-to-volume ratio is 3/R, where R is the
droplet radius. Smaller droplets therefore tend to exchange heat and mass more rapidly and
have shorter internal diffusion distances. Solvent volatility and water miscibility, external-
phase volume, temperature, pressure, gas flow, humidity, residence time, and dilution
rate can all influence solvent removal. Rapid solvent loss may produce an early surface
layer that restricts subsequent transport and promotes pores, cavities, or particle collapse.
Slower removal can allow more extensive polymer rearrangement and may produce a
denser internal structure [20–31]. In sol–gel systems, capillary pressure generated during
ambient drying can also cause network shrinkage or cracking, while supercritical drying
can reduce this stress [32,33].

Carrier properties and solid-state transitions further influence particle formation and
stability. Polymer concentration and molecular weight affect solution viscosity, chain en-
tanglement, droplet breakup, and molecular mobility. The glass transition temperature,
Tg, describes the transition of amorphous polymer regions from a glassy state to a more
mobile rubbery state. Residual solvents, absorbed water, plasticizers, and some payloads
may increase free volume and lower Tg. When the processing or storage temperature
approaches Tg, greater chain mobility may promote particle adhesion, pore collapse, pay-
load diffusion, or physical instability [25,26,34–39]. Drug–carrier miscibility and the rates
of cooling, drying, and precipitation influence whether the payload remains molecularly
dispersed or forms amorphous or crystalline domains. Rapid cooling or precipitation may
retain a metastable structure, whereas subsequent recrystallization or lipid polymorphic
transitions can redistribute the payload and change its release behavior [40–45]. In melt-
based processes, carrier melting range, melt viscosity, and cooling rate also affect droplet
breakup, particle sphericity, and the thermal exposure of the payload.

Payload retention depends partly on its solubility and partitioning among the phases
present during fabrication. Lipophilic payloads generally show greater retention in an
organic or hydrophobic carrier phase, while hydrophilic payloads may migrate into the
external aqueous phase, reducing encapsulation efficiency. Double emulsions and core–
shell structures can limit this loss, but additional interfaces may increase leakage or expose
sensitive biomolecules to interfacial stress [46–48]. Differences in osmotic pressure be-
tween the internal and external aqueous phases can drive water transport and cause
droplet swelling, internal cavities, or membrane disruption. Electrolytes may alter water
activity, ionic strength, solvent–water miscibility, and interactions between the payload
and carrier. Their type and concentration require careful adjustment because excessive
ionic strength may precipitate sensitive payloads or modify particle structure and release
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kinetics [30,49–57]. Ion-specific effects associated with the Hofmeister series are discussed
separately in Section 2.16.

Some fabrication methods introduce pressure or electrical energy as additional process
variables. In supercritical fluid processing, pressure and temperature determine carbon
dioxide density, phase behavior, and solvent strength. Rapid depressurization or antisol-
vent mixing can generate supersaturation and nucleation, while dissolved carbon dioxide
may plasticize polymer matrices and reduce their glass transition temperature and vis-
cosity [39,58–62]. In electrospraying, particle formation depends on solution conductivity,
solvent volatility, humidity, feed rate, and droplet residence time [63–70]. These variables
influence whether the process produces discrete particles, satellite droplets, wet deposits,
or fibrous structures.

The final release profile reflects the combined effects of matrix porosity, pore connec-
tivity, tortuosity, particle size, payload distribution, and interactions between the payload
and carrier. Greater connected porosity usually facilitates water penetration and diffusion,
whereas greater tortuosity lengthens the transport pathway and reduces effective diffusiv-
ity. The relative contributions of water uptake, diffusion, matrix relaxation, erosion, and
polymer degradation can change during the release period [71,72]. Payload located near
the surface and rapid pore formation may increase initial burst release. An excessively
dense matrix can instead produce a long lag phase or incomplete release. Method selection
should therefore consider payload stability, target particle structure, release requirements,
solvent and thermal exposure, and the intended production scale.

1.2. Literature Search Strategy

This structured narrative review searched PubMed, Scopus, and Web of Science from
database inception to 9 February 2026. Recent studies published within the preceding five
years were prioritized for representative applications and technological developments,
while earlier foundational studies were retained when necessary to describe established
principles and mechanisms. The search terms were “(microparticles or microspheres or
microcapsules) and (preparation or encapsulation)”, combined with the names of the six-
teen methods described in later sections. Google Scholar and reference lists were also
consulted to identify additional studies. After removing duplicates, titles, abstracts, and
full texts were reviewed. Stage-specific record counts are not reported because they cannot
be reliably reconstructed from the available search records. Peer-reviewed journal articles
form the primary evidentiary basis. Established principles are supported by citations of
seminal works and relevant sections, while the patent literature is used solely to provide
representative technical background. Priority was given to recent examples with originality,
while foundational studies elucidating established principles were retained. The compar-
ative discussion focuses on micron-scale particle systems. Studies encompassing both
submicron and micron dimensions are included, with the reported size ranges explicitly
specified, rather than treating all particles indiscriminately as micron-sized.

2. Method of Microparticle Preparation
2.1. Solvent Evaporation

The solvent evaporation technique remains a foundational, highly scalable approach
for the fabrication of biodegradable polymeric microparticles within industrial pharmacy.
At its core, the methodology relies on a multiphase system where a preformed polymer and
an active pharmaceutical ingredient are dissolved in a volatile organic solvent (the dispersed
phase) and subsequently emulsified into discrete droplets within an immiscible continuous
phase (dispersion medium). The transition of the liquid droplet to a solid matrix structure
is regulated by a coupled mass transport phenomenon whereby the organic solvent diffuses
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into the continuous phase before being eevaporating into the ambient air at the gas–liquid
interface [8]. This stage-wise transition is illustrated in Figure 2.

Figure 2. Illustration and practical steps for the preparation of microparticles using the solvent evap-
oration method. (A) Single emulsion evaporation method. (B) Double emulsion evaporation method.

2.1.1. Fluid Dynamics and Interfacial Mechanics of Emulsification

The emulsification process determines the initial droplet size distribution, which
in turn significantly affects the final particle size. As shown in Figure 2, the polymer
(e.g., poly(lactic-co-glycolic acid)) and the active ingredient are dissolved in an organic
solvent, typically dichloromethane [31]. The organic phase is then introduced into an
aqueous phase containing a stabilizer (e.g., poly(vinyl alcohol)) and emulsified by high-
shear homogenization or ultrasonic cavitation [73]. Generally, higher shear rates and lower
interfacial tension during solvent evaporation favor the formation of smaller emulsion
droplets, resulting in smaller particles [10].

2.1.2. Solvent Transport and Kinetics of Solidification

During solvent evaporation, as the organic solvent partitions from the polymer-rich
phase and is removed from the continuous phase, the dispersed droplets gradually solidify.
The solvent removal rate directly influencesthe morphology and internal porosity of the
particles. Rapid removal can lead to premature surface vitrification and the formation
of internal voids or irregular pores. Slower removal may allow greater polymer chain
rearrangement and favor a denser matrix, depending on the formulation and processing
conditions [20,74]. These trends do not predict release kinetics by themselves, which also
depends on residual-solvent plasticization and the associated changes in glass transition
temperature, pore connectivity, and payload distribution.
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2.1.3. Formulation Modulation Based on Drug Lipophilicity

As shown in Figure 2, the technique can be fine-tuned using chemical modification
based on the logP value of the medicinal compound:

• Single Emulsion (O/W) Approach: This process works well with lipophilic drugs,
where the hydrophobic drug preferentially partitions into the organic polymer phase
due to thermodynamic affinity, hence giving very high encapsulation efficiencies [46].

• Double Emulsion (W/O/W) Technique: In the case of hydrophilic substances—such as
proteins, peptides, or highly soluble small molecules—a water-in-oil (W1/O) primary
emulsion must first be created, which is then dispersed in a secondary water phase
(W2). The water droplets act as isolated cores for the hydrophilic cargo molecules.
However, this technique poses several technical difficulties. Osmotic and mass trans-
port phenomena can promote coalescence between the internal and external aqueous
phases, leading to leakage of the drug and low efficiency of entrapment. Emulsification
may also expose sensitive proteins to oil–water interfaces, which can induce interfacial
shear and protein denaturation or aggregation [75].

2.1.4. Influence of Polymer Molecular Weight on Matrix Formation and Drug Release

Polymer molecular weight influences dispersed-phase viscosity and chain entangle-
ment. However, its effects on particle formation and release kinetics depend on polymer
chemistry, polymer concentration, solvent composition, and processing conditions. At
comparable polymer concentrations, a higher molecular weight generally increases solution
viscosity and can hinder droplet breakup during emulsification. This does not necessarily
produce a denser matrix or slower drug release, as porosity, payload distribution, water up-
take, and degradation also contribute to the observed profile [74,76]. End-group chemistry
also modifies these effects. For polymers sharing the same backbone, a lower molecular
weight corresponds to a greater concentration of chain ends per unit mass; whether this
increases hydrophilicity depends on the nature of those end groups. Acid-terminated
and ester-capped polyesters (such as PLGA) therefore should not be assumed to behave
identically [5]. Residual solvents and some payloads may plasticize the polymer matrix
and depressits glass transition temperature (Tg). The extent of plasticization depends
on their concentration and thermodynamic miscibility with the polymer, with potential
consequences for particle stability depending on formulation composition and processing
or storage temperature [34–37].

2.1.5. Interfacial Stabilization and Residual Surfactant Effects

Surfactant concentration is a key variable in the solvent evaporation process.
Poly(vinyl alcohol) (PVA) adsorbs at the oil–water interface, thereby lowering interfa-
cial tension and suppressing droplet coalescence during solvent removal. Within a certain
range, increasing the PVA concentration can reduce particle size; however, excessive PVA
increases the continuous-phase viscosity and leads to irreversibleadsorption of surfactants
on the particle surface [11,12]. Residual PVA can affect zeta potential, surface wettability,
and initial burst release kinetics. Washing can reduce the amount of stabilizer adsorbed
on the particle surface; however, excessive washing can induce shear-mediated particle
damage or promote payload leaching [13].

2.1.6. Recent Experimental Application of Solvent Evaporation Method

Alvarez et al. used a double-emulsion solvent evaporation method to compare the
use of dichloromethane and ethyl lactate in the preparation of gemcitabine-loaded PLGA
microparticles [77]. Gemcitabine was encapsulated in an inner aqueous phase, and a
primary emulsion was first prepared using a high-speed homogenizer at speeds of 5600 to
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12,000 rpm, which was then dispersed in a 1% (w/v) Poly(vinyl alcohol) solution. Higher
homogenization speeds resulted in smaller droplets. The high water solubility of ethyl
lactate also accelerated solvent mass transfer into the continuous phase, directly influencing
phase separation and particle agglomeration [77].

2.2. Solvent Extraction

Solvent extraction solidifies emulsion droplets by transferring an organic solvent from
a dispersed polymer phase into a large external extraction medium. Solvent extraction and
evaporation may both contribute to solvent removal; the terms distinguish the predominant
removal route rather than mutually exclusive mechanisms [78,79]. As the solvent diffuses
from the droplet, the polymer reaches supersaturation and precipitates, forming solid
particles, Figure 3. The extraction rate affects the particle morphology, internal porosity,
and residual solvent levels [21,22,80].

Figure 3. Illustration and practical steps for the preparation of microparticles using the solvent
extraction method. (A) Single emulsion solvent extraction method (O/W) for hydrophobic drugs.
(B) Double emulsion extraction method (W1/O/W2) for hydrophilic drugs, peptides, or proteins.

2.2.1. Solvent Partitioning and Particle Hardening

The solvent partitioningbetween the organic droplet and the surrounding aqueous
phase determines the hardening rate of the particles. Solvent transfer from the droplets into
the aqueous phase depends on solvent–water miscibility and the concentration gradient;
rapid transfer may promote early polymer precipitation at the droplet surface [23]. If the
solvent diffusion rate exceeds the relaxation rate of the polymer chains, the outer regions
may vitrify before the interior is fully depleted of solvent. This can result in irregular
porosity and elevated residual solvent levels [24]. The initial droplet size also affects
extraction, with smaller droplets resulting in a larger specific surface area per unit volume.

https://doi.org/10.3390/micro6040085

https://doi.org/10.3390/micro6040085


Micro 2026, 6, 85 9 of 46

Therefore, phase viscosity and emulsification conditions indirectly affect solvent transport
by determining the initial droplet size distribution [14,15,21].

2.2.2. Effect of Extraction Medium Volume Ratio

The effect of the extraction-medium volume depends on solvent–water miscibility
and the stage of particle formation. In an ethyl acetate–PLGA system, the initial organic-
to-aqueous phase ratio is selected to permit droplet formation while avoiding premature
polymer precipitation; subsequent dilution promotes microsphere solidification [81]. Thus,
the volume ratio and timing of dilution must be optimized concurrently. Resulting changes in
surface morphology and internal pore structure should be established empirically for the spe-
cific polymer–solvent system. Table 1 summarizes these formulation-specific considerations.

Table 1. Formulation-specific considerations for solvent extraction.

Parameter Consideration Evidence Boundary

Solvent removal
Consider external-phase capacity,

dilution timing, and diffusion within
the matrix.

Initial particle formation and final
residual-solvent removal can be
controlled by different factors.

Polymer solidification Avoid premature precipitation before
stable droplets form.

Demonstrated for the ethyl
acetate–PLGA system; no universal

volume-ratio threshold is established.

Particle morphology
Assess surface morphology and

internal structure for the
selected formulation.

A general higher-ratio versus
moderate-ratio ranking is

not established.

Payload retention
Measure drug loading and release

together with
residual-solvent content.

Volume ratio alone does not establish
retention or burst release.

Note: These are formulation-development considerations, not universal directional predictions.

2.2.3. Osmotic Balance and Electrolyte Effects

Hydrophilic payloads may partition into the external aqueous phase during solvent
extraction, thereby reducing encapsulation efficiency. Electrolytes can limit this loss by
altering water activity and osmotic balance [49]. In double-emulsion systems, the osmotic
pressure difference between the inner and outer aqueous phases can lead to droplet swelling,
internal cavity formation, or membrane rupture. Careful adjustment of the type and
concentration of electrolytes can improve structural stability, but excessively high ionic
strength may cause sensitive payloads to precipitate or alter subsequent drug release
kinetics [50–52].

2.2.4. Recent Experimental Application of Solvent Extraction Method

A 2024 study explored methods for removing residual solvent from blank and drug-
loaded PLGA microspheres prepared by oil-in-water (O/W) solvent extraction/evaporation [81].
The microspheres solidified while still retaining approximately 5–10% (w/w) dichloromethane.
Subsequent wet extraction with low concentrations of aqueous methanol or ethanol improved
the removal of dichloromethane, likely because the alcohols plasticizedthe PLGA matrix and
increased polymer chain mobility. Excessive alcohol concentrations or process temperatures
reduced the retention of dexamethasone and risperidone. Therefore, the relationship be-
tween residual solvent removal and drug loss appears to depend on formulation and
process conditions [81].
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2.3. Coacervation (Phase Separation)

Coacervation is a liquid–liquid phase separation process in which a polymer solution
separates into into a polymer-rich condensed phase and a polymer-poor equilibrium phase
(dilute phase) [82]. The preparation of microparticles typically involves four sequential
steps: (1) dispersing the core material in the polymer solution; (2) inducing phase separation;
(3) depositing the coacervate droplets around the core; and (4) solidifying the deposited
layer to form a stable shell [83].

2.3.1. Simple and Complex Coacervation

Simple coacervation occurs in single-polymer solutions and is typically induced by
the addition of non-solvents, miscible alcohols, electrolytes, or other desolvating agents.
This reduces polymer–solvent interactions, leading to a decrease in polymer solubility and
the separationof a polymer-rich liquid phase [84,85]. In contrast, complex coacervation
involves the associative phase separation of two or more oppositely charged polyelec-
trolytes (typically proteins and polysaccharides). Electrostatic attraction, coupled with
the entropic gain driven by the release of counterions and bound water, promotes phase
separation [86,87].

2.3.2. Fluid Mechanics and Interfacial Adsorption Parameters

Effective shell formation requires a liquid coacervate layer to wet the core material
surface. This tendency can be described by the spreading factor:

S = γcs − (γcc + γsc)

where γcs is the interfacial tension between the continuous phase and the core, γcc is
the interfacial tension between the continuous phase and the coacervate, and γsc is the
interfacial tension between the solid core and the coacervate. Spontaneous encapsulation
requires a positive spreading coefficient (S > 0), which causes the liquid coacervate phase to
wrap uniformly around the core material during the deposition stage shown in Figure 4 [88].

These three interfacial tensions correspond to the interfaces between the continuous
phase and the core, the continuous phase and the coacervate phase, and the core and the
coacervate phase, respectively. A positive spreading coefficient promotes the wetting and
spreading of the coacervate phase over the core surface and the formation of a continuous
coating. Controlled stirring can improve the contact between the core and the coacervate
phase while limiting droplet coalescence [16].

2.3.3. Shell Hardening and Crosslinker Selection

The deposited coacervate layeris initially liquid and may require chemical or enzy-
matic crosslinkingto form a stable shell (Figure 4). Glutaraldehyde reacts rapidly with
primary amines, but this can cause cytotoxicity and residual crosslinker issues [82,89].
Depending on the shell material, charge stability, and required processing time, other
crosslinking systems—such as genipin, transglutaminase, and EDC/NHS coupling—can
be selected [90–93]. EDC/NHS-mediated coupling promotes amide-bond formation be-
tween carboxyl and primary amine groups without introducing a spacer into the linkage;
its efficiency depends on pH and competes with hydrolysis of the activated intermediates.
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Figure 4. Illustration and practical steps for microparticle preparation by coacervation.

2.3.4. Ionic Strength and Electrostatic Screening

Complex coacervation is highly sensitive to ionic strength because dissolved ions
screen the electrostatic attraction between oppositely charged macromolecules. Coac-
ervation can occur within a suitable range of ionic strength; however, excessively high
electrolyte concentrations can weaken polymer association and suppress coacervate phase
separation [94,95]. The influence of ionic strength depends on pH, polymer charge density
and mixing ratio, and electrolyte composition, including ion identity and valence; no single
ionic-strength or Debye-length range applies to all coacervating systems.

2.3.5. Timing of Electrolyte Addition

The timing of electrolyte addition affects shell hydration, porosity, and payload release
kinetics. Adding electrolyte during coacervate deposition may disrupt compact polymer
association, resulting in a more hydrated shell, while treatment after coating may pro-
mote shell dehydration and densification [86,96]. These effects depend on the polymer
composition and are the specific electrolyte conditions.

2.3.6. Recent Experimental Application of Coacervation Method

In one study, a combination of complex coacervation and spray drying was used to
encapsulate propolis extract using chia seed mucilage and gelatin as shell materials [97].
Turbidity and zeta potential measurements showed that pH 3.5 was optimal for coacervate
formation. The selected formulation contained 3.13% (w/v) propolis extract, and the
resulting particles had a total phenolic content of 15.36 mg gallic acid equivalents per gram
and exhibited high thermal stability under the reported test conditions [97].

2.4. Spray Drying

Spray drying is a continuous process in which a liquid feed is atomized into droplets,
dried in a heated drying stream, and then collected as a dry powder. Particle formation
typically involves three sequential stages: atomization; solvent evaporation and droplet
solidification; and separation of the dried particles from the exhaust gas (Figure 5) [98].
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Figure 5. Illustration and practical steps for microparticle preparation by spray drying.

2.4.1. Atomization and Droplet Formation

Atomization dispersesthe liquid feed into fine droplets, thereby increasing the specific
surface area available for solvent evaporation. Droplet size and size distribution depend
on atomizer geometry, feed viscosity, surface tension, feed rate, and atomization pressure.
Rotary atomizers, two-fluid nozzles, and multi-fluid nozzles impose distinctshear regimes,
which govern the resulting initial droplet size distributions [40,99].

2.4.2. Solute Migration and Particle Morphology

During the early constant-rate drying period, solvent evaporation keeps the droplet
temperature near the wet-bulb temperature of the drying gas, thus limiting thermal ex-
posure [100,101]. The competition between surface recession and solute diffusion can be
expressed by the Péclet number:

Pe = (R × E)/D

where R is the droplet radius, E is the surface recession rate, and D is the solute diffusion
coefficient. At a low Péclet number, solutes can redistribute within the droplet, forming
a relatively uniform matrix. At a high Péclet number, the surface recession rate is faster
than the solute diffusion rate, which may promote surface enrichment, shell formation,
porosity, or the formation of hollow particles [102–105]. These outcomes also depend on
solute concentration, solubility, and surface activity.

2.4.3. Drying, Solidification, and Thermal Stress

As drying continues, a crust forms due to solute enrichment at the droplet surface,
after which internal solvent diffusion becomes rate-limiting. Reducing evaporative cooling
during this falling-rate drying period can bring the particle temperature close to the outlet
gas temperature. Product temperature relative to the formulation’s glass transition tem-
perature (Tg) remains an operational constraint, as soft or sticky particles may adhere to
the chamber wall or agglomerate [25,26]. Labile macromolecules, despite short residence
times, are affected by thermal stress, dehydration stress, shear stress, and interfacial ad-
sorption stress [27–29]. Rapid solvent removal may kinetically trap poorly soluble active
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pharmaceutical ingredients as an amorphous solid dispersion within the polymer matrix,
significantly enhancing their dissolution rate [106].

2.4.4. Recent Experimental Application of Spray Drying Method

A 2024 study used a two-fluid nozzle to investigate the distribution and initial release
kinetics of bovine serum albumin from spray-dried PLGA microspheres [107]. Surface-
sensitive analyses showed that the protein accumulated near the particle surface, with
approximately 85% released during the initial burst phase. The authors attributed this
phenomenon to the rapid surface recession relative to protein diffusion during particle
formation. Subsequently, hydration and pore formation in the outer PLGA matrix provided
short diffusion pathways for surface-enriched proteins [107].

2.5. Spray Congealing (Spray Cooling)

Spray congealing, also known as spray cooling, is a solvent-free process in which
a molten matrix containing dissolved or dispersed payloads is atomized into a cooled
chamber. As the droplet temperature falls below the melting or crystallization range of the
carrier, the droplets solidify intolipid- or wax-based microparticles (Figure 6) [108]. This
process eliminates solvent removal requirements but is restricted to carriers and active
ingredients that can withstand the melting temperature.

 

Figure 6. Illustration and practical steps for microparticle preparation by spray congealing.

2.5.1. Carrier Selection and Payload Compatibility

The composition and melting behavior of the carrier govern droplet solidification,
payload distribution, and drug release kinetics. Commonly used carriers include car-
nauba wax, beeswax, stearic acid, and acylglycerols(e.g., glycerol dibehenate), which
can be used in combination with hydrophilic excipients (e.g., low molecular weight
poly(ethylene glycol)) [109,110]. Lipophilic payloads typically dissolve in molten car-
riers, whereashydrophilic compounds are dispersed as solid microparticles or incorporated
through emulsion-based feed systems. Solid payload micronization improves disper-
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sion homogeneity in suspension feeds, though it is unnecessary for fully solubilized sys-
tems [41,108].

2.5.2. Lipid Polymorphism and Payload Redistribution

Depending on lipid composition and cooling kinetics, rapid cooling can generate
metastable polymorphic forms. In triacylglycerol systems, these predominantly include
α and β′ polymorphs that may subsequently undergo polymorphic transition toward the
thermodynamically stable β form, but this sequence is not universal. Sub-cell recrystalliza-
tion or polymorphic transitions compress the crystalline lattice, which can trigger payload
expulsion to the particle surface and accelerate release kinetics. Crystalline habit modifiers,
such as lecithin and sorbitan esters, can kinetically retard these polymorphic transitions,
but their efficacydepends on matrix composition and storage temperature [41,111].

2.5.3. Cooling Rate, Annealing, and Solid-State Stability

The cooling rate governs the crystalline organization of lipid microparticles. Rapid
thermal quenching promotes the kinetic trapping of metastable polymorphs, whereas
controlled slower cooling rates or post-process thermal annealing drive transformation
into thermodynamically stable crystalline forms. To prevent interparticle sintering and
plastic deformation, the annealing temperature must remain below the onset of the carrier
melting endotherm [109,110]. The resulting lipid polymorphic forms and phase transitions
are standardly characterized using differential scanning calorimetry (DSC) and X-ray
diffraction (PXRD) [109,111].

2.5.4. Recent Experimental Application of Spray Congealing Method

In a 2023 study, researchers prepared biphasic polymer–lipid microparticles using a
spray congealing method. Compritol 888 ATO constituted the continuous lipid phase, and
poly(ethylene glycol) 400 constituted the hydrophilic internal phase [112]. Fluconazole,
tolbutamide, and nimesulide were selected as model active pharmaceutical ingredients
spanning distinct aqueous solubilities. For the hybrid biphasic microparticles (b-MPs)
investigated in this study, encapsulation efficiencies ranged from 90.5% to 99.6% across
fluconazole, tolbutamide, and nimesulide, and the distinct poly(ethylene glycol)-rich and
Compritol-rich microdomains clearly resolved. Drug release kinetics were modulated by
adjusting the polymer-to-lipid ratio, thereby obtaining a variety of release profiles ranging
from rapid release to near-zero-order release kinetics [112].

2.6. Ionic Gelation

Ionic gelation is an aqueous particle-forming method in which charged macro-
molecules undergo physical crosslinking with oppositely charged multivalent counterions
or polyelectrolytes to establish a three-dimensional hydrogel network. The process typi-
cally involves preparation of the polymer feed, droplet formation, and ionic crosslinking
in a gelling bath, as illustrated in Figure 7. The mild processing conditions make the
technique suitable for heat- and solvent-sensitive payloads, although final critical quality
attributes depend on polymer molecular weight, pH, ionic strength, counterion valency,
and crosslinking kinetics [113].
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Figure 7. Illustration and practical steps for microparticle preparation by ionic gelation.

2.6.1. Alginate Coordination and Network Formation

In alginate systems, divalent cations such as Ca2+ coordinatespecifically with con-
tiguous α-L-guluronic acid blocks to form an ionically crosslinked hydrogel network,
commonly described by the egg-box model [113,114]. These ambient aqueous process-
ing conditions are suitable for encapsulating labile biomacromolecules. However, the
high mesh size of the hydrated hydrogel network permits rapid out-diffusion of small
hydrophilic payloads, while phosphate, citrate, and other calcium-binding species can
weaken the gel by removing crosslinking ions [114].

2.6.2. Surface Coating and Charge Complementarity

Surface coating with an oppositely charged polyelectrolyte reduces effective mesh size
and modulates payload release kinetics For example, negatively charged alginate micropar-
ticles can be coated with poly(L-lysine) or chitosan via layer-by-layer electrostatic deposi-
tion to form an interfacial polyelectrolyte complex membrane [113]. Depending on polymer
charge, ionic gelation may involve anionic polymers crosslinked with multivalent cations,
or cationic polymers crosslinked with polyanions such as tripolyphosphate [114,115]. Poly-
mer concentration, crosslinker valency and concentration, and curing residence time govern
hydrogel crosslink density, mechanical rigidity, and release kinetics, whereas hydrophobic
payloads necessitate incorporation via pre-emulsified internal phases [113,116].

2.6.3. External and Internal Gelation

In external gelation, polymer droplets are introduced into a bath containing crosslink-
ing ions. Inward diffusion of counterions from the continuous phase toward the droplet
interior produces a radial crosslinking gradient, resulting in a dense outer shell and a less
crosslinked core [114]. In internal gelation, a sparingly soluble ion source, such as calcium
carbonate, is dispersed within the feed, and calcium ions are released through gradual
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acidification, often using glucono-δ-lactone. The resulting hydrogel network exhibits a
homogeneous matrix structure governed by ion-release kinetics, droplet dimensions, and
precursor stoichiometry [116,117].

2.6.4. Recent Experimental Application of Ionic Gelation Method

A 2024 study prepared insulin-loaded sodium alginate microparticles by ionic gelation
and investigated the effects of nonionic surfactants [118]. The encapsulation efficiency
exceeded 80% across the tested formulations. The sodium alginate matrix limited insulin
release under acidic conditions and showed greater swelling and release at higher pH.
After 120 min in simulated intestinal fluid, approximately 66% of the insulin remained,
suggesting that enzymatic degradation remained a practical limitation [118].

2.7. Interfacial Polymerization

Interfacial polymerization forms core–shell microcapsules through a polycondensation
between complementary monomers partitioned into two immiscible liquid phases. An
oil-soluble monomer, such as a diisocyanate or diacid chloride, is dissolved in the dispersed
organic core phase, while a water-soluble nucleophile, commonly a diamine, or polyamine,
is dissolved in the continuous aqueous phase. Their reaction at the oil–water droplet
interface yields a crosslinked polyurea or polyamide shell encapsulating the core, as
illustrated in Figure 8 [119].

 

Figure 8. Comparison of microparticle preparation by interfacial polymerization and ionic gelation.

2.7.1. Interfacial Reaction and Diffusion-Limited Shell Growth

Once the monomers contact each other at the liquid–liquid interface, an incipient
polymeric membrane forms rapidly around each droplet. Subsequent shell growth becomes
increasingly limited by monomer permeationthrough the developing shell layer. As the
shell thickens and its crosslink density increases, the diffusional resistance rises, attenuating
the rate of polymerization. Monomer diffusivity, partition coefficients, reaction kinetics,
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and specific interfacial area govern the final shell thickness, crosslinking profile, and shell
uniformity [120].

2.7.2. Residual Monomer Risk and Stoichiometric Control

Residual unreacted monomers represent a primary safety and biocompatibility con-
cern, particularly in systems based on diisocyanates or diacidchlorides. Rigorous down-
stream purification and analytical quantification of residual monomer levels are therefore
mandatory when the resulting microcapsules are intended for biomedical applications.
Sensitive payloads may also react with the monomers or be affected by the local reaction
conditions. Monomer stoichiometry critically governs shell integrity; an off-stoichiometric
molar ratio can leave unreacted functional groups or result in defective, incomplete shell
architectures [119,121].

2.7.3. Recent Experimental Application of Interfacial Polymerization Method

A 2024 study prepared IPDI- or HDI-containing polyurea microcapsules in a PVA-
stabilized O/W emulsion, using MDI and DETA as the shell-forming monomers [121].
Increasing the homogenization speedreduced the capsule size from approximately 100 µm
at 600 rpm to 10–20 µm at 4000 rpm, and about 1 µm at 10,000 rpm. The authors se-
lected 4000 rpm for subsequent characterization. Shell formation also depended on the
MDI/DETA ratio, which was adjusted to allow complete reaction of the available amine
groups [121].

2.8. Air Suspension (Wurster Coating)

Wurster coating is a bottom-spray fluidized-bed process used to deposit polymer films
on solid cores, such as drug crystals, granules, pellets, and nonpareils. Fluidizing air carries
the particles upward through a central draft tube, where they encounter atomized coating
droplets. The particles then enter the expansion chamber, descend through the surrounding
annular region, and return to the spray zone for repeated coating and drying cycles [122].

2.8.1. Particle Circulation in the Wurster Column

Particle circulation results from differences in gas velocity and pressure between the
central draft tube and the surrounding annular region. Gas flow transports the particles up-
ward through the draft tube, while expansion of the gas stream above the draft tube reduces
the gas velocity and allows them to descend. Airflow rate, partition gap, bed mass, core
size, and core density can influence particle circulation and coating uniformity [123,124].

2.8.2. Droplet Deposition and Film Formation

In the bottom-spray zone, particles and atomized coating droplets move upward in
the same direction. This arrangement promotes droplet deposition before extensive drying.
Film formation then depends on droplet impact, spreading, and solvent evaporation. The
droplet-to-particle size ratio and the coating-liquid viscosity affect deposition, while the
polymer, solvent system, and plasticizer content influence the continuity and mechanical
properties of the film [38,125,126].

2.8.3. Spray–Drying Balance and Agglomeration Control

Stable coating requires the liquid spray rate to remain compatible with the drying
capacity of the fluidizing air. Excessive liquid application causes overwetting and capillary
bridging, which may lead to particle agglomeration. Excessive drying or atomizing air can
dry droplets before adequate spreading, increasing spray loss and producing discontinuous
or porous films, Table 2 [38,126].
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Table 2. Comparison of top-spray, bottom-spray (Wurster), and tangential-spray fluidized-bed
processes.

Feature Top Spray Bottom Spray (Wurster) Tangential Spray

Typical application Granulation and general
coating

Film coating of particles
and pellets

Pelletization, powder
layering, and coating

Spray and particle
movement Mainly counter-current Mainly co-current through

the draft tube
Tangential spray onto a
rotating particle bed

Film uniformity Moderate and
process-dependent

Often high when
circulation is well
controlled

Often high for regular and
sufficiently dense pellets

Agglomeration tendency Moderate to high during
wet granulation

Low to moderate, but
increases with overwetting

Moderate and dependent
on bed moisture

Drying behavior Relatively rapid Controlled cyclic wetting
and drying Moderate

Typical substrate Powders and granules Fine particles, granules,
and pellets

Pellets and relatively dense
granules

2.8.4. Recent Experimental Application of Air Suspension Method

A 2023 study examined how seed-particle properties affect coating using an aqueous
sodium benzoate and HPMC formulation in a Wurster fluidized bed, Figure 9 [124]. Larger
or denser seed particles generally produced coating shells with lower porosity. Seed
size, density, and bed mass also affected particle circulation, while unsuitable operating
combinations reduced coating uniformity by disrupting movement near the partition
gap [124].

 

Figure 9. Process steps for microparticle coating in a Wurster fluidized bed.
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2.9. Pan Coating

Pan coating is a batch process in which a coating solution is sprayed onto a moving
bed while tablets, granules, or pellets are agitated in a rotating drum and then dried with
hot air. A film is formed on the substrate surface through repeated wetting, spreading, and
drying. This process is typically used for substrates with high mechanical strength, but its
applicability decreases as particle size becomes smaller [127]. Pan coating is included here
as a method for applying functional films to preformed particulate substrates, rather than
for generating microparticles from liquid precursors, Figure 10.

 

Figure 10. Process steps for film coating of solid substrates in a rotating pan.

2.9.1. Particle-Size and Mechanical Limitations

Conventional pan coating becomes more difficult as substrate size decreases because
cohesion and liquid bridging can impair bed movement and promote agglomeration. Its
practical applicability depends on substrate properties, coating conditions, and pan design
rather than on a universal particle-size threshold. As particle size decreases, cohesive and
liquid-capillary forces overcome gravity, thereby reducing stable cascading and promoting
particle agglomeration. In addition, since the substrate must withstand repeated impacts
and abrasions, mechanically robust granules or pellets are generally preferred over fine
API powders [127,128].

2.9.2. Film-Forming Materials and Drying Requirements

Commonly used film-forming materials are cellulose derivatives and methacrylic acid
copolymers, the choice of which depends on the desired protective, enteric, or sustained-
release function [127]. The quality of the film depends on the properties of the coating
solution and the balance between spraying rate, bed temperature, and drying-air capacity.
Insufficient drying may result in residual moisture, while overdrying may affect droplet
spreading and film continuity [127,129].
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2.9.3. Rotation, Atomization, and Coating Defects

Pan speed and atomization conditions affect bed mixing, droplet deposition, and
coating defects. Insufficient speed increases the contact area between wet substrates,
potentially leading to twinning. Conversely, excessive speed can cause chipping and
abrasion. Insufficient atomization pressure produces large, unevenly dispersed droplets,
while excessive pressure produces small droplets that dry before reaching the substrate. If
the coating adhesion is too strong, anti-tacking agents can be used [129,130].

2.9.4. Conventional and Perforated Pans

Compared with conventional solid pans, perforated pans allow drying air to pass
through a moving bed, thereby improving heat and mass transfer and accelerating the
aqueous coating process [129,130].

2.9.5. Representative Experimental Comparison

A factorial study compared partially perforated and fully perforated pan coaters using
aqueous or organic hypromellose-based coatings for placebo tablets [131]. Pan design
and solvent type significantly affected process time and energy consumption, but neither
of these factors significantly affected final tablet weight or process yield. Among the
combinations tested, the aqueous coating process on a partially perforated pan had the
shortest process time and lowest energy consumption [131].

2.10. In Situ Polymerization

In situ polymerization forms core–shell microcapsules by polymerizing monomers or
prepolymers mainly within the continuous phase of an emulsion. As the polymer chains
grow, their solubility in the continuous phase decreases, leading to phase separation and
deposition at the surface of the dispersed core droplets, Figure 11. Afterwards, further
polymerization and crosslinking consolidate the deposited material into a shell [132]. In
interfacial polymerization, complementary monomers usually exist in separate immiscible
phases, as shown in Table 3.

Table 3. Comparison of interfacial and in situ polymerization for microencapsulation.

Parameter Interfacial Polymerization In Situ Polymerization

Initial location of reactive species Complementary monomers usually
located in separate immiscible phases

Monomers or prepolymers located
mainly in the continuous phase

Shell formation Polymerization localized at the
droplet interface

Polymerization followed by phase
separation and deposition at the
interface

Shell characteristics Thinner, potentially more porous Denser, smoother, more rigid

Typical shell materials Polyurea, polyamide, or
polyurethane

Urea–formaldehyde,
melamine–formaldehyde, or related
amino resins

Key controlling factors Monomer diffusion, stoichiometry,
and interfacial area

pH, temperature, emulsifier
concentration, and prepolymer
solubility

Main limitations Residual reactive monomers and
payload compatibility

Residual formaldehyde and exposure
to acidic or heated conditions

Representative applications
Core–shell encapsulation in
formulation and functional-material
systems

Encapsulation of oils, fragrances,
phase-change materials, and
self-healing agents
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Figure 11. Process steps for microcapsule formation by in situ polymerization.

2.10.1. Polymerization, Phase Separation, and Shell Deposition

Urea–formaldehyde and melamine–formaldehyde shells are typically prepared from
water-soluble amino-resin prepolymers. After core emulsion formation, adjustment of pH
and temperature promotes polymerization. As chain growth reduces polymer solubility,
the polymer separates from the aqueous phase, deposits at the oil–water interface, and un-
dergoes further crosslinking to form the shell [133–136]. The required pH and temperature
depend on the resin chemistry and formulation conditions.

2.10.2. Emulsifier Effects and Shell Thickness

Emulsifier concentration affects droplet size, interfacial area, prepolymer deposition,
and final shell thickness. Excessive interfacial coverage can hinder prepolymer deposition,
while anionic stabilizers—such as poly(ethylene-alt-maleic anhydride) (EMA)—can pro-
mote the adsorption of protonated amino-resin species through electrostatic interactions.
Therefore, the monomer-to-core ratio should be adjusted according to the emulsifier system
and the target droplet size [132,135,137].

2.10.3. Residual Formaldehyde and Payload Compatibility

Residual formaldehyde and exposure to acidic or high-temperature environments may
limit the application of conventional amino-resin shells in pharmaceutical and biomedical
formulations. Furthermore, reactive resin components may interact with sensitive payloads,
thus requiring formulation compatibility and residual-monomer testing. Formaldehyde-
free melamine systems are currently being investigated as alternatives, but their suitability
depends on the intended application. In situ polymerization using formaldehyde-based
resins is included for completeness as a functional-material encapsulation method, but
both formaldehyde-based and formaldehyde-free systems require application-specific
assessment of residual reactive species and safety [135,138].
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2.10.4. Recent Experimental Application of in Situ Polymerization Method

In a 2024 study, researchers used factorial design and response surface analysis to
optimize poly(urea–formaldehyde) microcapsules containing 5-ethylidene-2-norbornene
for self-healing applications [139]. A formulation prepared at a rotation speed of 700 rpm
and pH 3.0, with an EMA amount of 0.425 g, fell within the optimized region. Under these
conditions, microcapsules with good morphology, a yield of 52%, and an encapsulation
efficiency of 80% were obtained [139].

2.11. Supercritical Fluid Technologies (RESS, SAS, GAS, and PGSS)

Supercritical fluid processing utilizes fluids with temperatures and pressures above
their critical points to control solvation, mass transfer, and particle precipitation. Carbon
dioxide is often used as a supercritical fluid because its critical conditions (approximately
31.1 ◦C and 7.38 MPa) are relatively easy to achieve, and its density and solvent properties
can be adjusted by pressure and temperature [58]. In microparticle fabrication, supercritical
carbon dioxide can be used as a solvent in the RESS process, an antisolvent in the SAS and
GAS processes, and a plasticizing and expansion agent in the PGSS process, Figure 12.

 

Figure 12. Illustration and practical steps for the supercritical fluid technologies (RESS, SAS, GAS) in
microparticle fabrication.

2.11.1. Rapid Expansion of Supercritical Solutions

In RESS, the formulation components are first dissolved in supercritical CO2, and the
resulting solution is then rapidly expanded through a nozzle. Depressurization sharply
reduces the density and solvent power of CO2, producing supersaturation and promoting
rapid particle nucleation [59]. The process can minimize organic solvent residues, although
its application is limited to compounds with sufficient solubility in supercritical CO2. Many
polar compounds and polymers show limited solubility under these conditions [60].
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2.11.2. Supercritical and Gas Antisolvent Processing

In SAS and GAS processing, the solute is dissolved in an organic solvent, and CO2 is
used as an antisolvent. SAS generally introduces the liquid feed into a continuous super-
critical CO2 phase, whereas GAS introduces compressed CO2 into a batch solution. Mutual
diffusion between CO2 and the organic solvent reduces the solvent strength of the liquid
phase and promotes solute precipitation [58,59]. Pressure, temperature, feed composition,
mixing conditions, and nozzle design may affect particle size and morphology [61]. Polar
modifiers may alter solute interactions and precipitation behavior, although their effects
depend on the formulation and operating conditions [58].

2.11.3. Particles from Gas-Saturated Solutions

In PGSS, compressed CO2 dissolves in a molten or softened carrier and acts as a
plasticizer, reducing melt viscosity and often lowering the required processing temperature.
Expansion through a nozzle releases CO2 and cools the mixture, promoting droplet forma-
tion and solidification. PGSS does not require the carrier to dissolve in supercritical CO2,
but it requires a melt-processable formulation and careful evaluation of payload stability
under the selected pressure and temperature conditions [39,62,140].

2.11.4. Recent Experimental Application of Supercritical Fluid Technologies

A 2024 study used the SAS process to prepare luteolin and naringenin microparti-
cles with polyvinylpyrrolidone or β-cyclodextrin as carriers [141]. The compounds were
precipitated separately from dimethyl sulfoxide using supercritical CO2 as the antisol-
vent, while pressure, solution concentration, and the active compound-to-carrier molar
ratio were varied. Under the optimized conditions, spherical microparticles with mean
diameters of 2.7 ± 0.9 µm for luteolin and 5.5 ± 1.9 µm for naringenin were obtained.
The β-cyclodextrin formulations also showed faster dissolution than the corresponding
unprocessed compounds [141].

2.12. Electrospraying

Electrospraying, also termed electrohydrodynamic atomization, uses an electric field
to deform a liquid meniscus and generate charged droplets from a polymer solution or
dispersion. Solvent evaporation during droplet flight produces solid micro- or nanoparti-
cles, often under near-ambient thermal conditions, Figure 13 [63,64]. This creates a highly
controlled method of transporting a liquid material by first charging it, accelerating it, and
then breaking it up into microdroplets [63].

2.12.1. Electrohydrodynamics and Taylor Cone Mechanics

An applied electric potential generates electrical stress at the liquid–air interface. When
this stress balances the surface tension, the liquid meniscus forms a Taylor cone, and a
thin jet emerges from its apex. Stable cone–jet operation depends on the applied voltage,
flow rate, nozzle geometry, surface tension, viscosity, and electrical conductivity. The jet
subsequently breaks into charged droplets that shrink as the solvent evaporates [63].
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Figure 13. Schematic illustration of the electrospraying process for microparticle fabrication.

2.12.2. Fluid Mechanics: Viscosity Ratios and the Electrospinning Boundary

Solution viscosity and polymer-chain entanglement largely determine whether the
charged jet breaks into droplets or elongates into fibers. Below the chain-entanglement
threshold, capillary and electrostatic instabilities generally promote droplet formation.
Increasing polymer concentration or molecular weight can suppress jet breakup, producing
bead-on-string structures and eventually continuous fibers [64,67]. Conductivity and
surface tension also influence this transition, so the boundary between electrospraying
and electrospinning depends on both formulation and operating conditions. Near-ambient
processing may benefit thermally sensitive payloads [67], but mild thermal conditions
alone do not establish the suitability of electrospraying for sensitive biological materials.
For living-cell applications, cell viability may depend on electrical exposure and other
processing conditions, including the spraying and collection configuration, and should
therefore be evaluated for the specific system [142].

2.12.3. Multi-Fluid Nozzle Architectures and Production Throughput Limits

Coaxial and multi-fluid electrospraying can produce core–shell or Janus particles by
supplying separate formulations through concentric or adjacent channels. In a coaxial
system, the fluids form a compound Taylor cone and jet, followed by solvent removal and
solidification of the resulting droplets [65,68]. A surrounding shell may reduce surface
exposure of hydrophilic payloads and modify burst release, although the outcome depends
on fluid compatibility and interfacial stability. Table 4 compares the principal features of
single-fluid and coaxial electrospraying.

Industrial scale-up of electrospraying is mainly constrained by the low throughput
of a single nozzle. Multiplexed nozzle arrays and needleless configurations can increase
production capacity, although interactions between adjacent electric fields may affect
jet stability and product uniformity [66]. Common morphological defects and possible
corrective actions are summarized in Table 5.

https://doi.org/10.3390/micro6040085

https://doi.org/10.3390/micro6040085


Micro 2026, 6, 85 25 of 46

Table 4. Comparison of single-fluid and coaxial electrospraying.

Feature Single-Fluid Electrospraying Coaxial Electrospraying

Particle structure Homogeneous or dispersed matrix Core–shell reservoir structure

Payload distribution Payload distributed throughout the matrix Payload separated between the core
and shell

Burst release Depends on surface loading and
matrix properties May be reduced by an external shell

Equipment One feed line and one nozzle Separate feed lines and a concentric nozzle

Scale-up Multiplexed or needleless systems Coaxial multi-nozzle arrays with greater
operational complexity

Table 5. Common electrospraying defects, probable causes, and possible corrective actions.

Observed Defect Probable Cause Possible Corrective Action

Fiber formation Excessive polymer concentration,
viscosity, or chain entanglement

Reduce polymer concentration or
molecular weight and adjust solvent
composition

Bead-on-string structures Intermediate chain entanglement or
unstable jet stretching

Optimize polymer concentration,
applied voltage, and feed flow rate

Broad size distribution or
multiple jets

Unstable cone–jet caused by
excessive voltage or flow rate

Adjust voltage and flow rate within
the stable cone–jet range

Wet deposition or coalescence Incomplete solvent evaporation
before collection

Increase collection distance, reduce
flow rate or humidity, and adjust
solvent volatility

Dripping or poor atomization Insufficient electrical stress to
overcome surface tension

Increase voltage within the stable
range, reduce flow rate, or adjust
solution conductivity

2.12.4. Droplet Flight, Coulomb Fission, and Process Stability

The tip-to-collector distance determines the time available for solvent evaporation
before the droplets reach the collector. Too short a distance can lead to wet deposition or
coalescence, while too long a distance reduces collection efficiency [64,68]. During solvent
evaporation, the droplet charge approaches the Rayleigh limit:

qR = 8π
√︂

ϵ0γr3

where qR is the maximum stable charge, ϵ0 is the vacuum permittivity, γ is the liquid
surface tension, and r is the droplet radius [143]. If the electrostatic repulsion exceeds the
stabilizing surface tension, the droplet will split due to Coulomb fission [69]. Feed rate,
applied voltage, solution conductivity, and relative humidity all have a combined effect on
cone–jet stability and particle morphology. High flow rates can increase particle size and
produce pulsating or multijet modes, while excessively high electric field strength can lead
to discharge-related instability [63,64,70].

2.12.5. Recent Experimental Application of Electrospraying Method

A 2024 conference study reported that minocycline-loaded and temozolomide-loaded
PLGA microparticles as separate formulations were prepared using vertical electrospraying
for potential local treatment of glioblastoma [144]. Lower chamber humidity and shorter
spraying durations resulted in microparticles that were more spherical and less aggregated.
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The addition of polyethylene glycol increased minocycline loading from 3.23 ± 0.29%
to 4.02 ± 0.34%, and the loading efficiency from 49.40 ± 4.49% to 64.30 ± 5.47%. For
temozolomide, the use of acetonitrile instead of dichloromethane increased the drug loading
to 4.72 ± 0.76% and the loading efficiency to 70.77 ± 11.43%. Minocycline release reached
65.46% during the first hour, indicating a pronounced burst effect [144].

2.13. Droplet Microfluidics

Droplet microfluidics typically utilizes T-junction or flow-focusing geometries to gener-
ate emulsion templates within defined microchannels. Compared with bulk emulsification,
controlled flow conditions generally result in narrower droplet-size distributions. Droplets
can be transformed into microparticles through methods such as solvent removal, polymer-
ization, gelation, or thermal solidification [145–147]. Despite this level of control, limited
throughput and scale-up complexity remain constraints in practical applications, Figure 14.

 

Figure 14. Schematic illustration of droplet-based microfluidic preparation of microparticles.

2.13.1. Fluid Dynamics and Dimensionless Scaling Parameters

Droplet formation within microchannels typically occurs under low-Reynolds-number
laminar flow and is influenced by the capillary number, viscosity ratio, channel wettability,
geometry, and phase flow-rate ratio [9,18]. These parameters define the relative contribu-
tions of viscous, interfacial, and pressure forces to droplet deformation and breakup.

2.13.2. Squeezing, Dripping, and Jetting Regimes

Depending on the capillary number and the phase flow-rate ratio (Qr = Qc/Qd),
droplets can form in squeezing, dripping, or jetting regimes. Qc and Qd represent the
flow rates of the continuous and dispersed phases, respectively. At low capillary numbers,
the dispersed phase may obstruct the channels, and the resulting upstream pressure can
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promote pinch-off in the squeezing regime. Jetting can increase throughput, but it typically
results in a wider droplet size distribution and a larger number of satellite droplets [9,18].

2.13.3. Viscosity Ratio and Multicompartment Particle Formation

The viscosity ratio (λ = µd/µc) affects droplet deformation and breakup, where µd

and µc represent the viscosities of the dispersed and continuous phases, respectively.
Higher dispersed-phase viscosity delays pinch-off and facilitates the formation of elongated
droplets and liquid threads. Coaxial and sequential microfluidic geometries also favor
the formation of core–shell, multicompartment, or Janus-structured particles [18,148]. The
formation of these structures depends on flow-rate ratios, wettability, interfacial tension,
viscosity, and fluid compatibility. While these structures facilitate the isolation of sensitive
payloads, mild flow conditions alone cannot guarantee their biological stability.

2.13.4. Throughput Scaling by Numbering-Up

Since the throughput of a single microfluidic junction is typically limited, scale-up of-
ten relies on the parallelization, or numbering-up, of multiple droplet generators [9,149,150].
Symmetric channel networks and balanced hydraulic resistance are necessary for uniform
fluid distribution across parallel units. While numbering-up can improve production
capacity, fabrication tolerances, channel blockage, pressure imbalances, and interactions
between parallel units can all affect droplet uniformity at larger scales.

2.13.5. Recent Experimental Application of Droplet Microfluidics Method

In a 2024 study, researchers used a flow-focusing polydimethylsiloxane microfluidic
device to prepare monodisperse PLGA-b-PEG/PLGA microspheres from oil-in-water
emulsion templates [151]. The dispersed phase contained the polymers in a dimethyl
carbonate and dichloromethane solvent mixture, while the continuous phase contained
3% (w/v) poly(vinyl alcohol). Continuous- and dispersed-phase flow rates of 0.020 and
0.005 mL/min, respectively, supported droplet formation in the dripping regime. Variations
in polymer composition and processing conditions resulted in microspheres with lace-like,
fish-tail-like, and sponge-like surface structures, which were correlated with different
drug-release behavior [151].

2.14. Sol–Gel Process

The sol–gel process forms inorganic or organic–inorganic hybrid particles through the
hydrolysis and condensation of molecular precursors. In silica systems, tetraethyl orthosili-
cate or tetramethyl orthosilicate hydrolyzes to generate silanol groups, which subsequently
condense to form a siloxane network [152,153]. Payloads can be introduced during network
formation or loaded into the pores after drying [154]. Precursor composition, pH, water-
to-alkoxide ratio, catalyst, aging, and drying conditions all affect the resulting particle
structure [154]. While relatively mild temperatures can be used, processing pH, alcohol
by-products, and unreacted precursors can affect sensitive payloads, Figure 15 [155].

The properties of sol–gel particles depend on precursor chemistry, catalyst conditions,
aging, and drying. Ambient evaporation produces xerogels, which shrink or crack due
to capillary pressure. Supercritical drying reduces the liquid–vapor interfacial stress,
preserving a more porous aerogel structure [32,33,156]. Alcohol by-products and residual
precursors must be removed before biomedical applications [157]. Organic modification
can be used to adjust matrix flexibility, hydrophobicity, and interactions with the payload.
Table 6 summarizes the main differences between xerogels and aerogels.
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Figure 15. Schematic illustration of microparticle formation through hydrolysis, condensation,
gelation, and drying in the sol–gel process.

Table 6. Comparison of xerogels and aerogels produced from sol–gel systems.

Property Xerogel Aerogel

Drying approach Evaporation under ambient or
reduced pressure

Supercritical or other
low-capillary-stress drying

Capillary stress Present during solvent evaporation Substantially reduced

Structural change Greater shrinkage and possible cracking Better preservation of the gel
pore network

Porosity and surface area Generally lower and
formulation-dependent

Generally higher and
formulation-dependent

Processing requirements Relatively simple drying equipment Specialized pressure equipment may
be required

Potential implication Denser matrices may restrict
molecular diffusion

Higher pore volume may increase loading
and mass transfer

Catalyst conditions alter the relative rates of hydrolysis and condensation, thereby
affecting network structure, pore characteristics, and drying behavior, as summarized in
Table 7 [158–162].

Organically modified silicates contain non-hydrolyzable organic groups within the
silica network, which can modulate its flexibility, hydrophobicity, pore environment, and
interactions with the payload [163,164]. Alkyl groups can reduce water uptake, while
bulkier organic groups can affect network packing and porosity. Since these effects depend
on precursor composition and condensation conditions, organic modification does not
necessarily prevent cracking or burst release.

Surface functionalization with redox-, pH-, or enzyme-responsive groups can enable
triggered release from silica-based carriers, the performance of which depends on functional-
group density, accessibility, and stability under physiological conditions [165–169].
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Table 7. Influence of catalyst conditions on silica network formation.

Catalyst Condition Predominant Reaction
Tendency

Typical Network
Characteristics Drying Behavior Main Limitation

Acidic, such as HCl
Hydrolysis is generally
favored relative to
condensation

Polymeric, weakly
branched networks
with relatively
small pores

Greater shrinkage may
occur during drying

Brittle structures may
form after extensive
densification

Basic, such as NH3

Deprotonation of
silanols promotes
condensation

Branched or particulate
networks with
relatively larger pores

Shrinkage may be
lower than in strongly
acid-catalyzed systems

Rapid aggregation may
increase structural
heterogeneity

Nucleophilic, such
as F−

Nucleophilic catalysis
accelerates hydrolysis
and condensation

Rapid network
formation with
formulation-
dependent porosity

Shorter gelation time
The processing window
and residual-ion
content require control

Recent Experimental Application of Sol–Gel Method

A 2023 study demonstrated that mesoporous silica microspheres can be prepared
in porous polymeric hard templates via sol–gel reactions [170]. Researchers developed
15 formulations by varying the water-to-precursor ratio and ammonia concentration. The
resulting particle sizes ranged from less than 1 µm to several micrometers, with relatively
narrow size distributions. Therefore, this study encompasses submicron and micron-sized
particles and is included here due to its relevance to the preparation of micron-sized silica
supports. Response surface methodology related these processing variables to particle
size, pore size, pore volume, and specific surface area. Subsequently, researchers surface-
functionalized larger-scale batches of particles and evaluated them as stationary phases for
the chromatographic separation of proteins and amino acids [170].

2.15. Hot-Melt Encapsulation

Hot-melt encapsulation prepares microparticles by dispersing or dissolving the pay-
load in a molten polymer, lipid, or wax carrier. The molten formulation is divided
into droplets in an immiscible continuous phase and then cooled to solidify the matrix,
Figure 16 [171]. Depending on payload–carrier compatibility and the cooling conditions,
the payload in the final product may be in the form of a molecular dispersion or discrete
suspended domains [42]. This process reduces reliance on volatile organic solvents and
their associated solvent-removal steps, although some variants require the use of an exter-
nal liquid phase. Thermal exposure and melt viscosity remain important limiting factors,
especially for heat-sensitive payloads [171].

2.15.1. Carrier Selection and Release Behavior

Release behavior should be assessed for the specific carrier and payload loading. For
example, polyanhydride microspheres prepared by hot-melt microencapsulation showed
heterogeneous degradation at low loadings of a hydrophilic drug [171]. General considera-
tions concerning payload–carrier compatibility and solid-state behavior are discussed in
Section 1.1.

2.15.2. Melt Viscosity and Particle Formation

For melt dispersion, the effects of melt viscosity, interfacial stabilization, mixing, and
cooling should be evaluated for each formulation.
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Figure 16. Illustration and practical steps for the hot-melt encapsulation (HME) method in micropar-
ticle fabrication.

2.15.3. Recent Experimental Application of Hot-Melt Encapsulation Method

In a 2025 study, researchers used a melt dispersion method to prepare wax micro-
spheres containing L-carvone or hexyl salicylate, using carnauba wax, candelilla wax, and
beeswax as carriers [172]. The mean diameter of the unloaded wax microspheres was ap-
proximately 22 µm. For L-carvone-loaded carnauba wax microspheres, the mean diameter
decreased from 22.3 ± 0.3 µm to 15.3 ± 0.2 µm when the oil-to-wax ratio increased from
1:10 to 1:1. The type of wax and the oil loading also affected the surface morphology and
mechanical properties of the microspheres, indicating that the choice of carrier material
affects particle formation and subsequent handling [172].

2.16. Salting-Out

Salting-out is a modified emulsification–solvent-diffusion method that utilizes elec-
trolytes in the aqueous phase to temporarily reduce the miscibility between water and
water-miscible organic solvents, Figure 17. The resulting miscibility gap allows the polymer
solution containing the payload to form stable droplets. Subsequent dilution restores the
miscibility between the solvent and water, promotes solvent diffusion, and precipitates the
polymer matrix [30,53,54]. This method is most commonly used to prepare nanoparticles
and submicron particles, but micrometer-scale particles can also be prepared by adjusting
droplet formation and solvent-transfer conditions [173].

https://doi.org/10.3390/micro6040085

https://doi.org/10.3390/micro6040085


Micro 2026, 6, 85 31 of 46

 

Figure 17. Illustration and practical steps for the salting-out method in microparticle fabrication.

2.16.1. Reversible Solvent Demixing and Polymer Precipitation

A polymer solution containing the payload is emulsified in an aqueous phase con-
taining a salting-out agent and a colloidal stabilizer. The electrolyte significantly reduces
solvent–water miscibility, thereby maintaining the droplets during emulsification. Water
is then added to reduce the electrolyte concentration, restore solvent–water miscibility,
and allow the organic solvent to diffuse into the continuous phase, precipitating the poly-
mer matrix. Polymer concentration, salt concentration, phase volume ratio, stirring, and
dilution rate all affect speed, particle size, and solidification [30,53,54].

2.16.2. Processing Advantages and Limitations

Salting-out can typically be performed at or near room temperature using nonhalo-
genated solvents such as acetone, thereby reducing thermal exposure and reliance on
chlorinated solvents. However, hybrid formulations may require a co-solvent that is immis-
cible with water. Scale-up is constrained by the large dilution volume, saline wastewater,
and the need for repeated washing or cross-flow filtration to remove residual electrolytes
and stabilizers. Furthermore, hydrophilic payloads may partition into the external aqueous
phase unless an appropriate double-emulsion or retention strategy is employed [55,56].

2.16.3. Electrolyte Selection and Hofmeister Effects

The Hofmeister series provides qualitative guidance on ion-specific effects on solvent–
water demixing. Strongly hydrated ions (often described as kosmotropic) can enhance
salting-out and reduce the dilution required for polymer precipitation. However, the
magnitude of this effect depends on the solvent, polymer, payload, and salt concentration.
Electrolyte selection should therefore balance phase separation against payload stability
and downstream removal requirements [54,57].
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2.16.4. Representative Experimental Application of Salting-Out Method

In a representative study, ovalbumin-loaded Eudragit S100 microparticles were pre-
pared by combining salting-out with double-emulsion solvent evaporation. To control
solvent diffusion, an acetone/isopropanol/chloroform organic phase (3:0.5:1.5) and an
aqueous magnesium chloride solution were used. The resulting microparticles were smooth
and spherical with a mean diameter of 26.3 µm, a polydispersity index of 0.36, and an
encapsulation efficiency of 56.5 ± 0.5% [174]. These microparticles released ovalbumin
rapidly under alkaline conditions [174].

3. Engineering Considerations for Long-Acting Injectable Microparticles
Long-acting injectable microparticles are designed to extend drug release over weeks

or months after a single administration. Their performance depends on particle structure,
payload distribution, polymer properties, and the relative contributions of diffusion and
matrix degradation [71]. A narrow particle-size distribution reduces size-related variability
but does not ensure identical degradation rates, which also depend on polymer composition,
porosity, hydration, drug distribution, the local environment, and, in degradable polyesters,
the extent of autocatalysis [175,176]. Method selection should also consider initial burst
release, incomplete release, payload stability, and manufacturing reproducibility [176,177].

4. Key Engineering Strategies for Long-Term Release
Long-acting performance is governed by the combined effects of factors such as matrix

architecture, water uptake, drug diffusion, and polymer degradation. These factors interact
throughout the release period and may produce an initial burst, a lag phase, incomplete
release, or a sustained release profile. The following sections discuss three engineering
considerations that apply across different microparticle fabrication methods [71,72].

4.1. Controlling Matrix Tortuosity

Matrix tortuosity describes the length and complexity of diffusion pathways relative
to a direct path through the carrier material. Greater tortuosity and lower pore connec-
tivity generally reduce the effective diffusion rate, although the observed release profile
also depends on porosity, water uptake, drug solubility, and polymer relaxation or ero-
sion [72]. Processing conditions that produce dense and continuous matrices may prolong
release, while excessive densification can contribute to a long lag phase or incomplete
drug release. Tortuosity should therefore be considered together with pore structure and
degradation behavior.

4.2. Synchronizing Degradation and Diffusion

Drug release from degradable microparticles often reflects overlapping contributions
from water uptake, drug diffusion, pore formation, and polymer degradation. The relative
importance of these processes may change during the dosing period and depends on
polymer composition, molecular weight, particle size, payload distribution, and interactions
between the drug and polymer [71,72]. Slow degradation may produce a lag phase or
incomplete release, whereas rapid water uptake and pore formation can increase early
drug release. Formulation design should balance these processes across the intended
release period.

4.3. Minimizing the “Initial Burst”

Initial burst release refers to the rapid liberation of a substantial fraction of the payload
soon after administration or contact with the release medium. It is commonly associated
with drug located near the particle surface, interconnected pores, rapid water uptake, or
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incomplete barrier formation [72,178]. Changes in payload distribution, solidification con-
ditions, particle size, and surface or shell structure may reduce the burst effect. Additional
coating can provide a diffusion barrier, although it may also increase processing complexity
or delay subsequent drug release.

4.4. Conditional Comparison of Fabrication Routes

Table 8 compares the physicochemical suitability of the reviewed fabrication methods,
while Table 9 summarizes their scalability and principal manufacturing constraints. The
approaches include droplet-generation platforms, solidification mechanisms, and coating
operations that may be combined within a complete manufacturing route.

Table 8. Comparison of particle architectures, carrier materials, and formulation requirements across
microparticle fabrication methods.

Method Typical Architecture Representative Carrier
Materials

Payload Compatibility and Critical
Processing Conditions

Solvent evaporation
Matrix microspheres; porous
or internally
compartmentalized particles

PLGA, PLA

Lipophilic payloads can be incorporated
through O/W emulsions; hydrophilic
payloads may require W/O/W systems.
Phase partitioning, emulsification stress,
polymer concentration, and solvent
removal govern retention and structure.

Solvent extraction

Solidified polymeric
microspheres with
formulation-dependent
porosity

Preformed polymers,
including PLGA

Payload retention depends on partitioning
into the extraction medium. Solvent–water
affinity, external-phase volume,
temperature, and extraction rate require
joint control.

Coacervation Core–shell microcapsules or
coacervate particles

Gelatin, polysaccharides,
and
protein–polysaccharide
combinations

Compatibility depends on
payload–polymer interactions and the
hardening step. Important variables
include pH, polymer ratio, charge density,
electrolyte composition, and mixing.

Spray drying Dense, porous, or hollow
matrix particles

PLGA, carbohydrates,
proteins, and other
film-forming carriers

Dissolved or dispersed payloads can be
processed if the feed remains stable.
Atomization, feed composition, product
temperature, residence time, and
dehydration stress affect product quality.

Spray congealing
Solid lipid or wax matrix
particles; multiphase particles
with suitable feeds

Waxes, acylglycerides, and
lipid–hydrophilic
excipient blends

Payloads must tolerate the melting step.
Melt viscosity, payload solubility or
dispersion, atomization, cooling rate, and
lipid crystallization are important.

Ionic gelation
Hydrogel beads or
microspheres; coated gel
particles

Alginate, chitosan, and
other ionically
crosslinkable polymers

Aqueous processing may suit sensitive
payloads, but small hydrophilic
compounds can diffuse out. Polymer
concentration, pH, crosslinker
concentration, and gelation time control the
network.

Interfacial
polymerization Core–shell microcapsules

Polyurea, polyamide, and
related interfacially
formed polymers

Payloads must be compatible with reactive
monomers. Emulsification, monomer
stoichiometry, interfacial reaction, and
residual-monomer removal control capsule
quality.

Air-suspension
coating

Films deposited on preformed
solid cores

Cellulose derivatives and
other film-forming
polymers

Suitable for cores that can be fluidized
without excessive attrition. Core size and
density, airflow, partition gap, spray rate,
and drying capacity determine coating
performance.

https://doi.org/10.3390/micro6040085

https://doi.org/10.3390/micro6040085


Micro 2026, 6, 85 34 of 46

Table 8. Cont.

Method Typical Architecture Representative Carrier
Materials

Payload Compatibility and Critical
Processing Conditions

Pan coating Films deposited on preformed
granules or pellets

Cellulose derivatives and
methacrylic acid
copolymers

Requires mechanically robust substrates
and stable bed movement. Pan design,
rotation, atomization, wetting, and drying
determine uniformity and agglomeration.

In situ
polymerization Core–shell microcapsules

Urea–formaldehyde,
melamine–formaldehyde,
and related resins

Conventional systems require payload
tolerance to reactive components and acidic
or heated conditions. pH, temperature,
emulsifier, and shell-former-to-core ratio
affect shell formation.

Supercritical-fluid
processing

Precipitated particles or
carrier matrices, depending
on the process

PVP, β-cyclodextrin, and
suitable polymers or lipids

RESS requires solubility in supercritical
CO2; SAS/GAS requires suitable
solvent–antisolvent phase behavior; PGSS
requires a melt-processable or softened
carrier. Pressure, temperature, and
expansion or mixing conditions are critical.

Electrospraying
Matrix particles; core–shell or
Janus structures with suitable
nozzle configurations

Solution-processable
polymers, including PLGA

Payload compatibility depends on the
solvent, electrical exposure, drying, and
collection conditions. Conductivity,
viscosity, voltage, feed rate, humidity, and
collection distance govern stable particle
formation.

Droplet
microfluidics

Matrix, core–shell, or
multicompartment particles

PLGA-based polymers,
hydrogels, and other
carriers compatible with
downstream solidification

Payload compatibility depends on both the
emulsion and the solidification route.
Channel geometry, wettability, phase
flow-rate ratio, viscosity, and interfacial
tension control droplet formation.

Sol–gel processing
Porous inorganic or
organic–inorganic hybrid
particles

Silica and organically
modified silicates

Sensitive payloads require compatibility
with precursors, catalysts, pH, and solvent
by-products. Hydrolysis, condensation,
aging, and drying control network and
pore structure.

Hot-melt
encapsulation

Solidified matrix
microspheres

Melt-processable
polymers, lipids, and
waxes

Payloads must tolerate the processing
temperature and time. Melt dispersion,
viscosity, interfacial stabilization, and
cooling determine size and payload
distribution.

Salting-out Precipitated polymeric matrix
particles

Solvent-soluble polymers,
including Eudragit S100

Payloads must tolerate the electrolyte and
solvent system. Salt concentration, phase
ratio, dilution rate, payload partitioning,
and washing requirements are important.

For thermally sensitive proteins, low-temperature emulsion–solvent evaporation may
be preferable when thermal exposure cannot be controlled, provided that the protein
tolerates the solvent interface and subsequent processing. Van de Weert et al. observed
incomplete aqueous-phase recovery and interfacial aggregation of lysozyme after emulsi-
fication with dichloromethane [75]. Conversely, Bürki et al. retained full β-galactosidase
activity after optimized spray drying with trehalose [179]. Spray drying therefore remains
an option when an aqueous feed and controlled drying can provide a powder with retained
activity. These studies used different proteins and carriers and do not establish a head-to-
head ranking; the protein–sugar result should not be extrapolated directly to PLGA depot
microspheres. Selection should consider retained activity, aggregation, residual solvent,
product recovery, and release requirements.
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Table 9. Practical advantages, implementation context, and scale-up constraints of microparticle
fabrication methods.

Method Main Practical Advantage Implementation Context and
Scale-Up Position

Principal Limitations and
Downstream Requirements

Solvent evaporation
Flexible formulation of
biodegradable polymeric
microspheres

Established route in polymeric
microparticle preparation; scale-up
requires control of emulsification
and solvent removal

Mixing and tank geometry;
residual solvents; payload
leakage; particle recovery and
washing

Solvent extraction
Particle hardening can be
adjusted through solvent
transfer into an external phase

Applicable to polymeric
microsphere processing; extraction
and purification capacity influence
production scale

Large external-phase volumes;
solvent recovery; payload loss
during extraction;
residual-solvent removal

Coacervation
Shell formation around
dispersed cores using a range of
carrier combinations

Used in encapsulation applications
across food and formulation
research; scale-up is sensitive to
phase-separation and hardening
conditions

Batch variability; pH and
electrolyte control;
agglomeration; crosslinker
residues where applicable

Spray drying Continuous conversion of liquid
feeds into collectable powders

Established industrial operation;
applicability to a specific
pharmaceutical product remains
formulation-dependent

Thermal and dehydration stress;
wall deposition; powder
recovery; solvent handling and
energy demand

Spray congealing Particle formation without a
solvent-removal step

Uses melt atomization and cooling;
manufacturing performance
depends on carrier behavior and
cooling capacity

Thermal exposure; melt
viscosity; atomization;
polymorphic changes during
cooling and storage

Ionic gelation Aqueous formation of
crosslinked carrier networks

Production capacity depends on the
droplet-generation route;
limitations of dripping do not apply
to every configuration

Gelation uniformity; payload
leakage; mechanical strength;
washing, separation, and drying

Interfacial
polymerization

Direct formation of a shell at the
droplet interface

Industrial relevance includes
non-pharmaceutical encapsulation;
this does not establish suitability for
drug delivery

Reactive-monomer
compatibility; reaction heat;
residual monomers; purification
and shell reproducibility

Air-suspension
coating

Functional films can be
deposited through repeated
coating and drying cycles

Established fluidized-bed coating
operation; coating fine
microparticles requires control of
cohesion and circulation

Agglomeration and attrition;
airflow distribution; moisture
balance; coating uniformity and
spray losses

Pan coating
Functional coating of
mechanically robust preformed
substrates

Established for tablets and suitable
granules or pellets; applicability is
more restricted for fine
microparticles

Unstable bed movement at
small sizes; agglomeration;
drying efficiency; coating
variability and abrasion

In situ
polymerization

Shell formation by
polymerization and deposition
around dispersed cores

Established relevance in
non-pharmaceutical encapsulation,
including functional materials;
biomedical use requires separate
assessment

Reaction time; acidic or heated
conditions; residual
formaldehyde or other reactive
species

Supercritical-fluid
processing

Tunable phase behavior
provides alternative
precipitation or solidification
routes

Specialized high-pressure
processing; implementation differs
substantially among RESS,
SAS/GAS, and PGSS

Equipment cost; phase
compatibility; mixing or
expansion control; yield,
recovery, and process-specific
solvent removal

Electrospraying
Fine control of particle
formation and access to
multiple architectures

The reviewed examples mainly
demonstrate research-scale
processing; increased capacity
requires suitable multiplexed or
alternative emitter designs

Low single-emitter throughput;
electrical interactions; nozzle
stability; drying and collection
efficiency
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Table 9. Cont.

Method Main Practical Advantage Implementation Context and
Scale-Up Position

Principal Limitations and
Downstream Requirements

Droplet
microfluidics

Controlled droplet templates
support narrow size
distributions and
compartmentalized structures

Parallelization provides a route to
increased production; research
demonstrations should be
distinguished from validated
manufacturing

Flow maldistribution; channel
blockage; fabrication tolerances;
integration with solidification,
recovery, and purification

Sol–gel processing

Porous inorganic and hybrid
networks can be tailored
through reaction and drying
conditions

Established materials-processing
chemistry; the reviewed particle
examples include specialized
applications such as
chromatography

Aging time; drying shrinkage or
cracking; precursor and
by-product removal; particle
recovery

Hot-melt
encapsulation

Avoids volatile organic solvents
in the carrier phase

Melt-dispersion studies
demonstrate feasibility; the
reviewed examples do not establish
a uniform level of industrial
maturity

Thermal stability; melt viscosity;
mixing at scale; cooling and
crystallization; removal of the
external phase where used

Salting-out
Polymer precipitation can be
triggered by controlled dilution,
often near ambient temperature

A formulation-specific
emulsification–diffusion route; the
reviewed examples do not establish
broad industrial deployment

Large dilution volumes;
salt-containing wastewater;
removal of electrolytes and
stabilizers; payload loss and
product recovery

Droplet microfluidics and electrospraying both offer particle control, but their scale-
up constraints differ. Microfluidics may be preferable for emulsion-templated structures
when channel wetting, phase compatibility, and subsequent solidification remain con-
trolled across parallel generators. Nisisako and Torii demonstrated 256 droplet-formation
units producing acrylate droplets at 320 mL/h with a diameter coefficient of variation of
1.3% [150]. Electrospraying is an alternative when the formulation supports stable cone–jets
and suitable drying and collection, but multiplexing requires uniform feed distribution
and control of electric-field interactions. Deng et al. enabled all 91 nozzles to operate
using a modified feed configuration, with greater variation in mean droplet size between
jets than in a 37-nozzle configuration [66]. These different materials and configurations
do not support a throughput ranking. Selection should instead assess whether the target
size and architecture remain reproducible at the required rate of recovered, specification-
compliant particles.

The entries summarize the formulation and process considerations discussed in
Sections 2.1–2.16. Particle-size values are reported in their study-specific context in the
corresponding sections. Payload compatibility depends on the complete formulation and
processing route; no universal suitability ranking is intended.

Industrial context refers to the application sector and manufacturing evidence de-
scribed in the cited sources. Established use in one sector does not establish suitability
for pharmaceutical manufacturing. Scale-up constraints depend on equipment config-
uration, formulation, product specifications, and downstream processing requirements.
The qualitative comparisons reflect the process characteristics and manufacturing con-
straints discussed in the cited literature; patent publication or grant status was not used
as a criterion for scalability or industrial maturity. Reported feed throughput should be
distinguished from the rate of recovered particles meeting the target specifications, because
solidification, collection, and purification may become limiting steps.
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5. Future Prospects and “Smart” Microparticles
The present development of microparticle preparation involves creating environmen-

tally friendly methods that produce more sustainable processes with improved control
over particle attributes. Scientists actively work to replace hazardous chlorinated solvents—
including dichloromethane, which traditional solvent evaporation uses—through alterna-
tive processes that may reduce reliance on chlorinated solvents, including supercritical car-
bon dioxide extraction and solvent-free hot-melt techniques [180]. Solvent selection should
consider safety, environmental impact, and process requirements [181]. FDA guidance on
process analytical technology and continuous manufacturing supports process understand-
ing and control, while implementation remains product- and process-dependent [182,183].
Translation of microfluidics and electrospraying to pharmaceutical manufacturing requires
reproducible scale-up and downstream processing. Coaxial electrospraying can generate
core–shell structures [65], while microfluidic designs can produce Janus droplets [150].

The evolution of microencapsulation technology has moved away from the basic
concept of matrix entrapment toward the development of complex and multifunctional
constructs that can respond dynamically to the surrounding physiological environment.
This evolution is based on the understanding that the choice of preparation technology
is no longer seen as a simple technological choice but as a strategic compromise between
the unique physicochemical profile of the drug and the unique biological requirements of
the target site. Ionic gelation forms polymer networks in aqueous media, while Wurster
coating deposits functional films on preformed particles. Hybrid approaches combine
complementary fabrication methods to address specific processing limitations. For instance,
monodisperse calcium alginate microcapsules with hollow or core–shell structures can be
prepared using a microfluidic double-emulsion templating method combined with internal
ionic gelation; this demonstrates how particle architecture can be controlled by integrating
droplet formation with network solidification processes [184]. After spray drying, fluidized-
bed coating can be applied to add a protective outer layer. For example, coating spray-dried
β-carotene powders with hydroxypropyl cellulose has demonstrated the potential of this
sequential approach to protect sensitive ingredients, with performance depending on the
coating conditions [185]. Compared with bulk emulsification, droplet microfluidics can
provide narrower droplet-size distributions and greater control over particle architecture.
These advantages do not, however, guarantee high encapsulation efficiency or a predictable
release profile. Both outcomes depend on payload partitioning, carrier composition, in-
terfacial stability, and the subsequent solidification process. Intelligent microparticles are
increasingly being engineered to respond to local biological stimuli—such as unique pH
gradients, temperature cues, and enzyme signatures—of diseased tissues [186,187]. Future
trends in the development of microencapsulation technology indicate the development
of more personalized medicine with on-demand manufacturing using 3D microparticle
printing technology and lab-on-a-chip fabrication technology [188–190]. However, the
development of next-generation microparticles depends on the capacity to precisely con-
trol the fabrication environment in response to the unique molecular requirements of the
therapeutic payload, whether the therapeutic payload is a fragile mRNA molecule or a
robust lipophilic molecule. Success in this area depends on the synergistic integration of
structural integrity, process control, and biocompatibility to ensure that the microparticles
are not only safe but also effective in delivering the desired therapeutic outcome. Table 10
lists representative patent examples associated with the fabrication methods reviewed.
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Table 10. Representative patent publications associated with microparticle fabrication methods.

Fabrication Method Representative Patent Publication Number

Solvent Evaporation US5650173A

Solvent Extraction US6379703B1

Coacervation US20060105038A1

Spray Drying US6451349B1

Spray Congealing US6264987B1

Ionic Gelation US10085948B2

Interfacial Polymerization EP0399911B1

Air Suspension US2648609A

Pan Coating US5958458A

In Situ Polymerization US4626471A

Supercritical Fluid US6063910A

Electrospraying US12433849B2

Microfluidics US20110268803A1

Sol–Gel Process WO2022040751A1

Hot-Melt Encapsulation US20160015703A1

Salting-Out US8852644B2

The listed patent publications are illustrative examples, not a systematic patent land-
scape or an assessment of current legal status. Their inclusion does not establish commercial
implementation, industrial maturity, or scalability.

6. Limitations of the Review and Available Evidence
This review has several limitations. The included studies differ substantially in pay-

load type, carrier material, equipment configuration, processing conditions, and outcome
definitions. These differences limit direct comparisons among fabrication methods, particu-
larly because head-to-head studies are uncommon and industrial-scale data remain limited
for several emerging technologies. Reporting practices also vary across studies, especially
for particle-size distributions, encapsulation efficiency, process yield, residual solvents, and
release testing. The comparative assessments presented in Tables 8 and 9 are therefore
qualitative and should be interpreted in relation to the formulation and production context.
This structured narrative review did not include a meta-analysis; quantitative synthesis
would be appropriate only where studies are sufficiently comparable. Study selection and
qualitative interpretation may consequently remain subject to some author judgment.

7. Conclusions
Among the sixteen methods considered in this review, no single microparticle fab-

rication technique performs optimally across all formulation and manufacturing criteria.
Method selection should consider payload stability, target particle structure, release require-
ments, solvent and thermal exposure, and the intended production scale. Spray drying,
Wurster coating, and pan coating generally offer greater industrial maturity, while microflu-
idics and electrospraying allow finer control of particle size and architecture but continue to
face throughput and scale-up challenges. Mild aqueous methods, including ionic gelation,
may be suitable for sensitive payloads, whereas melt- and solvent-based processes require
careful assessment of thermal stability, solvent compatibility, and residual solvent levels.
Hybrid approaches may combine complementary process advantages, although they can
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increase manufacturing complexity and validation requirements. Future studies would
benefit from standardized reporting, direct comparisons among fabrication methods, and
evaluation under industrially relevant conditions.
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