
Review Not peer-reviewed version

A Practical Guide to Microparticle

Fabrication: A Comprehensive

Illustrated and Updated Review

Miao Dan Meng , Kummutha A/P Ramesh , Wong Charng Choon , Saeid Mezail Mawazi *

Posted Date: 7 April 2026

doi: 10.20944/preprints202604.0403.v1

Keywords: microparticles; method of preparation; solvent evaporation; solvent extraction; spray drying;

electrospraying; single emulsion; double emulsion; pan coating

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/5228968
https://sciprofiles.com/profile/819799
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Review 

A Practical Guide to Microparticle Fabrication:  
A Comprehensive Illustrated and Updated Review 
Miao Dan Meng 1, Kummutha A/P Ramesh 2, Wong Charng Choon 3 and Saeid Mezail Mawazi 2,* 

1 Post Graduate Centre, Management and Science University (MSU), University Drive, Off Persiaran 
Olahraga, Section 13, 40100 Shah Alam, Selangor, Malaysia 

2 Department of Pharmaceutical Technology, School of Pharmacy, Management and Science University  
(MSU), University Drive, Off Persiaran Olahraga, Section 13, 40100 Shah Alam, Selangor, Malaysia 

3 Department of Pharmacology and Basic Medical Science, School of Pharmacy, Management and Science 
University (MSU), University Drive, Off Persiaran Olahraga, Section 13, 40100 Shah Alam, Selangor, 
Malaysia 

* Correspondence: saeidmezail@yahoo.com 

Abstract 

Background: The domain of microencapsulation technology is considered to be at the level of an 
advanced scientific discipline that includes the fields of materials science, pharmaceutical 
engineering, and food technology in the formulation of very specific matrices of polymeric or lipid 
nature. Method: In this review, a comprehensive analysis of sixteen different techniques of 
microparticles preparation has been presented: Solvent Evaporation, Solvent Extraction, 
Coacervation, Spray Drying, Spray Congealing, Ionic Gelation, Interfacial Polymerization, Air 
Suspension, Pan Coating, In-situ Polymerization, Supercritical Fluid Technology, Electrospraying, 
Microfluidics, Sol-Gel Process, Hot Melt Encapsulation, and Salting Out. Each technique has been 
explained by describing the basic physical and chemical phenomena that govern the process of 
microparticles formation. Results: The review has been presented with a critical analysis of the 
operating parameters, along with the core and shell material, as well as the applications of the 
technique, which are of interest in the field of pharmaceuticals, cosmetics, food, and medicine. 
Conclusion: The types of drugs that are best suited for the particular technique, as per their physical 
and chemical properties, i.e., solubility in water, lipid solubility, acid–base properties, as well as their 
thermoreactive properties, have been discussed in the review. The possibility of scaling up the 
technique from the laboratory scale to the industrial scale has been evaluated by searching the patent 
database, as well as the grant status of the patents, presented in the review. The prospective industrial 
applications of the technique, as well as the current limitations that restrict the scaling up of the 
laboratory-scale protocol, have been discussed in the review. 

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 a size ranging from 1–1000 µm, represents an essential feature of modern drug delivery systems 
as well as the development of functional materials [1]. The multiparticulate drug delivery system has 
several advantages, especially with regard to the controlled release of active pharmaceutical 
ingredients (APIs) as well as the improvement of the bioavailability of poorly soluble APIs. In 
addition, the system is effective in the masking of undesirable tastes as well as the protection of APIs 
from early degradation by the environment. An important difference in the release of microspheres 
and microcapsules is generally attributed to the internal structure of these microparticles. The 
microparticles is a matrix system, while the microcapsule is a reservoir system with a well-defined 
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core–shell structure [2]. The method of microparticle preparation is an important aspect that 
determines the final physicochemical properties of the drug delivery system (Figure 1), as it has a 
direct influence on the size, porosity, surface charge, and the efficiency of the drug delivery system. 
Although the conventional method of pan coating is appropriate for macroscopic particles, the 
requirement for precision in modern drug therapy, as well as food science, has prompted the 
pharmaceutical as well as the food industry to explore innovative approaches, including the 
application of microfluidics as well as supercritical fluids [3]. The modern approach utilizes various 
physicochemical phenomena, including coacervation, thermodynamic phase separation, as well as 
the application of supercritical fluids, which facilitate rapid mass transport [4]. The chemical structure 
and inherent properties of the drug compound play an important role in the viability of the particular 
approach for drug synthesis. Lipophilic compounds, as well as water-soluble peptides, differ 
markedly in terms of the processing environment required for drug synthesis. As an example, the 
high-temperature processing environment that is characteristic of the spray-drying approach is not 
suitable for proteins, as they are highly susceptible to thermal degradation. Furthermore, the organic 
solvent approach faces major challenges in terms of the denaturation of proteins and the formation 
of toxic residues [5]. Currently, the development in the industry faces an important challenge in terms 
of the scalability of the approach, as the precision that microfluidics affords in terms of the size and 
shape of the drug particles is not easily scalable, as it would require the development of solutions 
that would exceed the capacity of the spray-drying approach. The present review article offers an 
exhaustive review of the sixteen basic methods that are currently being adopted by researchers in the 
field of microparticulate drug delivery systems. The present review would be an important 
contribution to the field, as it would provide an understanding of the intricate relationships that exist 
in the development of drug delivery systems. 

 

Figure 1. Classification and mechanisms of microparticle fabrication methods. 

2. Method of Microparticle Preparation 

2.1. Solvent Evaporation 

The solvent evaporation method is the major technique used in the production of biodegradable 
polymeric microparticles in the pharmaceutical industry. The method involves emulsifying an 
organic solution of the polymer containing an active pharmaceutical ingredient into an immiscible 
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continuous liquid phase (Figure 2). The evaporation of the solvent from the emulsion droplets results 
in the precipitation of the polymer, thereby entrapping the active ingredient in a solid form. The 
technique is an intricate combination of emulsification and mass transfer, which occurs in two 
different stages that are sequential in nature. The first step in the solvent evaporation method is the 
dissolution of the biodegradable polymer, usually poly(lactic-co-glycolic acid) [PLGA], along with 
the active pharmaceutical ingredient, in an organic solvent, which is usually dichloromethane [DCM] 
[6]. The solution is then emulsified into an aqueous solution that contains a stabilizer, usually 
polyvinyl alcohol, which helps in the formation of droplets of the solution [7]. The size of the particles 
is determined by the size of the droplets that are formed, which is controlled by emulsification shear 
forces as well as the reduction of interfacial tension by the addition of surfactants. The second step in 
the solvent evaporation method is the stabilization of the droplets into solid particles. The 
evaporation of the solvent occurs when the solution is stirred, causing the solvent to diffuse from the 
droplet surface into the aqueous solution, which is followed by evaporation at the air–water surface. 
The extent of evaporation determines the structure of the particles that are produced, with fast 
evaporation, usually at high temperatures and low pressures, causing the rapid formation of the skin 
of the particles, which is highly porous, while slow evaporation causes the chains of the polymer to 
relax, forming a dense structure [8]. The solvent evaporation technique has been demonstrated to 
have considerable versatility in the engineering of microparticles based on the solubility of the drug, 
with two different approaches: the single emulsion (O/W) and the double emulsion (W/O/W) 
methods. In the case of hydrophobic drug substances with LogP > 2, the single emulsion technique is 
still the most suitable method, where the drug dissolves in the organic solution and is carried in with 
a high efficiency of encapsulation [17]. The use of the double-emulsion technique is important for the 
encapsulation of hydrophilic bioactive agents, such as proteins and peptides, in which the drug is 
emulsified in oil and then encapsulated in an outer aqueous phase containing a polymer matrix. This 
flexibility is possible with a variety of polymers, such as polylactic acid, poly(lactic-co-glycolic) acid, 
polycaprolactone, and different types of ethyl cellulose, using volatile solvents with low water 
solubility, such as dichloromethane, chloroform, and ethyl acetate. However, there are certain 
drawbacks in the use of the double emulsion technique in the microencapsulation of drug substances, 
such as the unwanted incorporation of hydrophilic substances in the outer phase, which may result 
in low efficiency of encapsulation. In addition, though the evaporation process is carried out at low 
temperatures, which is beneficial in preserving bioactive agents, there is considerable denaturation 
of sensitive bioactive agents during the emulsification process [9,10].  

The molecular weight of polymers plays an important role in defining their mechanical 
properties and degradation rate. This property of polymers also affects the release of drug particles. 
When the molecular weight of polymers is high, it means that the chain length of the polymer is also 
high. This results in a more compact matrix, and hence, the diffusion of drug particles through this 
matrix is low. This, in turn, results in a delayed erosion of the matrix. This is because more hydrolysis 
of the polymer’s ester bond is required for erosion. On the other hand, low molecular weight 
polymers contain more terminal carboxylic acid groups. This results in an autocatalytic degradation 
of the polymer. In addition, more stabilizer molecules remain unreacted. This results in an increased 
burst release of drug particles. In practice, pharmaceutical scientists use different combinations of 
polymers of varying molecular weights. This results in bimodal release of drug particles. In this way, 
it is possible to predict the degradation rate of microparticles. This results in controlled erosion of the 
matrix [9,11–13]. 

The glass transition temperature (Tg), as a thermodynamic property, plays a significant role in 
determining the physical state of the polymer matrix, with this temperature marking the boundary 
beyond which the polymer is in a rubbery rather than a glassy state. In pharmaceutical microparticles, 
this temperature should be significantly greater than that at storage as well as 37°C, which is the 
physiological temperature. If storage temperature is close to or exceeds Tg, then polymer chains will 
possess sufficient kinetic energy to enable segmental motion, thereby leading to pore structure 
collapse as well as coalescence of individual particles. As a consequence, physical stability is 
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compromised, with premature migration of the drug to the surface of individual particles, thereby 
affecting drug release kinetics. The molecular weight of the polymer is known to play a significant 
role in determining this temperature, with increased molecular weight being associated with 
increased values of Tg owing to reduced free volume as well as increased entanglements. In terms of 
formulation, as a general rule, solvents as well as stabilizers can act as plasticizers, effectively 
reducing Tg by increasing the distance between polymer chains as well as facilitating molecular 
mobility at temperatures below Tg. In this context, as lipophilic drugs are encapsulated within 
microparticles, they can act as plasticizers, thereby necessitating that the polymer be in a glassy state 
throughout the shelf life of the product to prevent “cold flow” as well as ensure that microparticles 
possess their desired morphology as well as degradation rate [14–16].  

The concentration of the surfactant/stabilizer in the continuous phase of the aqueous solution is 
one of the main factors that can be controlled to modulate the final microparticlesʹ characteristics in 
terms of their size and surface properties. In other words, the main role of the stabilizer, most often 
in the form of polyvinyl alcohol (PVA) and tweens, is to adsorb at the oil/water interface and thereby 
reduce the interfacial tension between two non-miscible liquids. This reduction in interfacial tension 
directly translates into a lower mechanical energy requirement to reduce the oil droplets in the 
solution to their final sizes. In other words, there is a direct correlation between the concentration of 
the surfactant and the reduction in the mean diameter of the microparticles, which continues until a 
critical point is reached. However, the main purpose of the presence of the surfactant is not only to 
reduce the microparticlesʹ sizes but also to prevent their coalescence during the evaporation of the 
volatile solvent, which is essential to have a monodisperse population. However, the main challenge 
in the design of such drug delivery systems is that there is a plateau effect, which means that if the 
concentration of the surfactant is increased beyond a certain point, the solution may become more 
viscous, which may hinder the process and result in the formation of a thick film on the surface of 
the microparticles. This film is not only a result of the manufacturing process but is also an essential 
part of the microparticlesʹ characteristics that can change their zeta potential and affect their 
degradation rate [17–19]. The degree and extent of the residual stabilizer also play an important role 
in the initial burst effect, wherein the rate of drug release tends to be much higher than desired, almost 
immediately after coming into contact with the medium in which it is intended to dissolve. If the 
amount of polyvinyl alcohol present as a residue on the surface of the drug particle is quite high, it 
may provide an interface that allows water molecules to penetrate the drug matrix quite readily, thus 
accelerating the rate of dissolution of the drug molecules present in the periphery of the drug particle. 
On the other hand, if the washing process is too vigorous, it may cause the drug microbead to fracture 
or even coalesce, thus compromising the integrity of the drug release interface, as the stabilizers that 
provide the structure to the drug matrix may be washed off in the process. From the point of view of 
designing drug delivery systems, it must be understood that the interaction of the stabilizer with the 
drug molecules plays an important role in the release characteristics, as it may either plasticize the 
drug matrix or provide an interface that prevents the migration of drug molecules, and hence, the 
importance of carefully designing the chemistry of the drug interface through the removal of the 
stabilizer must be understood as an important tool in the design of drug delivery systems that 
minimize the burst effect in drug release [20]. The removal of any trace stabilizers, such as PVA, is an 
important step in microparticulate engineering because it creates a persistent network with the 
polymer matrix on the surface of the microparticle. The removal of PVA is achieved by repeated 
washing cycles using deionized water or a buffer solution, which are then subjected to high-speed 
centrifugation or cross-flow filtration. When PVA is particularly embedded in the microparticle, 
chilled water or specific solvent/water mixtures are used, which can disrupt the hydrogen bonds that 
bind PVA to the surface of the microparticle. The presence of PVA in microparticles is not merely a 
chemical concern, as it has profound effects on the biological identity of the microparticle. The 
presence of a thick PVA layer on the surface of microparticles can have a “stealth” effect, potentially 
prolonging circulation time, but it can also inhibit cellular uptake by preventing direct contact 
between the polymer matrix and the cellular membrane. PVA presence has been known to inhibit 
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microparticle uptake into negatively charged cellular membranes, as it tends to make the surface of 
the microparticle zeta neutral, thus reducing electrostatic attraction. When considering the toxicology 
of microparticle formulation, PVA is generally considered safe, but the presence of PVA can lead to 
unintended inflammatory or toxic reactions depending on the route of administration. Thus, it is a 
requisite step in the development of pharmaceutical microparticles to validate the removal of these 
trace stabilizers using X-ray Photoelectron Spectroscopy (XPS) or Fourier Transform Infrared 
Spectroscopy (FTIR) [21–23]. Accurate determinations of the exact amount of the residual stabilizer, 
specifically the PVA content, are best done with highly accurate analytical techniques due to the high 
tendency of the stabilizer to form a permanent film on the polymeric surface. The analytical technique 
used is the iodine-boric acid assay is the reaction between the PVA and iodine in the presence of boric 
acid to form a blue-colored complex. The concentration of the complex can then be determined 
spectrophotometrically at wavelengths between 650 and 690 nm, and the PVA content calculated 
from the calibration curve [24]. Even though this analytical technique is relatively simple and 
inexpensive, the total amount of the PVA content in the supernatant or extracted solution can be 
determined using this assay. To obtain more accurate determinations of the surface components of 
the microparticle, the surface components are analyzed using the X-ray Photoelectron Spectroscopy 
(XPS) technique to obtain the elemental composition of the surface of the microparticle, which is 
within the depth range of 1–10 nm from the surface [25]. Since the PVA contains only carbon, 
hydrogen, and oxygen as its surface components, the same components are also found in the surface 
components of the biodegradable polymer matrix, such as the Poly(lactic-co-glycolic acid), the short 
name is PLGA or the Polycaprolactone (PCL). The binding energy shifts are used to identify the 
hydroxyl groups of the PVA from the hydroxyl groups of the polymer matrix. Fourier Transform 
Infrared Spectroscopy (FTIR) can also be used to monitor the hydroxyl groups by observing the 
change in the intensity of the hydroxyl stretching vibration at approximately 3300 cm-1 as the level of 
the residual stabilizer content changes [26].   

 

Figure 2. Illustration and practical steps for the preparation of microparticles using the solvent evaporation 
method. (A) single emulsion evaporation method, (B) double emulsion evaporation method. 
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2.2. Solvent Extraction 

Physico-chemical maturation of microparticles takes place mainly through two different 
mechanisms, namely solvent extraction and solvent evaporation. While solvent evaporation depends 
on the volatility of the solvent for it to be transformed from the liquid to the gaseous state, solvent 
extraction utilizes an extraction medium for the removal of the solvent from the dispersed droplets 
(Figure 3). The solvent extraction mechanism starts with the formation of an emulsion similar to that 
of solvent evaporation. However, instead of using vigorous stirring for solvent evaporation, the 
emulsion is added to an excess of an extraction medium. The choice of the solvent extraction medium 
is based on its ability to be miscible with the organic solvent and, at the same time, be immiscible 
with the polymer, thus creating a driving force for solidification. The rate of hardening of 
microparticles is controlled by the partition coefficient of the organic solvent. The solvent dissolves 
rapidly into the solvent extraction medium, resulting in an immediate supersaturation of polymers 
and their precipitation, thereby instantaneously forming the final microparticle structure [27,28]. This 
method has several advantages, especially when dealing with thermolabile compounds that may 
degrade at the temperatures that are often necessary for efficient evaporation. The rapid solidification 
of the microspheres is a much more efficient technique than the traditional methods, as the process 
is done within minutes as opposed to hours. However, this may cause some problems, as if the efflux 
of the solvent from the droplet is much faster than the rearrangement of the polymer chains, the 
material may become highly porous in structure. The most commonly used matrices in this technique 
are poly(lactic-co-glycolic) acid, polylactic acid, and polyhydroxybutyrate. In order to obtain the most 
efficient results, the solvents that are most commonly used have a moderate to high water solubility, 
such as isopropanol, acetone, and ethyl acetate, while the extraction medium is usually water, buffers, 
or a combination of water and alcohol. This technique is especially useful when dealing with highly 
unstable peptides and thermolabile drugs, as it minimizes the temperature exposure as well as the 
time of exposure to the organic solvent. Hydrophobic agents, in general, show considerable retention 
in the polymeric matrix, while hydrophilic agents may also be extracted into the extraction medium 
during the rapid mass transfer process, especially if they show some level of solubility in the washing 
solution [29,30]. The ratio of the volume of the extraction solution to the organic phase represents an 
important parameter that plays an important role in governing the kinetics of the process of 
solidification (Table 1). It plays an important role in the level of internal crystallinity and the surface 
texture of the formed microparticles. An excessively high ratio may induce the removal of the solvent 
in an almost instantaneous fashion, causing the polymer chains to precipitate in an irregular fashion, 
hence lowering the level of crystallinity, resulting in an amorphous structure. Though the amorphous 
structure may show an increased rate of solubility, it may also show an increased rate of degradation, 
hence an unpredictable drug-release profile. From the structural point of view, the ratio of the volume 
of the extraction solution to the organic phase represents an important parameter that determines the 
surface smoothness and the mechanical properties of the formed microparticles. If the rate of the 
process of extraction is too high, i.e., the ratio is too high, the outer layer of the droplet may be 
rendered rigid before the inner region of the droplet has sufficient time to shrink, hence buckling of 
the microparticles. However, the simultaneous rigidity of the outer and inner droplet regions, as 
controlled by the ratio, may allow the polymer chains sufficient time to relax, hence the formation of 
spherical particles with a smooth, non-porous surface [31,32] 

Table 1. Comparison of extraction dynamics. 

Parameter High Extraction Ratio (Vext>>Vorg) Moderate Extraction Ratio 
Solidification Rate Immediate / Quenched Gradual / Controlled 

Polymer State Predominantly Amorphous Increased Semi-crystallinity 
Surface Morphology Rough, Wrinkled, or Porous Smooth and Spherical 

Drug Retention High risk of burst/leakage Improved encapsulation for peptides 
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Figure 3. Illustration and practical steps for the preparation of microparticles using the solvent extraction method. 
(A) single emulsion extraction method, (B) double emulsion extraction method. 

The optimization of this ratio is a fine balance between the speed of the process and the structural 
integrity of the particles. In the development of pharmaceuticals, the stepwise method of extraction 
is commonly used, whereby the emulsion is initially introduced into a smaller volume, which then 
starts the gentle hardening process, followed by the introduction of the larger volumes of the solution, 
which is used as an excess measure to complete the solvent removal process. This method ensures 
the spherical structure of the microparticles is maintained, while the final product is free of any traces 
of the organic solvent. With the optimization of the volumes of the solution, the microparticles may 
be designed with the specific surface area properties necessary for the delivery of the drugs [33,34]. 

The prevention of drug partitioning is a highly desirable goal in the extraction method; without 
intervention, hydrophilic drugs tend to partition into the external aqueous phase, leading to a 
significant reduction in encapsulation efficiency. The addition of specific types of salts, such as 
sodium chloride, magnesium sulfate, and ammonium sulfate, increases the ionic strength of the 
solution, causing the solubility of the organic solvent and the hydrophilic drugs in the water solution 
to decrease substantially. This is due to the interaction of the ions with the water molecules, forming 
hydration shells, which act as a squeezing effect on the drugs, causing them to go back into the 
organic polymer solution as the solvent is removed, thus increasing the efficiency of the extraction 
method, especially for the encapsulation of small peptides and hydrophilic drugs. In the case of the 
double emulsion system, the osmotic pressure can cause swelling and rupture of the internal aqueous 
droplets through the polymer shell, leading to loss of the payload. By balancing the osmotic pressure 
of the internal drug reservoir with the extraction medium, the stability of the emulsion can be 
achieved to prevent the rupture of the droplets. This is one of the key considerations in the design of 
the system to achieve the desired dense and non-porous shell to prevent the loss of the payload. 
Using these altered media, the pharmaceutical chemist can design microparticles with the advantage 
of rapid solvent extraction and high retention of the drug, as opposed to the slow processes of 
microparticle formation [35]. The choice of the electrolyte in the extraction medium is also a complex 
consideration that goes beyond the mere solubilization of the drug; this choice is largely dictated by 
the Hofmeister series (also called the lyotropic series), which ranks ions based on their capacity to 
stabilize or destabilize biological macromolecules. Kosmotropes are ions that are known to stabilize 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2026 doi:10.20944/preprints202604.0403.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0403.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 44 

 

the hydrophobic effect and induce protein folding by improving the structure of water. On the 
contrary, chaotropic ions are undesirable, as they have the capacity for protein denaturation, which 
in turn results in molecular aggregations, thus affecting the efficiency of the microparticulate drug 
delivery system. While sodium chloride is commonly used for its biocompatibility and osmotic 
modulation, magnesium sulfate has been seen to show enhanced efficiency in double emulsions, as 
it counters the osmotic pressure, thus inhibiting the rupture of the microparticles. In terms of 
structural design, it has been observed that the concentrations of salts are critical, as, while a higher 
ionic strength has been seen to inhibit the partitioning of hydrophilic drugs into the external phase, 
excessive concentrations of salts can result in the precipitation of proteins or the alteration of the 
viscosity of the extraction media, thus affecting the surface topography of the microparticles. It has 
also been seen that these salts can result in alterations in the glass transition temperatures of the 
polymer matrices, thus necessitating a holistic formulation strategy in which the chemical 
environment of the extraction media is altered according to the requirements of the encapsulated 
biologic [36–38]. 

2.3. Coacervation (Phase Separation) 

The colloidal mechanism of coacervation represents one of the most advanced phase separation 
techniques whereby a homogeneous solution of polymers separates into two distinct liquid phases, 
with one phase enriched with polymers and the other depleted of polymers. The process of 
coacervation typically involves three sequential steps initiated by the induction of phase separation 
through deliberate modifications of the equilibrium of the system. In the process of simple 
coacervation, the addition of a desolvating agent to the solution of polymers induces partial 
dehydration of the polymers, thus initiating phase separation of the polymers from the solvent 
(Figure 4) [35]. In complex coacervation, two or more polymers bearing opposite electrical charges to 
each other are used to induce phase separation by virtue of electrostatic attraction between them, as 
exemplified by the complex coacervation of gelatin and acacia gum [39]. From the perspective of 
designing a process based on the coacervation technique, the success of the process depends on the 
ability of the liquid coacervate phase to selectively adsorb onto the surface of the dispersed phase 
material. Since the adsorbed phase is liquid, the process of providing structural integrity to the 
adsorbed phase involves the crosslinking of the adsorbed phase to a solid form. Traditionally, 
glutaraldehyde has been used as the crosslinking agent of choice owing to its high reactivity and cost-
effectiveness. However, the high level of cytotoxicity of glutaraldehyde and the need to adopt 
rigorous purification procedures to eliminate impurities in the reagent have prompted a strategic 
shift to biocompatible crosslinking reagents in modern pharmaceutical technology [40,41].  

 

Figure 4. Illustration and practical steps for the preparation of microparticles using the coacervation method 
(separation method). 
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Genipin, an iridoid glycoside found in Gardenia jasminoides, has been recognized as an 
important substitute that is claimed to be less cytotoxic than glutaraldehyde while retaining the 
structural integrity of protein matrices via nucleophilic attack of primary amine groups. However, 
the reaction is slower in nature and is typically required to be carried out over long periods of time 
[42,43]. Alternatively, microbial transglutaminase has been recognized as an important tool that is 
capable of providing excellent specificity via the formation of isopeptide bonds between glutamine 
and lysine residues at physiological conditions, thereby providing an important tool for the 
encapsulation of sensitive proteins and cells without the risk of chemical residue. In cases where 
pharmaceutical applications require mechanical strength without the risk of chemical residue in the 
matrix, the 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and N-
hydroxysuccinimide (EDC/NHS) system is recognized as an important tool that is capable of 
providing zero-length crosslinking reactions between carboxyl and amine functionalities. These 
developments have provided important solutions to the traditional drawbacks of the coacervation 
technique, which were based on the use of potentially toxic agents. However, the technique retains 
the unique ability to provide exceptional payloads, with coacervate structures often providing 90 
percent core-to-wall ratios, which is substantially higher than that offered by emulsion-based 
methods [44,45]. By integrating these safer stabilization techniques, coacervation remains a premier 
methodology for the aqueous encapsulation of flavors, essential oils, and vitamins, as well as highly 
unstable peptides that require gentle processing conditions to avoid denaturation. 

The ionic strength of the aqueous medium is considered to be one of the critical parameters in 
the design of the system that affects the thickness, density, and stability of the coacervate layer by 
controlling the Debye screening length between the charged polymer chains. As the electrostatic 
interactions are the driving force in the formation of the coacervate phase in the complex coacervation 
process, the addition of exogenous ions such as sodium or chloride can effectively attenuate the 
electrostatic attraction between the oppositely charged polymer chains. As a result of this screening 
effect at low to moderate values of the ionic strength, the coacervate phase can form more uniformly 
and flexibly due to the more gradual adsorption of the polymer droplets onto the core material [40]. 
However, at high values of the ionic strength beyond a critical limit, the electrostatic attraction 
between the polymer chains can be completely attenuated, resulting in the dissolution of the 
coacervate phase and the failure of the encapsulation process. The ionic strength also affects the 
degree of hydration of the polymers and hence the viscosity and surface tension of the coacervate 
droplets. It can result in the formation of a more “dilute” coacervate with increased water content at 
high values of the ionic strength, which can potentially result in the formation of a thinner and more 
porous shell by crosslinking the coacervate droplets. The accurate regulation of the concentration of 
the salts can facilitate the formation of a dense and highly protective shell that is essential for the 
sequestering of the volatile oils or vitamins. If the shell is not sufficiently crosslinked, the sudden 
change in the ionic environment can cause the microcapsules to swell or disintegrate prematurely. 
Therefore, the optimization of the ionic environment at the adsorption and crosslinking stages is 
considered to be the key factor in the development of microparticles with the necessary mechanical 
robustness to withstand the biological fluids [46]. The effectiveness of complex coacervation for 
microparticle fabrication is critically dependent on the precise control of the solution’s ionic strength, 
as it is a parameter that controls the Debye screening length, i.e., the range within which electrostatic 
attraction is operative. The ideal formation of microparticles of good quality, along with a stable shell, 
is typically achieved at an ionic strength within a range of 1-20 mM. At such low concentrations, the 
Debye screening length is relatively extended, i.e., within a range of 2-10 nm. This allows oppositely 
charged polymers to interact through the aqueous environment, resulting in the formation of a dense 
coacervate shell. On the other hand, increasing the concentration of ions results in increased 
screening, causing the Debye screening length to collapse into sub-nanometer dimensions. This 
attenuates the electrostatic interaction between polymers, hindering their separation and causing the 
dissolution of microparticles. Therefore, it is critical to maintain a low concentration of ions during 
fabrication to prevent droplet dissociation [47]. 
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The timing of the electrolyte addition during the course of the coacervation procedure represents 
a methodological parameter for controlling the porosity and diffusional properties of the 
microcapsule shells. The addition of a salt solution during the adsorption phase acts as a desolvating 
agent to disrupt the packing of the polymer chains, resulting in a coacervate phase with high 
hydration and a loose molecular structure. This leads to the formation of a porous structure for the 
shells, which is favorable for drug delivery applications where the drug needs to be released quickly 
or for the encapsulation of large molecules, where the drug needs to diffuse through the capsule walls 
within a specific timeframe. On the other hand, the maintenance of low ionic strength during the 
adsorption phase favors the formation of a dense polymer shell driven by electrostatic interactions. 
The subsequent addition of the electrolyte solution after the establishment of a liquid film around the 
core material triggers an ‘ionic quenching’ effect on the chemical potential, resulting in the rapid 
dehydration and contraction of the polymer network. This effectively collapses the existing void 
spaces and forms an extremely dense and nonporous shell. This method is favorable for the 
encapsulation of volatile compounds and small hydrophilic molecules, where a low burst effect and 
a high retention effect are required. By controlling the timing of the ionic strength variations, 
researchers can design the mesh size of the polymer network according to the specific requirements 
for drug delivery [48,49]. 

2.4. Spray Drying 

As a highly efficient and continuous operation, spray drying can be used to transform the liquid 
feedstock directly into the desired dry powdered form by atomizing the liquid feedstock within the 
hot drying medium. The exact mechanisms of the operation are based on extremely rapid kinetics of 
heat and mass transfer, which occur almost instantaneously as the droplets of the liquid come into 
contact with the hot drying medium (Figure 5). The operation commences with the atomization step, 
whereby the liquid feedstock is converted to fine droplets by the action of the rotary atomizer or the 
special nozzle, thus creating the high surface area necessary to facilitate the rapid evaporation of the 
solvent. An essential safety measure in the operation is the wet bulb effect, which guarantees that the 
temperature within the droplet remains significantly lower than the hot air or the stream of nitrogen 
used in the operation. This phenomenon assumes particular importance with respect to the 
maintenance of the integrity of the core material, although the exit temperature should always be 
monitored as it may still be sufficiently high to affect sensitive biological structures [50,51].  

 

Figure 5. Illustration and practical steps for the preparation of microparticles using the spray drying method. 
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From an engineering perspective, the one-step process of the spray drying system provides 
several advantages over batch processes, such as lyophilization, with respect to economic viability 
and industrial applicability. The system may be designed to produce particles of particular 
characteristics by controlling the critical process variables such as the temperature of the hot air 
supplied to the drying chamber, the exit temperature, the rate of flow of the feedstock, and the 
pressure of the compressed air used. By optimizing these variables in conjunction with the selection 
of the wall materials such as maltodextrin, gum arabic, modified starches, chitosan, and synthetic 
polymers such as hydroxypropyl methyl cellulose (HPMC) and polyvinyl pyrrolidone (PVP), the 
particles may be engineered to achieve particular density, moisture content, and aerodynamic 
diameter. One of the most important applications of this technique in modern pharmaceutics 
involves the formulation of drugs classified as BCS Class II by employing amorphous solid 
dispersions (ASDs), whereby the high rate of evaporation serves to “fix” the drug molecules in a 
polymer matrix, thus inhibiting recrystallization and maximizing the bioavailability of the drug by 
virtue of the high energy state of the amorphous form. In addition, the microparticle structure may 
be engineered by employing multi-fluid nozzles to achieve hollow particles [52,53]. The spray drying 
technique is a robust method for producing free-flowing microparticles. However, when this 
technique is employed in a laboratory setting, several issues are often encountered, including 
agglomeration of material on chamber walls, resulting in suboptimal product recovery. This is often 
related to the sticky point or Glass Transition Temperature (Tg) of excipients. When the temperature 
of the product is above the Glass Transition Temperature, it transforms from a glassy to a rubbery 
form, causing agglomeration on the inner walls of the dryer. Although the wet bulb effect provides a 
degree of thermal insulation for the droplet core, it is also possible for proteins of interest to be 
denatured due to mechanical stresses and shear forces, especially when using a high-pressure 
atomization system. Although spray drying is a more continuous and high-throughput method for 
protein delivery compared to lyophilization, which is currently regarded as the gold standard for 
thermolabile macromolecules, it is not capable of completely avoiding thermal stresses. This is 
because, unlike lyophilization, which sublimates at subzero temperatures under a vacuum, spray 
drying requires heating of the product. Although lyophilization results in a ʺcakeʺ product, which 
requires additional processing to obtain the free-flow properties of spray-dried powders, it is 
currently regarded as the method of choice for thermostable macromolecules [54,55]. From a particle 
design point of view, spray drying allows for improved control over aerodynamic properties, thus 
enabling the design of ʺlarge porous particlesʺ or hollow spheres. The design of such particles is 
particularly important for deep lung delivery, a feature that is difficult to achieve using the irregular 
and angular flakes obtained by milling freeze-dried cakes. In addition, regarding the issue of stability, 
it has been noted that spray-dried microparticles have a more continuous and dense crust compared 
to the surface of the product obtained by lyophilization, thus offering a more effective barrier against 
moisture and oxygen. Nevertheless, it must be noted that the high energy required by the spray 
drying method leads to a considerable shear stress, thus potentially denaturing macromolecules at 
the surface of the droplets. This issue is avoided by the static conditions of a freeze dryer. In 
conclusion, the choice of either of the two processes depends on the required particle design and the 
sensitivity of the active agent to energy [56–58]. 

2.5. Spray Congealing (Spray Cooling) 

Spray congealing, also known as spray cooling, is an advanced hybrid process characterized by 
atomization and a process of solidification by thermal phase transition rather than solvent 
evaporation. This technique involves the dispersion of an active pharmaceutical ingredient in a 
molten matrix of lipids, waxes, and fatty acids. This molten mixture is then atomized into a cold gas 
chamber with a temperature below the melting point of the system. As a result of rapid solidification 
of droplets passing through the cold gas stream, an active pharmaceutical ingredient is encapsulated 
in a stable lipid matrix (Figure 6). From an environmental point of view, pray congealing is seen to 
be an example of green technology by avoiding the use of organic solvents and their recovery process. 
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Additionally, spray congealing is an energy-efficient process due to the low latent heat of 
solidification of lipid-based systems compared to the latent heat of vaporization of aqueous and 
organic solvents. As a result of these two factors, spray congealing is seen to be a powerful and green 
alternative for pharmaceutical microparticles [59,60]. The key factor that influences the feasibility of 
the manufacturing process as well as the kinetics of drug release, is the choice of the lipidic or wax-
based excipient. The excipients of choice are natural waves, including carnauba wax and beeswax, 
fatty acids, including stearic acid, as well as specific lipids, including glyceryl behenate, along with 
low-melting-point hydrophilic polymers, including polyethylene glycol (PEG). The choice of these 
naturally hydrophobic excipients offers excellent protection to the drug, as they form a robust barrier 
against environmental degradation of the drug substance, which is sensitive to moisture. Although 
this method is most suitable for lipophilic drugs that have excellent compatibility with the molten 
excipient, the method has also been useful for the encapsulation of hydrophilic drugs. The active 
ingredient, in this case, is processed to remain suspended in the molten excipient before atomization, 
resulting in a solid dispersion that is capable of controlling the release of the drug substance, which 
is soluble in water [61,62]. Although these systems offer a number of advantages, the complex nature 
of the polymorphism of lipids still represents a key factor in the development of these systems. When 
lipids initially solidify, they tend to form metastable crystalline structures, which can be in the form 
of the alpha (α) or beta-prime (βʹ) polymorphs, which have a somewhat open molecular arrangement. 
However, over time or with increased temperature, these crystalline structures naturally convert to 
a thermodynamically stable beta (β) form, which can result in a contraction of the crystal structure, 
causing the drug to be expelled from the lipid particle, significantly changing the drugʹs dissolution 
profile and storage stability. In order to counteract this, crystal growth modifiers, which can be in the 
form of lecithin, sorbitan esters, or polyoxyethylene compounds, are added to the melt, which can 
help maintain metastable states and control the drugʹs release profile [63]. Additionally, while spray 
congealing represents a process that tends to be less stressful on the system in comparison with spray 
drying, the API must still be stable at the melting point of the carrier, which can be in the range of 40-
90 degrees Celsius. In the case of highly thermostable biopharmaceuticals, the use of narrow-range, 
low-melting-point lipids in combination with surfactant stabilization must be used in order to 
maintain molecular integrity without compromising physical stability [62]. The cooling rate in the 
spray congealing chamber is a critical process parameter that plays a significant role in influencing 
the polymorphic character of the lipid matrix. The droplets are quenched when they come into 
contact with a substantial temperature gradient. This quenching action arrests the lipid chains in their 
metastable alpha polymorph. Although the alpha polymorph is known for accommodating higher 
levels of drugs, it facilitates accelerated release due to its lower packing density, it is also 
thermodynamically unstable and prone to unpredictable transformations during storage. On the 
other hand, a slower cooling rate allows time for lipid molecule arrangement into their more stable 
beta crystalline polymorph. The cooling rate is often optimized for attaining a stable polymorphic 
character before packaging, as it is of paramount importance. This is because, during the transition 
from alpha polymorphs, there is an increase in crystallinity, causing contraction of the lipid lattice, 
which physically displaces the drugs onto the surface, causing an unwanted burst release [63]. To 
address the inherent instabilities associated with metastable states of the crystal lattice structure 
formed as a result of rapid cooling, a routine tempering or annealing procedure is utilized as a critical 
post-manufacturing step of the spray congealing method. The procedure involves the maintenance 
of the temperature of the microparticles within a range of the alpha-to-beta transition temperature 
and the melting point of the carrier to provide the necessary activation energy to the lipid molecule 
to achieve a thermodynamically stable crystal lattice structure. By intentionally inducing this lattice 
structure transition, the pharmaceutical scientist is able to achieve the desirable effect of inhibiting 
the spontaneous expulsion of active pharmaceutical ingredients from the lipid matrix, a phenomenon 
referred to as syneresis, which is a common occurrence during storage. Furthermore, this controlled 
transition ensures the prevention of an unpredictable burst effect and ensures a consistent release 
kinetics profile along the shelf life of the product. The efficacy of the annealing procedure relies on a 
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fine balance whereby the temperature must be sufficiently high to induce motion within the lipid 
chains while being well below the melting point of the carrier to avoid the possibility of fusion of the 
particles or loss of spherical shape. Hence, the incorporation of a dedicated annealing procedure, 
often in the presence of crystal growth modifiers such as surfactants, presents a viable approach to 
ensuring the physical and chemical stability of lipid-based drug delivery systems [64,65].  

 

Figure 6. Illustration and practical steps for the preparation of microparticles using the spray congealing (spray 
cooling) method. 

With precise control over the pressure of atomization and the temperature of the cooling gas, 
pharmaceutical scientists can design microparticles with a crystalline fingerprint, thereby ensuring a 
balance between process efficiency and product stability. A detailed understanding of the 
phenomenon of polymorphism in lipid-based microparticles is a must, with a growing emphasis on 
the combined use of Differential Scanning Calorimetry (DSC) and X-ray Diffraction (XRD) for the 
characterization of these materials. In the case of microparticles, DSC can be used to detect the heat 
flow in the process of phase change, thereby generating a thermogram where the peaks represent the 
melting points of different polymorphs of a drug substance. Since the metastable alpha form of a 
drug substance tends to have a lower melting point and enthalpy than the stable beta form, this 
technique can be used as a key tool for monitoring the changes in the crystals over a period of time. 
XRD, on the other hand, can be used for ascertaining the long-range molecular arrangement in a 
crystalline solid by measuring the scattering angle and intensity of X-rays, which in turn gives a 
fingerprint for the structure of a drug substance. For example, in the case of the metastable alpha 
form, a broad peak can be observed at a d-value of 4.2 Å, while in the case of the stable beta form, 
sharp, characteristic peaks are observed at 4.6 Å and 3.8 Å, respectively. With the use of Hot Stage 
Microscopy (HSM) or Fourier Transform Infrared Spectroscopy (FTIR) in combination with these 
techniques, a comprehensive understanding of the physical form of a drug substance can be achieved 
[63,66]. 

2.6. Ionic Gelation 

The ionic gelation technique is a highly versatile and biocompatible approach to microparticle 
preparation, characterized by the creation of robust hydrogel networks through the electrostatic 
cross-linking of aqueous polyelectrolyte solutions in fully water-based environments. This technique 
is mainly based on the principle of the interaction of a polyelectrolyte with a multivalent counterion, 
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thus avoiding the need for organic solvents and thermal activation. Sodium alginate is a typical 
example of this technique. As a linear polysaccharide composed of 1,4-linked β-D-mannuronic acid 
(M) and α-L-guluronic acid (G) blocks, sodium Alginate is known for its rapid phase transition when 
exposed to divalent cations [67]. The fundamental characteristics of the ionic gelation method for 
microparticle fabrication can be described based on the egg-box model, which explains the 
mechanism of interaction of calcium ions with the cavities formed by the cooperative alignment of 
G-blocks in alginate polymers. This results in a three-dimensional zone of stable interlocking of 
polymers. Due to the maintenance of physiologic conditions during cross-linking, this method is 
widely regarded as the gold standard for encapsulation of labile biological entities, including viable 
cells, drugs, and DNA. The physical characteristics of microparticles fabricated using this method are 
characterized by an inherent porous hydrogel matrix. Although this facilitates the easy diffusion of 
oxygen and nutrient requirements for encapsulated viable cells, it often leads to a significant burst 
effect of small, soluble drugs, which can easily diffuse through the hydrogel matrix (Figure 7). 
Furthermore, the stability of these microparticles is highly dependent on their chemical environment, 
as they can be destabilized in the presence of phosphate or citrate ions, which are known for their 
calcium-sequestering properties [68,69].  

 

Figure 7. Illustration and practical steps for the preparation of microparticles using the ionic gelation method. 

To circumvent the inherent disadvantages of the method, such as high porosity and burst 
release, a layer-by-layer (LbL) coating technique involving polycations such as poly-L-lysine or 
chitosan is often utilized. This technique leads to a semi-permeable polyelectrolyte complex 
membrane, which greatly improves the mechanical properties and decreases the mesh size of the gel 
network. The choice of polymers is mainly governed by the electrostatic properties of the drug-
polymer complex [70]. Anionic polymers, such as alginate, pectin, and carboxymethylcellulose gel 
through a divalent cation such as calcium chloride, while cationic polymers, such as chitosan, are 
cross-linked by a polyanionic compound such as sodium tripolyphosphate (TPP). In this case, the 
charge of the active pharmaceutical ingredient plays a vital role. The method works well only for 
hydrophilic drugs, but can be extended to hydrophobic compounds by initially forming an oil-in-
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water (O/W) emulsion. The degradation rate and release characteristics of the formed micro-particles 
can be precisely controlled by varying the concentrations of polymers and cations, as well as the 
incubation time [71]. 

The choice between internal and external gelation represents one of the most important strategic 
decisions in the design of microparticles, particularly about the homogeneity of the gel network and 
the accuracy of the size distribution of the particles. For the case of the external gelation method, the 
droplets of the polyelectrolyte are generally added to the solution containing the cations that induce 
the gelation reaction. The reaction starts on the surface of the droplets and extends to the center, 
creating a heterogeneous core-shell structure with a greater density of cross-links on the surface of 
the particles. Although this method is simple, the droplets may be distorted during the process at 
high speeds, and bubbles may be trapped on the surface, causing heterogeneities in the structure [72]. 
Internal gelation, also known as in situ gelation, uses the aforementioned cations, now in the form of 
calcium carbonate, which are initially distributed in the solution of the polymers. The pH level of the 
solution is then reduced gradually, typically by the action of the slowly reacting acidifier glucono-
delta-lactone, causing the cations to be released simultaneously throughout the volume of the 
solution. The result is the formation of a highly homogeneous internal structure with excellent 
sphericity. Internal gelation is generally preferred for the formation of micrometer-sized particles by 
the method of emulsification, whereas the external method is generally restricted to the formation of 
large-sized particles by the method of dripping. The homogeneity of the structure is particularly 
important for injectable systems to avoid clogging of the needles and to ensure the degradation rate 
of the drug is consistent. The slower rate of reaction also allows for the alignment of the polymer 
chains, thereby increasing the mechanical strength of the beads and creating a more efficient barrier 
against the burst release of the drugs [73,74]. 

2.7. Interfacial Polymerization 

Interfacial Polymerization is a robust chemical method for microencapsulation, which facilitates 
the in situ formation of a polymeric membrane between two immiscible liquids. This chemical 
method is based on a polycondensation reaction between two bifunctional monomers in separate 
phases, usually an organic oil phase and a continuous aqueous phase (Figure 8). A typical example 
is a diisocyanate-based monomer in the oil phase and a diamine-based monomer in the aqueous 
phase. When they are mixed, they spontaneously travel to the interface, where they rapidly react to 
produce an insoluble polyurea or polyamide membrane. One of the most interesting aspects of this 
chemical method is that, due to the barrier effect of the membrane, the rate of monomers traveling 
towards the reaction interface is reduced, thereby providing precise control over the membrane 
thickness and uniformity. This chemical method is highly effective for protecting volatile liquids, 
such as oily drugs, essential oils, and pesticides, from degradation caused by environmental factors 
or oxidation. This is due to the exceptional mechanical strength and thermal stability of the resultant 
microcapsules [75]. Despite the engineering benefits that interfacial polymerization provides for the 
development of pharmaceutical formulations, the practical utility of this approach is greatly 
hampered by the toxicological profiles that are inherent to the isocyanate and acid chloride 
monomers that are used during the process. For the development of injectable or oral formulations 
that are safe for human use, a series of exhaustive washing cycles must be employed to remove any 
residual monomers that may have been left behind during the polymerization process. During this 
approach, the active pharmaceutical ingredient (API) that is encapsulated must remain completely 
inert to both monomers that are used during the polymerization process. Therefore, this approach is 
not considered to be particularly useful for the development of formulations that contain sensitive 
biological structures or protein-based carriers, due to the high likelihood that denaturation may occur 
during the course of the process. In order to ensure that the best possible therapeutic response is 
obtained, it is essential that the molar ratios of monomers that are used during the process are 
carefully calibrated to determine the interfacial tension that is required for the development of a 
particular particle size with a particular permeability characteristic [76,77]. 
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Figure 8. Illustration and practical steps for the difference of the microparticle preparation methods between 
interfacial polymerization and ionic gelation. 

2.8. Air Suspension (Wurster Coating) 

The air suspension technique, also known as the Wurster coating or the bottom spray fluidized 
bed coating, is one of the major techniques employed in the development of reservoir-type 
microparticulate systems as opposed to monolithic matrix-type systems. This advanced technology 
involves the suspension of the core particles in a high-velocity upward airstream, which generates a 
cyclic motion that exposes each and every particle to the coating substance uniformly [78]. The heart 
of the system is the Wurster insert, which is a partition that creates a high-energy upward air zone 
where the particles are accelerated and passed through the spray of the coating solution or 
suspension. As the particles exit the top of the insert, they are directed towards the expansion 
chamber where the air speed is low enough to allow the evaporation of the solvent and the 
solidification of the coating before the particles drop down to the base of the chamber to begin the 
process all over again. This uniform film coating is achieved with great accuracy by the air suspension 
technique, which is not possible with other techniques of encapsulation [79]. 

Air suspension coating, with special emphasis on the Wurster bottom spray technique, presents 
a highly precise methodology for the production of complex, multilayered microparticles through 
sequential application of functional polymers (Figure 9). Commonly used materials include 
methacrylic acid copolymers (Eudragit, etc.), ethyl cellulose, hydroxypropyl methylcellulose 
(HPMC), and shellac for the control of the release profile. By carefully controlling key process 
parameters, such as the pressure of the atomizing air, temperature of the fluidizing air, and spray 
rate, the porosity and mechanical properties of the applied polymer film can be accurately controlled. 
In order to maintain the integrity of the applied polymer film and prevent cracking during the 
evaporation process, plasticizers are often added to the polymer formulation in order to decrease the 
glass transition temperature of the polymer. Due to the physical nature of the process, a high degree 
of versatility can be achieved, making the process largely independent of the 
lipophilicity/hydrophilicity of the drug substance [80]. However, the success of the process also 
highly depends on the physical properties of the drug core, which must be present as a hard crystal, 
granule, or pellet, capable of withstanding the mechanical stress and high-energy collisions within 
the fluid bed process. Although primarily used for the production of microparticles from solids, 
liquid drug substances can also be processed, provided they are adsorbed onto mesoporous 
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materials. Ultimately, the interplay between the mechanical robustness of the drug core and the 
interfacial properties of the polymer film enables the production of high-performance microparticles, 
specifically designed for a variety of applications, from targeted delivery systems to taste masking 
formulations [81]. The manner in which the spraying is carried out, i.e., top, bottom (Wurster), and 
tangential, has been identified as a key factor that influences the efficacy of the coating process, the 
quality of the resulting film, and the likelihood of agglomeration of the coated particles. Top-spray, 
although the most common method of granulation, has been noted to be less effective in the process 
of microencapsulation, as the downward motion of the spray in opposition to the upward motion of 
the hot air leads to spray drying, resulting in the formation of a porous and non-adherent membrane. 
On the other hand, the bottom-spray method, also known as the Wurster method, has been 
established as the gold standard in the process of micro-coating, as the spraying nozzle is placed at 
the bottom of the chamber, allowing the droplets to be sprayed concurrently with the direction of the 
fluidizing air, thereby greatly reducing the distance that the droplets have to travel before impact, 
which ensures that the liquid coating remains in the liquid state upon impact, thereby resulting in 
the formation of a dense and functional membrane (Table 2). However, this method requires that the 
rate of spray be carefully calibrated to prevent the formation of wet masses, which are non-functional 
agglomerations. The tangential spray method, also known as the rotary method, involves the use of 
the high shear force generated by the rotation of the disc at the bottom of the chamber, which is 
particularly useful in the coating of dense materials, as this method can counteract the adhesive forces 
that cause agglomeration in high-moisture environments [82]. 

 

Figure 9. Illustration and practical steps for the preparation of microparticles using air suspension (Wurster 
coating). 

Table 2. Comparison of Top Spray, Bottom Spray (Wurster), and Tangential Spray Methods in Fluid Bed 
Systems. 

Feature Top Spray Bottom Spray (Wurster) Tangential (Rotary) 
Primary Application Granulation / Hot Melt Precision Micro-coating Coating of Dense Pellets 
Film Quality Porous / Less Uniform Dense / Highly Uniform High Density / Uniform 
Agglomeration Risk Low Moderate (Requires tuning) Low (Due to high shear) 
Drying Rate Very High Controlled High 
Particle Size Range Medium to Large Wide (Small to Large) Large / Heavy Pellets 
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2.9. Pan Coating 

Pan coating is an established method for the application of a functional or cosmetic coat to larger 
substrates such as tablets, beads, and pellets. This method involves the rhythmic tumbling motion of the 
particles within a rotating vessel, which may be a conventional spinning pan or a perforated one. During 
this process, the substrates are subjected to a flow of atomized liquid droplets while a concurrent flow of 
hot air assists the evaporation of the solvent [83]. Although the pan coating method is preferred for its 
mechanical simplicity and high capacity for handling large quantities, it is subject to certain limitations 
from a physical point of view for the application in the field of microparticle engineering (Figure 10). This 
method is not applicable for substrates smaller than 500 micrometers in size owing to the high surface 
area to volume ratio of the substrates, which leads to a high degree of agglomeration upon the addition 
of a liquid binder. In addition, the material should have sufficient mechanical strength to withstand the 
high weight and the abrasive action of the substrates during the coating process. This method is therefore 
only applicable for the application of a functional coat to substrates such as granules and pellets, as the 
powders comprising the active pharmaceutical ingredient would not have sufficient strength to resist the 
forces of attrition and fragmentation [84]. 

 
Figure 10. Illustration and practical steps for the preparation of microparticles using the pan coating method. 

The development of coating media formulation techniques has grown from traditional sugar coating 
based on sucrose to modern-day film coating techniques using synthetic polymers like hydroxypropyl 
methylcellulose (HPMC), hydroxypropyl cellulose (HPC), and acrylic acid resins. Even though the pan 
coating technique offers flexibility with regard to the solubility of active ingredients, there is a lack of heat 
transfer efficiency with this method compared to air suspension coating. It is critical to control air 
temperature with regard to thermolabile active ingredients to avoid degradation. However, there is a 
heat-energy constraint with this method, leading to concerns about active ingredient stability due to 
residual moisture. To improve on these drawbacks of pan coating, modern pharmaceutical engineering 
techniques utilize perforated pans to ensure maximum air flow through the bed of particles. This ensures 
rapid evaporation of the solvent and uniform coating of active ingredients with control agents like enteric 
and sustained-release coatings, even on high surface area materials [84,85]. Equilibrium of pan rotation 
speeds and spray atomization pressure plays a crucial role as a pivotal point of control of the stochastic 
phenomenon of twinning, a defect of manufacture whereby two or more pellets are united by a permanent 
bridge of polymer. Deficient rotation speeds cannot provide the required kinetic energy to overcome the 
adhesive forces of the liquid film. This leads to stagnant areas where particles come into prolonged contact 
and become bonded as they solidify. On the other hand, higher rotation speeds reduce twinning but can 
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lead to attrition of friable core materials. In addition, atomization pressure must be controlled to regulate 
droplet size and rate of wetting. Although high pressure ensures a fine droplet size, allowing for near-
instantaneous solvent and subsequent film formation, it can result in a dry spray, causing a porous and 
irregular film. The incorporation of anti-tacking agents such as talc or glyceryl monostearate further 
prevents adhesion of particles, allowing higher spray rates without compromising reservoir integrity. The 
transition from traditional non-perforated pans to perforated pans such as the Accela Cota has greatly 
altered the dynamics of the drying kinetics. In traditional non-perforated pans, air flow is only over the 
surface of the tumbling bed, resulting in a humid dead area within the core of the bed. This area can 
accelerate the hydrolysis of moisture-sensitive active ingredients. The perforated drum design allows air 
to be drawn through the tumbling bed, greatly improving the efficiency of heat and mass transfer. This is 
particularly important for aqueous-based coating formulations, as it ensures minimal core area is exposed 
to moisture and maximizes throughput to produce a dense, uniform, and stable film, protecting the active 
ingredient from environmental degradation [86,87]. 

2.10. In-Situ Polymerization 

In-situ polymerization is another chemical encapsulation process that differs from the interfacial 
method in that the material forming the shells is produced from monomers or prepolymers that are 
contained entirely within the continuous phase. This is in direct contrast with the interfacial method, 
which relies on the stoichiometric reaction of monomers that diffuse from two non-miscible phases. 
The process is usually carried out with an oil-in-water emulsion, with urea-formaldehyde or 
melamine-formaldehyde prepolymers being dissolved in the continuous phase (Figure 11). By 
precisely controlling the equilibrium of the system, usually through a reduction in pH (down to 2.0) 
and an increase in temperature, polycondensation is initiated (Figure 11). As the length of the 
developing polymers increases and reaches a critical molecular weight, they become insoluble and 
selectively deposit onto the oil droplets, eventually coalescing into a rigid, highly cross-linked amino 
resin shell. From an engineering point of view, the shells produced through this process are denser 
and smoother, thus providing a superior barrier for the diffusion of substances. However, the process 
is restricted in pharmaceutical and biological applications owing to safety and stability issues. The 
main problems are the potential for formaldehyde, a known carcinogen, to be present, the potential 
for degradation of active ingredients owing to the highly acidic conditions, and the thermal instability 
of sensitive active ingredients owing to the temperature conditions necessary for the process [88,89].  

 
Figure 11. Illustration and practical steps for the preparation of microparticles using the In-situ polymerization 
method. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2026 doi:10.20944/preprints202604.0403.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0403.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 44 

 

Therefore, in-situ polymerization is best used for applications in fields such as fragrances, 
pesticides, and encapsulation of Phase Change Materials (PCMs), where the mechanical properties 
of polymers are given greater importance than their biocompatibility. However, for this methodology 
to be used for advanced pharmaceutical delivery systems, the active ingredient needs to be 
chemically inert towards aldehyde groups and stable even in highly acidic conditions. As a result, 
current research is focused on the design of formaldehyde-free amino resin systems that ensure 
chemical robustness without sacrificing biological safety. In this methodology, the concentration of 
the emulsifier is a critical factor that affects the reaction kinetics, having a substantial effect on the 
induction period as well as the lag time between the start of polycondensation and the subsequent 
deposition of polymers onto the oil-water interface. The role of the emulsifier, at a molecular level, is 
critical in providing anchoring sites where the pre-polymer chains come into contact with the stable 
interface, thereby initiating the formation of a uniform and dense shell [90]. In systems with high 
emulsifier concentration, a structured and ordered structure develops to act as a steric barrier to 
prepolymer chains during the initial period of induction. During this period, prepolymer chains need 
to reach a critical threshold of polymerization and hydrophobicity in the continuous phase before 
they gain the thermodynamic impetus to cross over the emulsifier layer and start to deposit on the 
interface of the oil droplet. Emulsifier concentration is the primary factor in determining the total 
surface area available for shell formation. An exponential decrease in oil droplet size is observed with 
an increase in emulsifier concentration. Consequently, if the total prepolymer content is kept 
constant, an increase in surface area results in a proportional decrease in final thickness of the shell. 
Hence, there is a need to calibrate the ratio of monomer to oil phase so that the final microcapsules 
possess adequate mechanical strength. The type of emulsifier used also impacts the rate of reaction 
(Table 3). Anionic emulsifiers like ethylene maleic anhydride (EMA) hasten the rate of shell formation 
by providing specific sites for hydrogen bonding with urea-formaldehyde prepolymers. This reduces 
the induction period. However, nonionic emulsifiers like polyvinyl alcohol (PVA) slow down the rate 
of formation and result in a porous shell. By carefully designing these surface properties, researchers 
aim to improve the thickness and density of the microcapsules to withstand industrial processing 
while maintaining the required permeability for therapeutic agents [91,92]. 

Table 3. Comparison of polymerization techniques for microencapsulation. 

Parameter Interfacial Polymerization In Situ Polymerization 
Monomer Location Distributed in both phases Exclusively in continuous phase 
Shell Formation Diffusion limited at interface Deposition from continuous phase 
Shell Characteristics Thinner, potentially more porous Denser, smoother, more rigid 
Reaction Kinetics Very rapid (seconds/minutes) Slower, pH and temperature dependent 
Common Polymers Polyurea, Polyamide (Nylon) Urea-Formaldehyde, Melamine-Formaldehyde 
Typical Use Cases Pesticides, carbonless paper Fragrances, Phase Change Materials (PCMs) 

2.11. Supercritical Fluid Technology (RESS, SAS, GAS)  

Supercritical fluid (SCF) technology is an innovative and environmentally friendly area of 
pharmaceutical engineering, which utilizes the physicochemical properties of fluids in their 
supercritical states. Among all fluids, carbon dioxide (CO2) is widely employed as a processing fluid 
because of its non-toxic, non-flammable characteristics, and favorable critical properties (Tc = 31.1°C, 
Pc = 7.38 MPa). The main advantage of using supercritical carbon dioxide (SC-CO2) is its combination 
of liquid density and gaseous diffusivity, which can be easily adjusted using small changes in 
temperature or pressure. The Rapid Expansion of Supercritical Solutions (RESS) method involves 
dissolving a drug-polymer mixture in SC-CO2, followed by depressurization of the fluid mixture 
using a special nozzle (Figure 12). The extremely supersaturated fluid mixture is forced to undergo 
rapid nucleation, resulting in ultrafine particles. The RESS method is, however, limited by the poor 
solubility of polar or high-molecular-weight compounds in SC-CO2. To improve the solubility of 
these compounds, Supercritical Anti-Solvent (SAS) or Gas Anti-Solvent (GAS) methods are 
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employed, in which CO2 is used as an ʺanti-solvent.ʺ In SAS, a drug-polymer mixture is dissolved in 
an organic solvent, which is subsequently atomized into an SC-CO2 environment. The fast diffusivity 
of both liquids facilitates fast precipitation of the drug-polymer mixture. The morphology of 
microparticles is, however, controlled by complex interfacial phenomena and mass transfer rates in 
the expansion chamber [93–95].  

The use of the Particles from Gas Saturated Solutions (PGSS) method has been shown to be quite 
effective in processing thermostable biologics. The main advantage of PGSS is that, unlike RESS, in 
which the pharmaceutical substance must be soluble in supercritical carbon dioxide, PGSS takes 
advantage of the extensive solubility of carbon dioxide in a molten polymer or pharmaceutical 
substance. This serves as a powerful plasticizer, causing a significant reduction in the glass transition 
temperature and melt viscosity of the system. This method is thus capable of processing at 
temperatures well below those of the traditional melting point of excipients, which is a major 
advantage for preserving the integrity of thermolabile biologics. Although the cost of initial 
investment in equipment is quite high, it is worth noting that PGSS is quite cost-effective in the long 
term. The morphology of the microparticles can be precisely controlled by pharmaceutical scientists 
using PGSS, depending on the pressure and the ratio of carbon dioxide to product. This can be done 
to optimize the bioavailability of the final dosage form [96]. 

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

The addition of chemical modifiers such as ethanol or methanol to supercritical fluid systems is 
a sophisticated approach for overcoming the problem of the polarity gap that is inherent in using 
pure CO2 for SFE. The addition of a small percentage of a polar solvent enables the solvent to exhibit 
enhanced solvent strength through the ability to engage in specific intermolecular interactions such 
as hydrogen bonding. During SAS precipitation processes, chemical modifiers play a crucial role as 
a kinetic bridge that enables rapid mutual solubilization of polar peptides or proteins with very poor 
solubility in pure CO2 with the organic solvent phase. In addition to their use in overcoming the 
problem of poor solubility, chemical modifiers play a crucial role as a thermodynamic tool for the 
design of the internal structure of particles. By altering the critical point and the binodal/spinodal 
curves for the ternary system, the concentration of the chemical modifier may be adjusted to favor a 
transition from dense microspheres to highly porous particles with a very low density that are 
suitable for pulmonary delivery. Moreover, the use of a volatile chemical modifier may also accelerate 
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nucleation kinetics to favor the formation of amorphous solid dispersions that may improve the 
dissolution rate of poor solubility compounds (Table 4). However, the use of chemical modifiers 
requires careful control to minimize the negative effect that high concentrations may have on the 
amount of residual solvent that may remain in the particles; therefore, longer purging times may be 
required to retain the solvent-free advantage that is unique to supercritical fluid precipitation 
processes. In addition, for biological compounds, the denaturation risk that may arise from the 
addition of chemical modifiers must also be carefully evaluated to retain the integrity of the protein’s 
three-dimensional structure during the precipitation process [97,98]. 

Table 4. Summary of modifier effects on SAS processing. 

Parameter Effect of Increasing Modifier Conc. Application 
Solvent Power Increases (especially for polar drugs) Encapsulation of proteins/peptides. 
Phase Boundary Shifts the spinodal curve Creating porous ʺpuffedʺ particles. 
Nucleation Rate Increases (with volatile modifiers) Formation of Amorphous Solid Dispersions. 
Drying Time Increases (requires more CO2 purging) Regulatory compliance (ICH guidelines). 
API Stability Risk of denaturation (with alcohols) Biologic/Protein formulation. 

2.12. Electrospraying 

The technique of electrospraying, also known as electrohydrodynamic atomization (EHDA), is 
an accurate method of fabrication based on the utilization of electrical potential rather than 
mechanical stress to disrupt a polymer solution into uniform droplets. This process is mediated by 
an initial high voltage applied to a capillary nozzle, ranging between 10 and 30 kV. The presence of 
surface charges leads to a morphological change of the solution meniscium from a drop to a cone-
like structure, termed a Taylor cone. A fine jet is then emitted from the apex of this structure and 
undergoes fragmentation into droplets by Coulomb stress. As these droplets move towards a 
grounded target plate, rapid evaporation of the solution results in microparticles with very narrow 
size distributions and high encapsulation efficiency (Figure 13). The efficiency of EHDA is mediated 
by a complex interplay between solution conductivity, viscosity, and surface tension. Lack of 
conductivity results in insufficient electrostatic stress to overcome surface tension and induce a 
Taylor cone. Excessive solution viscosity results in polymer chain entanglement and leads to fiber 
formation rather than droplets (termed electrospinning). Electrospraying of biocompatible polymers 
such as PLGA, PCL, and chitosan offers a ʹcoldʹ process for fabrication and is therefore suitable for 
encapsulating potent therapeutics and unstable biological entities such as DNA, enzymes, and cells 
without risk of thermal and mechanical denaturation [99,100].  

 
Figure 13. Illustration and practical steps for the electrospray method in microparticle fabrication. 
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A major advantage of the transformative capability of the electrohydrodynamic atomization 
technique is its coaxial operation feature, whereby two immiscible liquids are simultaneously 
atomized to produce dual compartmentalized core-shell-type micro-particles. This feature enables 
the efficient encapsulation of hydrophilic drugs within a hydrophobic polymer carrier via a one-step 
solution-based approach, thus circumventing the difficulties and issues of drug leakage associated 
with traditional double emulsion-based approaches (Table 5). Despite its accuracy and precision, the 
major limitation of the electrospraying technique hindering its large-scale implementation is its low 
throughput capacity, typically measured at single-digit milliliters per hour flow rates per single 
nozzle. To bridge the gap between lab-scale fabrication and large-scale implementation, current 
research trends focus on employing multi-nozzle configurations (multiplexing) and needleless 
electrospray techniques. These high-throughput configurations are thus seen to enhance the large-
scale fabrication of precision drug delivery systems with accurately controlled loading and release 
profiles, thus further establishing the importance of electrospraying as a fundamental component of 
future personalized medicine (Table 16) [101,102]. 

Table 5. Summary of electrospray modes. 

Feature Single-Phase Coaxial (Core-Shell) 
Morphology Homogeneous Matrix Reservoir (Core-Shell) 
Drug Type Lipophilic (usually) Hydrophilic & Lipophilic 
Burst Effect Higher risk Minimized 
Complexity Low Moderate (Requires 2 pumps) 
Scale-up Multiplexing / Needleless Primarily Multi-nozzle Arrays 

In the precise engineering of the morphology of the resulting electrosprayed microparticles, the 
tip-to-collector distance and the feed flow rate are the critical parameters that govern the morphology, 
size, and solvent levels of the resulting microparticles. The tip-to-collector distance plays a critical 
role in determining the flight time of the droplets, and if this distance is insufficient, the solvent does 
not have sufficient time to fully evaporate, resulting in the coalescence of the droplets into a single 
liquid film upon impact with the collection plate. Conversely, if the distances are optimized, the 
resulting droplets are given sufficient time to reach the Rayleigh limit, where Coulomb fission is 
induced, resulting in the formation of dry, freely flowing powders upon collection (Table 6). The rate 
of the feed flow rate, on the other hand, determines the volume of the liquid that is supplied to the 
Taylor cone, and although low rates are desirable for the formation of ultra-fine, highly monodisperse 
microparticles, rates that are too high result in instabilities of the Taylor cone, thereby increasing the 
solvent levels per droplet. From the engineering and regulatory perspective, these parameters are 
also important in the determination of the environmental temperature and humidity to ensure ultra-
low levels of solvent residue, particularly in injectable microparticles. In situations where ambient 
conditions are not conducive to the evaporation of the solvent, the use of auxiliary dryers and precise 
tip-to-collector distances is critical to maintaining the structural integrity of the resulting 
microparticles, thereby ensuring the glass transition temperature of the resulting matrix, which is 
critical to the reproducibility of the process (Table 7) [103,104]. 

Table 6. Troubleshooting electrospraying morphologies. 

Observed Defect Probable Underlying Cause Strategic Remediation 
Fiber Formation Excessive polymer concentration 

or high solution viscosity 
preventing jet breakup. 

Reduce polymer concentration; introduce a 
conductive co-solvent (e.g., ethanol); 
decrease feed flow rate. 

Bead-on-String 
Structures 

Viscoelastic forces competing 
with electrostatic repulsion; 
insufficient charge density. 

Increase applied voltage; decrease polymer 
molecular weight or concentration; increase 
solution conductivity. 
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Polydispersity/Multi-
Jetting 

Unstable Taylor cone due to 
excessive voltage or high flow 
rate. 

Reduce voltage to the stable ʺsingle-jetʺ 
regime; decrease flow rate to ensure steady 
cone formation. 

Particle Coalescence 
(Wetness) 

Incomplete solvent evaporation 
before impacting the collector. 

Increase tip-to-collector distance; utilize a 
more volatile solvent system; reduce 
humidity; increase ambient temperature. 

Dripping/Poor 
Atomization 

Insufficient electrostatic force to 
overcome surface tension; low 
solution conductivity. 

Increase applied voltage; add a small 
amount of electrolyte (e.g., NaCl) to the 
solvent; decrease flow rate. 

Table 7. Diagnostic tool, correlating defective formation with adjustments in the electrospray method of 
fabrication. 

Defect Observed Probable Cause Recommended Engineering Adjustment 

Wet 
Film/Coalescence 

Short flight time; High flow rate; 
High humidity. 

Increase tip-to-collector distance; Decrease flow 
rate; Increase drying temperature. 

Fibers instead of 
Particles 

High polymer concentration 
(entanglement). 

Decrease polymer concentration; Increase 
conductivity (add salt). 

Broad Size 
Distribution 

Unstable Taylor cone; High flow 
rate. 

Decrease flow rate; Adjust voltage to find 
ʺstable coneʺ window. 

Hollow/Collapsed 
Particles 

Rapid surface crust formation 
(skinning). 

Use a less volatile solvent; Decrease inlet air 
temperature. 

No Atomization 
(Dripping) 

Low voltage; Insufficient 
conductivity. 

Increase voltage; Add a conductive co-solvent 
(e.g., Ethanol). 

The move towards a more ʺbeaded fibersʺ approach, despite its benefits for tissue engineering, 
creates a significant risk for microparticle drug delivery systems. In such systems, fibers have a 
propensity to create an unforeseen burst release based on their increased surface area-to-volume ratio 
in relation to spherical particles. Solution conductivity is therefore a key consideration; increased 
conductivity enables a more precise atomization pattern through vigorous Coulomb fission; 
however, it also increases the risk for corona discharge. This occurs when the atmosphere is ionized, 
thereby eliminating surface charges that cause the Taylor cone to collapse. Maintaining a stable cone-
jet mode is crucial for high encapsulation efficiency and drug loading consistency. Oscillations or 
pulsing in the cone cause significant changes in stoichiometry that create batch-to-batch variability. 
Real-time monitoring of the collector current using high-speed imaging is a crucial PAT for a high-
performance environment to maintain the steady-state conditions necessary for high-performance 
microparticle drug delivery systems [105]. 

2.13. Microfluidics 

Significantly, the field of microfluidics represents a paradigm shift in the production of 
microparticles, offering unprecedented control over the dynamics of fluids within channels with 
diameters in the range of 10-100 micrometers. In these regimes, the flow of fluids is predominantly 
laminar, with the absence of turbulence exploited for the production of droplets with high levels of 
monodispersity and reproducibility. Precise mechanisms for the production of droplets, particularly 
T-junction and flow focusing, form the architectural basis for the production of these microparticles. 
In these systems, a dispersed phase is compartmentalized into uniform droplets in response to a 
balance of forces, with viscous stress from the continuous phase causing deformation of the fluid 
interface, countered by interfacial tension, which seeks equilibrium in terms of minimum surface 
area, thereby leading to a regular process of droplet formation (Figure 14). Each of these droplets 
represents a highly controlled template for the production of the final microparticles, which are 
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formed through a variety of downstream mechanisms, including polymerization, curing, and solvent 
extraction [106]. 

 

Figure 14. Illustration and practical steps for the microfluidics method in microparticle fabrication. 

The main advantage of the microfluidic technique lies in its ability to produce microparticles 
with near-ideal monodispersity, as indicated by a coefficient of variation (CV) of 2% or less. This level 
of precision in particle size cannot be achieved with a bulk emulsification technique, which makes 
the technique highly suitable for high-value applications, particularly in instrument calibration and 
high-end drug delivery systems where the kinetics of drug release are strictly related to the surface 
area of the particle. In addition, the technique offers a high level of control in the production of 
complex particle morphologies, for example, core-shell or Janus particles, through the precise control 
of the convergence of multiple immiscible fluids. This high level of control, coupled with the mild 
shear conditions and chemically inert environment in the microchannel, makes the technique highly 
suitable for the encapsulation of sensitive biological materials, for example, cells and labile molecules. 
Although the production capacity of a single device is small, as indicated by a production rate in the 
milliliter/hour range, the technique of numbering up, where thousands of identical channels are used, 
presents a viable option for scaling up production for industrial purposes. In the production of 
microparticles, the design of the particle is dictated by fluid dynamics rather than the API; as a result, 
pharmaceutical scientists can easily switch from a dripping or a jetting regime through the control of 
fluid viscosity, interfacial tension, and flow rate ratios for the production of particles with a given 
morphology for a given therapeutic outcome [107,108]. 

2.14. Sol-Gel Process 

The sol–gel process represents a sophisticated bottom-up approach for the synthesis of inorganic 
or organic inorganic hybrid microparticles, which is based on a series of hydrolysis and 
polycondensation steps of metal alkoxide-based precursors. When silicon-based alkoxides, such as 
tetraethyl orthosilicate (TEOS) or tetramethyl orthosilicate (TMOS), are used, the process starts with 
the hydrolysis of the alkoxide functional groups, leading to reactive silanol groups. These then react 
in a polycondensation process, allowing for a phase change from a colloidal suspension, or sol, to a 
rigid three-dimensional porous structure, or gel (Figure 15). This unique phase change enables the 
encapsulation of active pharmaceutical ingredients at the molecular level, i.e., by doping these 
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molecules within a specifically designed ‘inorganic cage.’ Moreover, as the process occurs at mild 
reaction conditions, i.e., ambient temperature and near-neutral pH, the sol–gel approach can be 
particularly useful for encapsulating thermostable or chemically sensitive biomolecules, e.g., 
enzymes and other therapeutic proteins, in a way that preserves the functional conformation of these 
molecules (Table 8) [109]. 

 

Figure 15. Illustration and practical steps for the sol gel process method in microparticle fabrication. 

Table 8. The role of catalysis in sol-gel microparticles. 

Catalyst 
Condition 

Mechanism Resulting Microparticle Structure 

Acidic (pH < 2) Rapid hydrolysis, slow 
condensation. 

Produces linear, weakly branched chains; leads to dense, 
low-porosity microparticles. 

Basic (pH > 7) Slow hydrolysis, rapid 
condensation. 

Produces highly branched, cluster-like structures; leads to 
highly porous microparticles. 

Silica microparticles prepared by the sol-gel method have been shown to provide advantages 
related to their chemical inertness, mechanical strength, and architectural flexibility. By controlling 
the catalyst and water-to-precursor molar ratio, the pore size and specific surface area can be closely 
controlled to meet specific application needs. This ʺcageʺ-like structure protects the protein from the 
environment by maintaining the tertiary structure and reducing the degradation of volatile 
fragrances. However, the gel-to-xerogel drying step poses a challenge for engineers. This is primarily 
related to the high capillary stress-induced cracking and volume shrinkage during the evaporation 
step. Organic modifiers are added to improve the flexibility of the system by producing Organically 
Modified Silicates (ORMOSIL), which can be more closely controlled for drug delivery applications. 
From a biocompatibility point of view, one major disadvantage of this method is the production of 
alcohol by-products, such as ethanol and methanol, during the initial stages of the reaction. This can 
be problematic for drug delivery systems if not effectively removed through high dilution factors. 
Although the sol phase is inherently more compatible with hydrophilic drug delivery systems, 
lipophilic drug delivery systems require the use of surfactants. Using high-end drying equipment, 
such as supercritical drying equipment for the production of ultra-porous aerogels, researchers can 
design high-performance microparticles for a variety of drug delivery applications (Table 9) [110]. 

Table 9. Comparison: xerogels vs. aerogels. 

Property Xerogel (Ambient Drying) Aerogel (Supercritical Drying) 
Drying Method Evaporation (High Capillary Stress) Supercritical Extraction (Zero Capillary Stress) 
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Porosity 15% – 50% 90% – 99% 
Surface Area 300 – 600 m2/g 600 – 1000+ m2/g 
Structure Dense, Shrunken ʺFrozen Smokeʺ (Original Gel Volume) 
Common Use Controlled Release / Coatings Inhalation / Ultra-lightweight Insulation 

The choice of catalysts in the sol-gel method is a critical kinetic parameter, which controls the 
morphology of the microparticulate material. In acidic media, i.e., at pH < 2, near the isoelectric point 
of silica, hydrolysis occurs at a much greater rate than condensation. This kinetically driven 
mechanism favors weakly branching, elongated polymeric chains, which intertwine to form a gel. 
The resulting matrix is characterized by a very high degree of structural continuity and extremely 
fine microporous characteristics, which are favorable for sustained, controlled release of small 
molecule drugs. However, during desolvation, these flexible chains pack closely, causing 
considerable volume shrinkage, resulting in a transparent, high-density xerogel. On the other hand, 
in a basic environment, condensation is the kinetically favored reaction. The silanols are rapidly 
consumed, forming highly branching, discrete clusters, which intertwine into a colloidal matrix. This 
mechanism favors a more heterogeneous, macroporous matrix, which is favorable for high drug 
loadings or for the entrapment of bulky macromolecules, since more efficient ingress and egress of 
drugs are possible through larger pore diameters. The larger pore radius of the matrix, characteristic 
of base-catalyzed systems, also helps in minimizing cracking during desolvation, although at the 
expense of reduced tensile strength of the matrix [110,111].  

The significant role played by the catalyst in the microparticle architecture ensures that the 
release profiles can be controlled by adjusting the pH of the sol initially used in the process. This can 
be made evident with the use of a two-step acid-base catalysis, which can be used in the development 
of complex density gradients, as in microparticles with dense cores and porous shells. Aside from the 
morphological features, the pH of the system also determines the electrostatic nature of the silica 
surface, where, with a pH near 2.0 for silica, the surface will be negatively charged (Si-O-). This 
ensures the ionic binding of positively charged drug molecules, making the inorganic-based system 
a sophisticated drug delivery vehicle for the drug, considering the pKa and pharmacokinetics of the 
drug in question. In acidic conditions, where the pH is less than 2.0, hydrolysis occurs, making the 
structure denser, with microporous networks having high continuity, while in basic conditions, rapid 
condensation occurs due to the deprotonation of the silanol group, making macroporous colloidal 
structures possible. Moreover, the use of fluoride anions, which are potent nucleophilic catalysts, 
ensures faster gelation due to the increase in the coordination number of the silicon atom, making a 
hybrid system with fast kinetics and mechanical properties a versatile system for the development of 
the next generation of high-performance drug delivery systems [112,113]. 

The choice of the catalyst represents a key design criterion in controlling the mechanical 
properties as well as the diffusion kinetics within the microparticle matrix. The intrinsic mechanical 
brittleness of acid-catalyzed gels, coupled with the propensity for particle fracture during the process 
of desolvation, can be ascribed primarily to the extremely high capillary pressure states within these 
highly refined microporous structures. In direct contrast, the lower density of base-catalyzed particles 
offers a significantly stronger mechanical framework, particularly for the encapsulation of large 
molecules such as enzymes and therapeutic proteins. The increased pore volumes within these 
colloidal networks facilitate unhindered molecular transport, thereby sustaining the requisite 
hydration states for biological activity. In understanding these structure-function relationships, 
scientists can then proceed to strategically choose the catalytic route, thereby ensuring that the silica 
matrix is precisely engineered for the intended clinical application (Table 10) [114,115].  
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Table 10. Comparative influence of catalysts on silica microparticle properties. 

Catalyst Type Primary 
Mechanism 

Network 
Morphology 

Surface Area & Pore 
Volume 

Mechanical 
Properties 

Acidic (e.g., 
HCl) 

Protonation of 
alkoxy groups 

Linear, weakly 
branched chains 

High surface area; low pore 
volume (microporous) 

Highly brittle; glassy 
and transparent; 
high shrinkage 

Basic (e.g., 
NH3) 

Deprotonation of 
silanol groups 

Branched, 
particulate 
clusters 

Moderate surface area; 
high pore volume 
(meso/macroporous) 

Less brittle; grainy 
or opaque; reduced 
shrinkage 

Nucleophilic 
(e.g., F-) 

Coordination 
expansion of 
Silicon 

Rapidly cross 
linked hybrid 
structures 

Variable; often yields high 
surface area with moderate 
volume 

Increased 
toughness; rapid 
gelation; specialized 
for hybrid systems 

The inherent brittleness of silica matrices is a critical challenge in designing effective drug 
delivery systems. This challenge is effectively addressed by synthesizing Organically Modified 
Silicates (ORMOSILs), where the cross-link density of silica matrices is reduced by incorporating non-
hydrolyzable organic spacers. By incorporating organoalkoxysilane reagents, such as 
methyltrimethoxysilane and phenyltrimethoxysilane, into the sol-gel process, researchers have been 
able to introduce a degree of flexibility into the otherwise rigid silica framework. This structural 
modification helps to dissipate mechanical stress and arrest crack propagation due to high capillary 
pressures developed during desolvation. Moreover, this structural modification of silica matrices 
allows for molecular-level control of the microenvironment of the silica cage. By incorporating 
hydrophobic alkyl groups, researchers have been able to control the rate of water uptake to protect 
hydrophilic agents. From a molecular-level point of view, designing an effective drug delivery 
system involves choosing an appropriate pendant group. Although methyl groups provide basic 
flexibility to silica matrices, bulkier pendant groups like phenyl and vinyl groups introduce sterically 
hindered architectures with a high degree of disorder. By varying the molar ratio of organically 
modified and purely inorganic silicates like TEOS, a wide range of glassy and rubbery matrices can 
be synthesized to withstand physiological and mechanical stresses encountered in the human body 
[116,117]. 

The architectural design and the release kinetic profiles of Organically Modified Silicate 
(ORMOSIL) microparticles are primarily controlled by the steric hindrance and the functional groups 
present in the incorporated organic moieties. Organic groups with low steric hindrance, e.g., the 
methyl group, occupy a very small volume of space and therefore enable the creation of a very dense 
lattice structure that is hydrophobic in nature. In contrast, the presence of phenyl rings imposes 
considerable steric constraints on the polycondensation reaction, which limits the close packing of 
the silica chains and therefore creates a less dense structure with larger pore volumes and diameters. 
Although the less dense structure would naturally enable the quicker diffusion of the drug and 
therefore intensify the phenomenon of ʺburst release,ʺ this is cleverly offset by the supramolecular 
interactions of the organic domain. The phenyl ring is an aromatic ring and can participate in 
intermolecular π-π stacking interactions with other aromatic drugs. This would therefore greatly 
enhance the drug loading capacity and the drug release profiles even for a less dense structure. In 
addition, the ʺorganic pocketsʺ would act as a partitioning site where lipophilic drugs would 
preferentially accumulate. In this system, the drug release is controlled by a high thermodynamic 
energy barrier, where the drug has to diffuse from the hydrophobic environment of the matrix to the 
aqueous environment of the body [118]. The augmented steric volume, as provided by the phenyl 
group, has the effect of mitigating the capillary stresses that are involved during the solvent 
evaporation process, thereby providing the microparticles with improved fracture and shrinkage 
resistance as compared to the conventional methyl group analogs. By employing these organic 
modifiers, it is possible to establish the gradient of hydrophobicity and porosity, thereby allowing 
the transition from passive barriers to active participants in the therapeutic delivery process. This is 
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indeed a significant advancement, as it represents a paradigm shift in the field of therapeutic delivery 
systems, moving from the conventional simple entrapment to the complex covalent tethering that is 
provided by the silica framework. The intelligent design of the therapeutic delivery systems, as 
provided by the integration of the organofunctional silanes, allows the drugs to be retained by the 
microparticles via stable and reversible covalent bonds, thereby mitigating the problem of burst 
release, as the therapeutic payload is released only in response to the required physiological stimuli 
[119]. 

Mechanics of stimuli-responsive release 

The inclusion of mercapto (thiol) functional groups is critical for the targeted delivery of 
substances within the cell. The utilization of disulfide bonds (S-S) between the silicate matrix and the 
therapeutic agent allows for the formulation of a system that is structurally stable in the presence of 
oxidative extracellular conditions, yet readily cleavable in the presence of the higher concentrations 
of intracellular glutathione (GSH), which is 100 to 1000 times higher than that found in systemic 
circulation. This is an important aspect of targeted delivery for siRNA or potent toxic agents. 
Similarly, ORMOSILs functionalized with amino groups are commonly used for pH-responsive 
systems. The inclusion of pH-labile bonds between the therapeutic agent and the ORMOSIL enables 
the formulation of a system that is stable in physiological conditions (pH 7.4), yet readily cleavable 
in the presence of a tumor-specific pH (4.5–5.5). This reduces systemic toxicity. The inclusion of 
epoxy-functionalized silanes provides a potent system for the immobilization of enzymes. The high 
reactivity of the epoxide group enables the covalent immobilization of enzymes onto the pore walls 
of the ORMOSIL, thus preventing denaturation via heat or chemical degradation. This provides a 
potent system for the immobilization of enzymes that process substrates that diffuse into the pores, 
thus preventing enzyme leakage [120]. 

The surface density of functional groups in the silica framework is an important design 
parameter that has a direct bearing on drug loading capacity and release fidelity. This parameter is 
usually controlled by adjusting the molar ratio of functionalized organosilanes, e.g., APTES, with the 
primary silica sources, e.g., TEOS. A low functional group density could result in an insufficient 
number of sites for accommodating a large amount of drug, thereby compromising the loading 
process. On the contrary, a very high functional group density could result in a substantial amount 
of steric hindrance, where the functional groups could physically hinder the access of drug molecules. 
This could, in turn, hinder the release process. From a stability point of view, a very high functional 
group density is a critical barrier against premature drug leaching, where the drug is held in place 
through multiple chemical bonds, thereby retaining the drug until a particular physiological event is 
experienced. On the contrary, a low functional group density could result in a higher amount of drug 
being held through van der Waals bonds or even hydrogen bonds, thereby increasing the propensity 
for premature leaching [121,122]. 

2.15. Hot Melt Encapsulation 

Hot melt encapsulation (HME), a solvent-free approach in pharmaceutical technology, relies on 
the application of the liquid/solid phase change rather than the use of organic solvents for the creation 
of microparticles. In the HME method, the thermoplastic polymer or the lipid-based carrier for the 
API is melted, and the API is either molecularly dispersed or finely dispersed as a particulate system. 
Subsequent to the dispersion of the API within the melted carrier system, the hot melt is atomized or 
subjected to high-throughput extrusion/spheromization, followed by rapid cooling for the attainment 
of solidification. The anhydrous nature of the HME method avoids the need for energy-intensive 
drying steps and the toxicological risks posed by the use of organic solvents. From a design 
viewpoint, the selection of the carrier system for the API, which includes polyethylene glycols, 
poloxamers, and low-melting-point waves, plays a crucial part in controlling the APIʹs release 
kinetics and physical stability [123]. In addition to this, the HME method is a powerful tool for the 
improvement of the oral bioavailability of poorly soluble APIs by the creation of solid dispersions 
wherein the API is maintained in a high-energy amorphous form (Figure 16). Although the HME 
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method is limited by the thermal stability of the API, the method is found to possess a high degree of 
compatibility with the requirements for continuous manufacturing and Industry 4.0 standards for 
the achievement of high batch-to-batch reproducibility. The precise control over the cooling rate is a 
crucial factor for the fine-tuning of the APIʹs release profiles by controlling the matrix crystallinity 
and tortuosity. In addition to this, the fine-tuning of the APIʹs release profiles from the HME method 
is also enabled by the use of plasticizers [124]. 

Melt viscosity is an important rheological property in hot melt encapsulation, and it has been 
reported to play a key role in determining both the energy input required for atomization and the 
resulting microparticle morphology. During atomization, the molten mass is broken into small 
droplets using aerodynamic or centrifugal forces. The increased viscosity will hinder the melt’s 
cohesive forces from being overcome by the stress of the atomization nozzle. This results in larger 
and more polydisperse droplets or even non-spherical droplets. On the other hand, low viscosity will 
allow for the formation of smaller droplets. However, low viscosity may also cause satellite 
formation, resulting in small particles being incorporated into the final product [125]. In relation to 
structural design, melt viscosity has been reported to affect microparticle sphericity through an 
influence on the recoil time, during which time the distorted droplet has an opportunity to recover 
its spherical shape before being fixed by solidification. For high-viscosity melts, resistance may be so 
great that sphericity is prevented, resulting in tear-drop or irregularly shaped particles. This problem 
is particularly critical during extrusion-spheronization, where the friction plate’s mechanical energy 
must be adequate to overcome the melt’s yield stress. However, by adjusting the temperature or 
adding small amounts of rheology modifiers, it is possible to reduce viscosity levels to an optimum 
value that results in high sphericity and smooth surface finish, both of which are critical for flow and 
drug release [126]. The topography of the microparticleʹs surface, as indicated by its roughness and 
fractal dimension (Df), represents an essential artifact of the preparation method that influences the 
flow properties of the powder and the drugʹs release kinetic profiles (Table 11). In fact, the dimension 
of a Euclidean surface is 2.0 by definition; however, the self-similar irregularities observed on the 
surface of a microparticle prepared by various methods, such as the kinetics of the 
solidification/solvent evaporation process, result in a fractal dimension between 2 and 3. In fact, base-
catalyzed sol-gel synthesis often produces a grainy, colloidal-type surface with a high fractal 
dimension, while the use of more advanced technologies, such as microfluidics and quenched hot 
melt encapsulation, produces ultra-smooth surfaces approaching a fractal dimension of 2.0. This 
topography plays a crucial role in determining the effective surface area (SA_eff), which is a key 
factor according to the Noyes-Whitney equation (dC/dt = [D · S Aeff / h] · [Cs – C]). This phenomenon 
fundamentally influences the wetting properties of the dosage form. In fact, according to Wenzelʹs 
equation (cos θ* = r cos θ), the increased roughness (r) of the microparticleʹs surface enhances the 
hydrophilicity/hydrophobicity of the carrier material; therefore, an increased fractal dimension can 
accelerate the drugʹs release from hydrophilic carriers or cause a ʺsuper hydrophobicʺ lag time for 
lipid-based carriers. In conclusion, the precise control over the surface topography during the 
preparation of the microparticles is an essential factor for the predictability and stability of high-
performance microparticulate delivery systems [127]. In addition, the viscosity-temperature 
relationship as per the Arrhenius model and the Williams-Landel-Ferry (WLF) model should be well 
understood to prevent thermal degradation of the active pharmaceutical ingredient. One of the 
important strategies employed during the fabrication of microparticles involves carrying out the 
process at the lowest viscosity possible to form microparticles stably. This involves identifying a 
“sweet spot” where the carrier is fully molten but not too molten to compromise the integrity of the 
structure upon contact with the cooling medium. Lastly, the ability to control the rheology of the melt 
will allow the microparticles to have a uniform diameter with a high density and porosity to protect 
the active pharmaceutical ingredient from environmental moisture [128,129]. 
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Figure 16. Illustration and practical steps for the Hot Melt Encapsulation (HME) method in microparticle 
fabrication. 

Table 11. Comparison between the thermal and mechanical preparation methods. 

Method Core Driver Solvent Status Payload Type Major Limitation 
Hot Melt Thermal Phase 

Change 
100% Solvent-
Free 

Thermostable/Lipophilic Heat-induced 
degradation 

Spray Drying Thermal 
Evaporation 

Solvent-
Dependent 

Thermostable/Amorphous High energy 
consumption 

Spray 
Congealing 

Rapid Cooling 100% Solvent-
Free 

Low melting waxes/lipids Lipid 
polymorphism 

Wurster 
Coating 

Air Suspension Solvent/Aqueous Robust solid cores Complexity of air-
flow 

2.16. Salting Out 

The salting-out method is a refined version of traditional solvent extraction that has been 
developed specifically to counteract the chemical and thermal challenges that often affect biological 
payloads. This process involves the precise control of solvent miscibility using a combination of 
electrolytes added to the aqueous phase. By using a water-miscible organic solvent such as acetone 
or ethanol, combined with a biocompatible polymer such as poly(lactic acid) (PLA) or poly(lactic-co-
glycolic acid) (PLGA), the salting-out process begins with the dissolution of the polymer-drug 
complex in the organic solvent. This organic phase is then emulsified in the aqueous phase containing 
a salting-out agent such as magnesium chloride (MgCl2) or calcium chloride (CaCl2) (Figure 17). The 
high concentration of ions in the aqueous phase causes the solvent to become insoluble in the water 
phase, thus inhibiting its immediate diffusion into the solvent phase. This leads to the formation of a 
stable oil-in-water (O/W) emulsion. When pure water is then added to the emulsion in a large volume, 
the concentration of ions in the aqueous phase rapidly decreases, causing the solvent to become 
miscible with the aqueous phase once again. This leads to a rapid transfer of solvent to the aqueous 
phase, causing a sudden precipitation of polymer particles with high encapsulation efficiency and 
integrity [130,131]. The salting-out technique is highly revered owing to its environmentally friendly 
profile, as the process entirely circumvents the use of hazardous chlorinated organic solvents like 
dichloromethane, which are predominantly employed in the conventional solvent evaporation 
technique. Furthermore, the possibility of performing the process at room temperature or refrigerated 
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conditions also renders the technique highly advantageous in maintaining the tertiary structure of 
heat-labile proteins and peptides. However, the technique also faces significant operational 
challenges owing to the high dilution factors employed to facilitate solvent migration, which 
generates significant volumes of saline wastewater. Furthermore, the final microparticle product also 
necessitates exhaustive washing protocols to remove trace electrolytes from the final product, as the 
retained electrolytes can cause significant disruption to the osmotic balance of the delivery system or 
induce irritation at the administration site [132]. Finally, with regard to the architectural 
characteristics of the final microparticle product, the final diameter and surface morphology are 
highly sensitive to the initial stirring rate employed and the electrolyte concentration used in the 
formulation. By accurately controlling the ionic strength of the aqueous phase, the researcher can 
accurately control the ‘induction time’ of the polymer precipitation phenomenon, which plays a 
significant role in determining the final EE of the microparticle product. For instance, if the solvent 
migration rate is excessively high, the initial fraction of the drug can be lost from the polymer matrix 
before the onset of solidification, which can result in suboptimal EE values. To circumvent this 
possibility, the aqueous phase can be supplemented with polyvinyl alcohol (PVA) as the stabilizer to 
maintain the integrity of the interfacial droplets. While the technique is predominantly employed 
with lipophilic drugs, the protocol can be extended to hydrophilic drugs as long as the compound 
demonstrates adequate binding affinity with the polymer matrix to prevent initial loss from the 
matrix during the high-ionic-strength emulsification step. Ultimately, the salting-out technique 
presents a unique paradigm in the production of high-purity microparticles with the advantage of 
solvent-free production with the requisite safety requirements of the biopharmaceutical industry 
[133]. 

 

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

The efficiency of salting out is deeply influenced by the Hofmeister series, also known as the 
lyotropic series, in which ions are arranged according to their ability to disrupt the structured nature 
of water, thereby affecting the solubility of organic solvents as well as polymers. The selection of an 
electrolyte with high kosmotropic potential is a strategic tool in optimizing the salting-out efficiency 
in the formulation of microparticulate systems. Strongly kosmotropic ions, such as sulfate (SO42−) or 
magnesium (Mg2+), are known to possess a high charge density that effectively coordinates with 
water molecules to create a rigid structure around themselves. As a result, it is thermodynamically 
unfavorable for a miscible organic solvent, such as acetone, to dissolve in this structured water, 
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thereby creating a stable emulsion with minimal electrolyte mass [134]. The kosmotropic nature of 
the selected salt enables a significant reduction in the amount of required dilution volume. This is 
because these salts are particularly effective in disrupting the miscibility of the solvent and water, 
such that the miscibility gap can be eliminated with much less water than what is required when 
chaotropic or disorder-producing salts, such as Cl- or SCN-, are used. This is particularly important 
in scaling up the production, as it directly correlates with a decrease in the size of the reactors as well 
as the amount of saline wastewater discharge. It is also important to note that the kosmotropic nature 
of the salts used in the microparticle production can lead to an increased efficiency in the 
microparticle production. This is because the kosmotropic nature of these salts results in a more 
aggressive salting-out of the organic solvent, thus enabling the polymer to precipitate quickly and 
effectively, thus entrap the drug in the microparticle prior to partitioning into the aqueous phase 
[135]. However, the chemical properties of the selected kosmotropic salts must be taken into 
consideration in terms of the stability of the drug payloads. Although kosmotropic salts are effective 
in salting-out, it has been noted that sulfates, in particular, can result in the irreversible precipitation 
of certain proteins due to ionic interactions. In such circumstances, magnesium chloride (MgCl2) is 
seen as the “Goldilocks” of salts, being sufficiently kosmotropic for efficient microparticle production 
while being sufficiently mild in nature as not to interfere with the biological activities of the peptides. 
By selecting the appropriate anion and cation in line with the Hofmeister Series, pharmaceutical 
chemists can create an environment that is both efficient and protective for the final microparticle 
product, such that it meets the required purity and potency for clinical application [136]. 

3. Strategic Engineering of Microparticulate Systems for Long-Acting Injectables 

The progression of research on microparticles into the domain of Long-Acting Injectables (LAIs) 
represents a significant milestone in the management of various chronic conditions, with the primary 
goal being to extend drug concentration levels for weeks or months following a single injection. The 
formulation of LAIs differs significantly from conventional drug formulations in that it requires a 
very high level of control with respect to both internal matrix structure and degradation rate of the 
polymer. The choice of formulation is the key determining factor in achieving a “zero-order” release 
profile, as this variable directly affects the patient’s experience with a desirable sustained release or 
undesirable initial burst release phenomenon (Table 12 and 13) [137]. 

Table 12. Evaluating preparation methods for LAIs. 

Method Suitability for 
LAIs 

Rationale 

Hot Melt 
(Extrusion) 

High Produces high-density, monolithic matrices with low porosity, ideal 
for ultra-slow diffusion of lipophilic drugs over. 

Microfluidics High Exceptional monodispersity ensures that every particle degrades at the 
exact same rate, preventing the erratic release typical of polydisperse 
batches. 

Salting Out Moderate Excellent for protein-based LAIs due to its gentle nature, but the 
resulting porous structures often require secondary coating to achieve 
multi-week release. 

Electrospraying Moderate Highly effective for high-potency biologics, yet the low density of the 
particles often leads to faster degradation than required for long-term 
depots. 

Table 13. Comparison of release profiles in LAIs. 

Profile 
Type 

Mathematical 
Description 

Clinical Implication Common Cause 

Zero-Order dQ/dt = k Constant plasma levels; ideal 
for chronic care. 

Synchronized erosion and 
diffusion. 
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First-Order dQ/dt = -kQ Declining drug levels over 
time. 

Concentration-dependent 
diffusion. 

Burst 
Release 

High dQ/dt at t       0 Risk of acute toxicity; 
shortened duration. 

Surface-bound drug; rapid 
pore formation. 

Sigmoidal Lag phase followed by 
rapid release. 

Delayed onset of action. Slow initial hydration of the 
matrix. 

4. Key Engineering Strategies for Long-Term Release 

4.1. Controlling Matrix ʺTortuosityʺ 

A major engineering technique for controlling the release kinetics of long-acting injectables (LAI) 
is to intentionally increase matrix tortuosity. To achieve a sustained therapeutic window, the 
pathway of the diffusing drug must be maximally tortuous. Hot melt extrusion (HME) and solvent 
evaporation (SE) are significant processing techniques for creating dense matrices of low porosity, 
which are critical for eliminating direct aqueous pathways. Furthermore, using polymers of high 
molecular weight, which are typically characterized by their high intrinsic viscosity, such as high IV 
PLGA, can increase the extent of entanglement of the chains. This will create a highly tortuous matrix, 
causing the diffusing drug molecules to take a much more circuitous route to the surface of the matrix, 
thus slowing down their diffusion coefficient [138,139]. 

4.2. Synchronizing Degradation and Diffusion 

The intentional control of polymer erosion in synchrony with drug diffusion represents a key 
criterion for the definition of smart LAI formulations. In order to maintain a constant window for 
therapy, the rate of matrix degradation must be carefully matched with the diminishing 
concentration gradient of the entrapped drug molecules. Microfluidic fabrication offers a significant 
advantage in this respect, as ultra-monodisperse spheres are formed, thereby ensuring a constant 
surface area-to-volume ratio (SA/V) for the entire dose distribution. As the SA/V ratio is inversely 
proportional to the radius (3/r), a constant particle size distribution ensures a coordinated rate of 
polymer thinning and mass loss, which in turn prevents the premature, asynchronous collapse of the 
smaller spheres, a phenomenon that can result in irregular drug concentration spikes and a 
diminished window for therapy in a heterogeneous formulation [140]. 

4.3. Minimizing the ʺInitial Burstʺ 

The most important problem to be solved during the development of long-acting injectable (LAI) 
drug delivery systems is the burst effect, where the drug is released in large quantities during the 
injection of the drug into the body. To overcome the burst effect, the Spray-Dry-Coat method has 
been proposed as a better alternative to the aforementioned approaches. The Spray-Dry-Coat method 
involves the formation of the core of the drug, which is achieved by the spray drying method to attain 
the highest level of encapsulation efficiency, followed by the formation of the secondary coating layer 
of the drug, which is achieved by the Wurster fluidized bed coating method, to act as the gate of the 
drug to attain the lag time, thereby avoiding the acute plasma concentration peaks and directly 
attaining the steady-state therapeutic window [141]. Table 14 shows the suitability of the preparation 
method based on the drugʹs nature. 

Table 14. Physicochemical suitability of drugs for microencapsulation methods. 

Preparation 
Method 

Lipophilic 
Drugs 

Hydrophilic 
Drugs 

Thermolabile 
(Proteins) 

Key Physicochemical 
Constraint 

Solvent 
Evaporation 

High 
Suitability 
(O/W) 

Moderate (W/O/W 
- Leakage risk) 

Moderate (Interface 
stress) 

Solubility in organic 
solvent; LogP 

Solvent 
Extraction 

High 
Suitability 

Low Suitability High Suitability (Cold 
process) 

Solubility in the 
extraction medium 
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Coacervation High 
Suitability 

High Suitability High Suitability Charge density; pH 
sensitivity 

Spray Drying High 
Suitability 

High Suitability Low/Moderate (Heat 
risk) 

Thermal stability; Tg 

Spray Congealing High 
Suitability 

Moderate 
(Suspension) 

Moderate (Melt temp 
dependent) 

Melting point 
compatibility 

Ionic Gelation Low 
Suitability 

High Suitability High Suitability Ionic charge interactions 

Interfacial 
Polymerization 

High 
Suitability 
(Oils) 

Low Suitability Low (Chemical 
reactivity) 

Reactivity with 
monomers 

Air Suspension High 
Suitability 
(Solid) 

High Suitability 
(Solid) 

Moderate Core mechanical 
strength 

Pan Coating High 
Suitability 
(Solid) 

High Suitability 
(Solid) 

Moderate Core size (>500 µm) 

In-situ 
Polymerization 

High 
Suitability 

Low Suitability Low (Low 
pH/Formaldehyde) 

Acid/Aldehyde stability 

Supercritical 
Fluid 

High 
Suitability 
(SAS) 

Low Suitability 
(RESS) 

High Suitability (Mild 
temp) 

Solubility in CO2 

Electrospraying High 
Suitability 

High Suitability High Suitability Solution 
conductivity/viscosity 

Microfluidics High 
Suitability 

High Suitability High Suitability Fluid 
viscosity/Interfacial 
tension 

Sol-Gel Process Moderate High Suitability High Suitability Alcohol tolerance 
Hot Melt 
Encapsulation 

High 
Suitability 

Low/Moderate Low (Heat required) Thermal stability 

Salting Out High 
Suitability 

Moderate High Suitability Salt tolerance 

5. Future Prospects and “Smart” Microparticles 

The present development of microparticle preparation involves creating environmentally 
friendly methods that produce exact results. Scientists actively work to replace dangerous chlorinated 
solvents, including dichloromethane[90] which traditional solvent evaporation uses through the 
implementation of safe alternatives, which include supercritical CO2 and solvent-free hot melt 
techniques. The pharmaceutical industry must adopt green chemistry methods for drug production 
because environmental regulations have established new, strict requirements for the industry. 
Furthermore, the industry is moving away from batch processing towards continuous 
manufacturing. The FDA backs Quality by Design (QbD) initiatives through its endorsement of 
continuous manufacturing techniques, which include spray drying and hot melt extrusion, because 
these methods provide better operational efficiency and enhanced process control and uniform 
product quality. The development of advanced therapeutic products will see Microfluidics and 
Electrospraying precision engineering methods move from university research to specialized 
industrial manufacturing operations[95,96]. The fabrication techniques allow scientists to develop 
complex particle structures, which include core-shell and Janus shapes, because they need exact 
monodispersity to transport important gene therapies and individualized medical treatments [142]. 

The evolution of microencapsulation technology has moved away from the basic concept of 
matrix entrapment towards the development of complex and multifunctional constructs that can 
respond dynamically to the physiological environment. This evolution is based on the understanding 
that the choice of preparation technology is no longer seen as a technological choice but as a strategic 
compromise between the unique physicochemical profile of the drug and the unique biological 
requirements of the target site. While the more traditional and industrialized techniques, such as 
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solvent evaporation and pan coating, are still relevant due to the advantage of scale (Table 15), the 
more recent high-precision techniques, such as ionic gelation and Wurster coating, are also gaining 
popularity due to the more benign processing conditions that can be achieved with these techniques. 
The current direction in the development of microencapsulation technology is hybridization, which 
is the strategic integration of various microencapsulation techniques to overcome the limitations of 
each technology. The strategic integration of techniques such as emulsion gelation enables the 
integration of the principles of double-emulsion technology with the principles of ionic gelation to 
entrap hydrophilic peptides within a hydrogel matrix, thus facilitating the creation of effective 
diffusion barriers [143]. Furthermore, the strategic integration of high-throughput spray drying 
technology with secondary fluid bed coating technology enables the creation of complex primary 
matrices with protective shells. The transition from bulk emulsification to microfluidics-assisted 
assembly is a significant step forward in the development of microencapsulation technology as it 
enables the creation of monodisperse microparticles with near-complete EE and highly predictable 
release profiles. The 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. Future trends in the development of microencapsulation technology by the year 2026 and 
beyond indicate the development of more personalized medicine with on-demand manufacturing 
using 3D microparticle printing technology and lab-on-chip fabrication technology [144]. Artificial 
intelligence is also set to transform the development of microencapsulation technology as it optimizes 
the choice of polymers and surfactants, thus significantly reducing the trial-and-error approach that 
defines the current direction in the development of drugs. However, the development of next-
generation microparticles depends on the capacity to precisely control 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 
[145]. The significance of these preparation methods is further evidenced by their patent landscapes. 
Table 16 summarizes the patentability of each microparticle preparation technique, based on a 
comprehensive search of the Google Patents database. 

Table 15. Scalability and industrial feasibility. 

Method Scalability 
Potential 

Industrial Status Critical Bottleneck for Scale-Up 

Solvent Evaporation High Widely Used Residual solvent removal; Tank 
geometry 

Solvent Extraction Medium Used Large volume of waste water; 
Solvent recovery 

Coacervation Medium Niche (Food/Pharma) Batch-to-batch variation; Precise 
tank control 

Spray Drying Very High Standard Capital cost; Thermal efficiency 
Spray Congealing High Growing Cooling capacity; Lipid 

polymorphism 
Ionic Gelation Medium Niche Dripping speed limit (requires jet 

cutting) 
Interfacial 
Polymerization 

High Agrochemicals Toxicity control; Exothermic 
reaction control 

Air Suspension Very High Standard Aerodynamics; Humidity control 
Pan Coating Very High Standard Drying efficiency; Coating 

uniformity 
In-situ Polymerization High Industrial (Non-

Pharma) 
Reaction time; Toxic byproduct 
removal 

Supercritical Fluid Low/Medium Niche High pressure equipment cost; Yield 
Electrospraying Low R&D / Pilot Low throughput; Multi-nozzle 

engineering 
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Microfluidics Very Low R&D ʺNumbering upʺ complexity; 
Channel clogging 

Sol-Gel Process Medium Specialized Batch aging time; Brittle product 
handling 

Hot Melt 
Encapsulation 

High Growing Screw extrusion design; Cooling rate 

Salting Out Medium Niche Water consumption; Salt disposal 

Table 16. Patent status and examples. 

Method Patented (Yes/No) Patent Google Patent Link 

Solvent Evaporation Yes US5650173A Link 

Solvent Extraction Yes US6379703B1 Link 

Coacervation Yes US20060105038A1 Link 

Spray Drying Yes US6451349B1 Link 

Spray Congealing Yes US6264987B1 Link 

Ionic Gelation Yes US10085948B2 Link 

Interfacial Polymerization Yes EP0399911B1 Link 

Air Suspension Yes US2648609A Link 

Pan Coating Yes US5958458A Link 

In-situ Polymerization Yes US4626471A Link 

Supercritical Fluid Yes US6063910A Link 

Electrospraying Yes US12433849B2 Link 

Microfluidics Yes US20110268803A1 Link 

Sol-Gel Process Yes WO2022040751A1 Link 

Hot Melt Encapsulation Yes US20160015703A1 Link 

Salting Out Yes US8852644B2 Link 

6. Limitations 

Despite these advances in technology, several formidable hurdles remain, which continue to 
hinder the smooth transition of these technological advances into practical applications and 
commercialization [98]. The first and most prevalent hurdle is the fundamental problem associated 
with scaling precision-based technologies without compromising product quality. For example, 
although microfluidics offers unparalleled control at the capillary scale, the production of kilogram-
scale materials for practical application requires a “numbering up” strategy, which requires the 
parallelization of thousands of microchannels, a technological feat in itself, which is both complex 
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and prohibitively expensive, while technically viable, the capital expenditure (CAPEX) for 
numbering up currently limits it to high-value therapeutics. Another hurdle in the practical 
application of these technological advances is the problem associated with regulatory compliance, as 
solvent-based evaporation techniques often fail to remove trace residues of solvents, whereas in situ 
chemical encapsulation techniques often leave residues of toxic monomers or catalysts. In addition, 
the “loading-burst paradox” remains an unresolved formulation-level physicochemical problem, as 
it has been commonly observed that scientists often face problems in achieving high drug loading in 
biodegradable matrices without triggering immediate, uncontrolled release of water-soluble active 
pharmaceutical ingredients, which remains an unresolved problem for all available techniques. 
Another hurdle in the practical application of these technological advances is the significant capital 
investment required for specialized equipment, such as high-pressure vessels, for techniques such as 
supercritical fluid processing, which are often restricted to high-value applications, rendering spray 
drying the sole financial and practical basis for bulk manufacturing [146,147]. 

7. Conclusion 

The art of creating microparticles is a complex discipline that requires a wide range of physical 
and chemical techniques. It is becoming increasingly evident that not one specific technique alone 
can solve all formulation problems, but rather that the choice of a specific technique is a strategic 
decision based on the fundamental needs of the active ingredient and the specific drug effects. The 
selection of a specific technique is, in essence, a balance of three key pillars: the thermic and chemical 
stability of the drug, the release profile over time, and practical aspects concerning volume and safety. 
While large-scale production is still largely dependent on the excellent performance and large-scale 
capabilities of spray-drying and pan-coating techniques, we are witnessing a paradigm shift in this 
industry toward more precise techniques. As we increasingly focus on more valuable drugs with 
more specific targeting, techniques such as microfluidics and supercritical fluid technology are 
shifting from being on the periphery to being at the center of pharmaceutical innovation. The future 
of microencapsulation is found in hybridization, thereby combining the reliability of conventional 
techniques with the precision and sustainability that are characteristic of modern engineering 
techniques. The future is found beyond the limits of individual techniques, moving toward a more 
personal and more effective era of drug delivery. 
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