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Abstract: Long-acting injectable microspheres have been on the market for more than three decades, but if calculated on the brand
name, only 12 products have been approved by the FDA due to numerous challenges in achieving a fully controllable drug release
pattern. Recently, more and more researches on the critical factors that determine the release kinetics of microspheres shifted from
evaluating the typical physicochemical properties to exploring the microstructure. The microstructure of microspheres mainly includes
the spatial distribution and the dispersed state of drug, PLGA and pores, which has been considered as one of the most important
characteristics of microspheres, especially when comparative characterization of the microstructure (Q3) has been recommended by
the FDA for the bioequivalence assessment. This review extracted the main variables affecting the microstructure formation from
microsphere formulation compositions and preparation processes and highlighted the latest advances in microstructure characterization
techniques. The further understanding of the microsphere microstructure has significant reference value for the development of long-
acting injectable microspheres, particularly for the development of the generic microspheres.
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Introduction

Long-acting injectable (LAI) microspheres have attracted considerable attention due to their unique advantages, such as
reduced administration frequency, improved patient compliance, and avoidance of side effects, etc.' Following the
release of the first LAI microsphere product (Lupron Depot™) in 1989, the US Food and Drug Administration (FDA) has
authorized 12 LAI microsphere products based on the poly(lactide-co-glycolide) (PLGA) polymer entirely, while no
generic microspheres have been approved yet. To obtain FDA approval, a generic LAI microsphere must exhibit
qualitative (Q1) and quantitative (Q2) similarity to its reference-listed drug (RLD).>® However, attaining Q1/Q2
similarity alone does not guarantee consistent drug release behavior with the RLD.”

The microstructure of microspheres mainly includes the spatial distribution and the dispersed state of drug, PLGA, and
pores.® Its complexity mainly derives from the multi-attribute formulation compositions and multi-step manufacturing
processes.” ! The properties and interactions of the drug, PLGA, and solvent, usually collectively dictate the impact of
formulation composition on microstructure.'*'* Besides the formulation, the crucial manufacturing processes, such as emulsi-
fication, solidification, and drying, can generate LAI microspheres with distinct release performance.'*'> The significant impact
of microstructure on LAI microsphere product release behavior has been emphasized in numerous studies.®'®'® The FDA also

recommended Q3, the similarity of microstructure, as part of the bioequivalence assessment. Many studies have also suggested
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that Q1/Q2/Q3 is necessary for bioequivalence.
International Journal of Nanomedicine 2024:19 1571-1595 1571
Received: 2 November 2023 © 2024 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 24 January 2024
Published: 19 February 2024

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0006-7354-342X
http://orcid.org/0000-0001-5083-2241
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Wang et al Dove

Graphical Abstract

Dissolution
Drug ‘ - Solvent *  Molecular Drug
ificati ~ evaporation
Emulsification __._\\\ p i ® Aggregated Drugs
Dissolution l //-\L’/' :D
PLGA = Drying @ Pores
F 9
PPPTTL L
L
anuns®® =" -
Microstructure
aunn®
llllllll-‘------
Drug distribution Drug dispersion form PLGA density Porosity Pore size and distribution

Characterization techniques

Focused ion beam scanning electron microscopy (FIB-SEM) Energy dispersive spectrometer (EDS)
Synchrotron radiation X-ray microcomputed tomography Transition temperature microscopy
(SR-pCT) (TTM)

Time-of-flight seco(r_irciaFr_ys IIOMnS ;nass spectrometry X-ray microscopy (XRM)

BN E NN NS NN NN N SN A EEENEEEENEEEEEEESNNEEENEEEEEEEEEEED
NN NN NN AN NSNS EEEEEEESESEEEEEEEEEEEEEEnEmumnnmmmnms?

Confocal laser scanning microscopy (CLSM) Confocal Raman microscopy (CRM)

.
LT e .
---............ _‘----
LET T s .
LET T ws®
"Ssmmag P
"Emana, e
LETT e ws®
"Eammgy as®
L] -
L L LTI T LA

Reference Standard \% 3@' %’ °

[ p— 1 1

Generic Microsphere x%r 1 &r&%: °:°:
——— [ |

Q1 = Q2 = Q3 =) Bioequivalence

Cmax

Plasma concentration (ng/mL)

(Tw/Bw) ayea asvapy

Time (d)

The numerous studies investigating the key factors impacting the microstructure and release behavior of LAI microspheres
have primarily focused on formulation composition and preparation processes.>> >> However, these researches have not made
a substantial contribution to the development of generic LAI microspheres. On the one hand, the microstructure has not
received adequate consideration in the establishment of critical quality attributes (CQAs) of microspheres. On the other hand,
the absence of high-resolution, reproducible, and efficient characterization techniques hinders the comprehension of the
microstructure.”*?” Enhanced understanding will establish microstructure as a link between the formation and the release
characteristics of microspheres.

Conventional techniques usually characterize the structural features of LAI microspheres by determining morphology,
particle size and porosity. As shown in Figure 1, the resulted apparent data rather than detailed information at micro level
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Figure | Correlation between conventional structure/microstructure factors and the release of drugs from two compositionally equivalent LAl microspheres.

always fail to reveal the interactions between formulation/manufacturing and release kinetics.'® Accurately characterizing the
microstructure of LAI microspheres is important for assessing Q3 similarity but very challenging due to the micro size.'*** The
diameter of microspheres usually ranges from 10 to 100 pum, while the drug regions and micropore networks within the
microspheres are as small as a few tens of nanometers, requiring techniques with higher resolution to characterize them.*

Currently, more and more studies are emerging to focus on the characterization of the microstructure of LAI microspheres
and to explore the relationship between microstructure and product performance.”'*2%3! Significant advances in characterization
techniques along with artificial intelligence (AI) based image analytics have been introduced into the microstructure study of LAI
microspheres.”~° The techniques utilized in the study of the microstructural characterization of LAI microspheres include
focused ion beam scanning electron microscopy (FIB-SEM), energy dispersive spectroscopy (EDS), synchrotron radiation X-ray
microcomputed tomography (SR-puCT), X-ray microscopy (XRM), confocal laser scanning microscopy (CLSM), confocal
Raman microscopy (CRM), transition temperature microscopy (TTM) and time-of-flight secondary ion mass spectrometry (ToF-
SIMS). These techniques offer comprehensive insights into the microstructure of LAI microspheres, provide a reliable method to
compare Q3 equivalence, and establish a correlation between the formulation composition and preparation process with the final
product’s performance, thus accelerating the development of LAI microsphere products.

In this review, we present a comprehensive overview of microsphere microstructure, and illustrate the effects of
formulation composition (drug, PLGA and solvent) and preparation processes (emulsification, solidification and drying) on
microstructure. We also summarize the latest characterization techniques employed for the microstructure of LAI micro-
spheres, and describe the principles and applications of these techniques in detail. This review is of significant value for the
development of long-acting injectable microspheres, particularly for the generic microspheres.

Microstructure of the Microsphere

Microstructure emphasizes the factual spatial relationships among the constituents, which contrasts with traditional properties
of microspheres. LAI microspheres offer significant clinical benefits for sustained drug delivery after a single administration.
As a sustained and controlled release skeleton-type preparation, the release process of microspheres is complex. The drugs
diffuse directly from the surface partially or via the mass transfer channel mostly, making the formation and dynamic changes
of the mass transfer channel pivotal to the evolutionary process of the microsphere structure. Given that different microspheres
may have similar drug content, particle size and morphology, thus characterizing the structural distinctions at the micro level is

crucial to understanding the product characteristics of microspheres, particularly drug release kinetics.
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Distribution of the Drug in Microsphere

The location of the drug within the microsphere significantly influences the drug release rate. Drugs near the microsphere
surface dissolve and diffuse once contact with the liquid medium, while internal drugs need more time to pass through
mass transfer channels. If the loaded drug tends to distribute on the microsphere surface, the controlled release efficacy of
the PLGA matrix will significantly decrease. The size of the drug distribution domain in microsphere also has noteworthy
effects on the drug release. Aggregated drug dispersion in microspheres forms big pore instead of tiny one after drug
release, which consequently creates a smaller surface area that does not accelerate PLGA degradation or drug release. In
contrast, drugs dispersed uniformly in microspheres release faster.’

The distribution of drug is dependent on its compatibility with the PLGA. When utilizing the emulsification solvent
evaporation method for microsphere preparation, hydrophilic drugs with poorly soluble in the PLGA solution are
inclined to distribute on the microsphere surface due to their tendency to dissolve in water. Ma®® reported that the
protein drug (or inner water phase) was easy to diffuse to particle surface due to coalescence between inner water and
outer water phases, and then protein drug was easy to localize near the surface of the microsphere, leading to higher burst
effect. However, if water is not involved in the microsphere preparation methods, the drug distribution trend may be
reversed. Acharya et al*® discovered that the initial burst release of small-molecule drugs such as felodipine, risperidone,
and progesterone is inversely related to their water solubility when using a hydrogel template method to prepare
microspheres. The authors speculated that the lipophilic progesterone could migrate to the surface during the removal
of dichloromethane (DCM), leading to an additional drug accumulation on the microsphere surface.

Compatibility issues between drugs and PLGA involve various interactions, such as adsorption of drugs by the PLGA, the
formation of hydrogen bonds between active groups,’**> and attacks on PLGA chains by drugs. In a study,’ palmitic acid
molecules tended to aggregate into localized regions within the solidifying microsphere until saturation was reached because
of the poor compatibility with PLGA. Then, palmitic acid molecules became insoluble in the PLGA leading to phase
separation. Rotigotine was fully compatible with PLGA, and it was theorized that rotigotine should be uniformly dispersed
in the PLGA. However, aggregations of rotigotine were observed which were believed to be caused by hydrogen bonding
interaction with palmitic acid.

Drug distribution and uniformity of domain size can be enhanced through multiple steps in the preparation process.
One approach is to increase the homogenization speed during emulsion formation, which produces microspheres with
better drug distribution.'® Another method is to select suitable solvents or cosolvents to enhance hydrophobic drug
solubility in the dispersed phase.’® Other proposed methods include selecting appropriate physical forms of active
pharmaceutical ingredient (API) and accelerating the hardening rate of emulsion droplets into particles. Viewed from
a microscopic angle, microsphere structure can reflect the domain size and distribution of drugs in the product.

Dispersion Form of the Drug
The characteristics of the encapsulated drug are largely responsible for the performance of microsphere products. The physical
form of the drug, whether crystalline or amorphous, is a critical variable that affects the quality of microspheres. Amorphous
compounds, with higher free energy than their crystalline counterparts, may result in increased solubility and dissolution
rates.®”® In the amorphous state, no energy is needed to disrupt the lattice structure, and drug molecules dissolve through
intermolecular interaction with solvent molecules.*® The distribution and state of FITC-dextran in microspheres were studied by
Cai et al using CLSM and differential scanning calorimetry (DSC).'® The findings indicated that below 10% drug loading, there
were no interactions between PLGA and FITC-dextran, which was uniformly distributed within the microspheres and present in
a molecular state. Zhang et al*® found that drug dispersion state and particle size (micronized, nanosized or dissolved drug)
played an important role in the characteristics of microspheres, including encapsulation efficiency, drug stability, and in vitro
release behavior. The order of drug release rate depended on the physical state of the encapsulated drug and was arranged in the
order of amorphous > nanosized > micronized drug, and loading amorphous drug resulted in lower encapsulation efficiency.
US Patent 7,279,579 B2 states that naltrexone presents four forms in the microsphere and the proportion of these
forms affects the drug release rate, while reducing the crystallinity of naltrexone can accelerate release. Meanwhile, Otte
et al raised that the same batch of naltrexone microspheres had particle size-crystallinity dependence.?? The crystallinity
increased with the microsphere size, and there were additional polymorphic forms of naltrexone at large sizes. Due to the
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large surface area and the faster solvent evaporation rate of small-sized microspheres, there was a lack of phase
separation time, which was more likely to lead to an amorphous form of naltrexone. In addition, naltrexone in the
benzyl alcohol solvate form appeared to be mostly devoid in the 53—106 pum fraction, but basically present in the size
range of 106—150 um. Note that 106150 um microspheres had the higher residual benzyl alcohol contents.

Moreover, a high drug concentration at a particular position in the microspheres could encourage partial or complete
drug crystallization.'” Cai et al'® found that when drug loading is as high as 20%, the FITC-dextran distributed as much
bigger drug strands, some of which crystallize. Pu et al'> discovered that progesterone in PLGA microspheres was in an
amorphous form. However, the diffraction peak of progesterone began to emerge after 12 hours and the peak intensity
gradually increased during the continuous release process. The results indicated that the amorphous form of the drug was
thermodynamically unstable and had a tendency to undergo a phase transition.

Size and Distribution of the Pores

The pores of microspheres are critical to form mass transfer channels. The size and distribution of pores dominate the
fluidity of the involved substances (such as drugs and short-chain acids) and the water uptake capacity of microspheres.
In the case of post-drug loaded (porous) microspheres, the presence of pores is essential for free access of the drug as
well as for adsorption.*!

In particular, the pores are significantly related to the initial release of microspheres. With the rapid entry of water and
certain high temperature conditions, the drug release is activated. At that time, the PLGA degradation is slow, which is
not the main factor influencing the release. The drugs attached to the pore surface have higher free degree and faster
dissolution rate to form initial release. In the later release phase, the drugs in the core of microspheres are also transported
to the outside due to the connectivity between the pores.

There are a number of elements that influence the formation of pores in the matrix. From a drug point of view, the
pore size of microspheres will be larger as the hydrophilic drug loading increases.*? From the polymer point of view, low
molecular weight (M,,) PLGA microspheres will have a more porous structure than high M, microspheres. Due to the
short chain segment, the PLGA will be more hydrophilic. With the continuity increase of the oil phase, the solvent
exchange process is more difficult to perform, resulting in the more porous microsphere structure.** Different evaporation
and PLGA precipitation rate will also lead to different porosity from the perspective of preparation process.**

Additionally, pore size change has been found to be bidirectional during the release process, including expansion and
healing.*>**® When PLGA degradation occurs, the surface tension mediated by the hydrophobicity of PLGA drives the

flow of PLGA segments to reduce the surface area so that the pores tend to heal.*’

PLGA Density

As a biodegradable drug delivery system, the PLGA in microspheres can be used not only to encapsulate the drug and
provide mechanical support but also to influence the micro-connectivity of microspheres due to its different physical
forms (highly elastic state, glass state and rubber state) and PLGA properties.

The PLGA density is bound up with the entanglement of chain segment, which determines the difficulty of water
infiltration and the formation of mass transfer channels. Therefore, the free movement space of the PLGA molecular
chain is inversely related to the controlled release effect of PLGA on the drug. Wan et al*® found that an extended PLGA
molecular conformational structure in an optimal solvent system caused a slow release rate during the initial release
phase, which might be due to a higher density of the stable PLGA network formed during the spray drying process. In
contrast, the more compact PLGA molecular conformation in a poor solvent system resulted in a significant initial burst
release, which might be attributed to the weaker network formed in spray drying process.

In addition to the above-mentioned solvent selection, formulation composition and other process conditions also have
a significant effect on the PLGA density in microspheres. The PLGA M, and the dispersed phase concentration have
a positive correlation with the microsphere density. Both the vacuum or low pressure in the curing process and the
increase in the osmotic pressure of the external water phase in the emulsifying process will result in a more compact
structure by compressing the internal space of microspheres.*’
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Microstructure describes the detailed material distribution as well as the material existence form in the spatial
dimension, which are closely related with the designed release kinetics and other required attributes of PLGA micro-
spheres. Knowing the factors contributed to the microstructure and performing systematic characterization and evaluation
of the microstructure are essential for the development of related microsphere products.

Factors Contributing to the Microstructure of Microspheres

Due to the complexity of microsphere formulations, the challenge remains to produce products with desirable micro-
structures and release characteristics. The successful development of a qualified LAI microsphere product depends on the
ideal combination of formulation composition and preparation process, where various factors profoundly affect the
microsphere microstructure, which to some extent determines the complexity of the release mechanism. An effective
combination of formulation composition, preparation process and microsphere microstructure facilitates the develop-
ment, quality control and regulatory review of LAI microsphere products.®

Effects of Formulation Composition on the Microstructure

Drug

LAI microspheres have successfully delivered drug types ranging from hydrophilic (such as protein and peptide) to
hydrophobic (such as naltrexone and risperidone) drugs.’®>* The type of encapsulated drug largely determines the
encapsulation efficiency and release performance of microspheres. Hydrocortisone had a higher water solubility than
dexamethasone, and therefore hydrocortisone was more partitioned in the external aqueous phase in the dissolved state,
resulting in higher drug loss and lower encapsulation efficiency.*® Half of FDA-approved microsphere products
encapsulate hydrophilic protein or peptide,”® which tend to distribute to the exterior of microspheres. Effective
encapsulation and low burst release of hydrophilic drugs remain a challenge.

The drug solubility also determines the drug distribution within the microspheres. Compared to the hydrophilic
rhodamine, relatively hydrophobic piroxicam was more homogeneously distributed in the microsphere matrix.>* For the
PLGA microspheres, the immiscibility between PLGA and drug leads to phase separation, which will further lead to the
emergence of drug-rich regions within the microspheres.”> Yang et al prepared nimodipine microspheres and bovine
serum albumin (BSA) microspheres.*> Nimodipine, as a lipophilic and small molecular drug, presented great compat-
ibility with PLGA, could be distributed uniformly in the amorphous state in the microsphere. While due to the
incompatibility between BSA (a hydrophilic protein molecule) and PLGA, BSA tended to distribute near the microsphere
surface and to accumulate on the cavities within the microsphere matrix.

The properties of the drug can also alter the microspheres release behavior by changing the microstructure during
preparation. Weak bases can accelerate the release rate by catalyzing PLGA degradation.>® Meanwhile, alkaline drugs
can neutralize the acidic environment generated by autocatalysis during microsphere degradation, which influences the
formation of internal pores and eventually leads to the decrease of drug release rate.”> Drug solubility in the release
medium is also a key variable affecting the microsphere microstructure during incubation. For hydrophilic drugs, the
release rate increased with drug loading due to the pore production inside the microsphere with the drug consumption,
thus providing a higher rate of drug diffusion. In contrast, the dissolution rate of hydrophobic drug is slower due to the
obstruction of water influx, which reduces the release rate.”’

PLGA

Microsphere carrier materials include natural and synthetic polymers. As the main excipient for the long-acting character
in microspheres, polymer can encapsulate drugs to achieve stable and sustained drug release. Aliphatic polyesters are
important members of the family of degradable polymers with excellent biocompatibility, biodegradability and bio-
absorbability. Under in vivo or in vitro environments, the ester bonds within the material are cleaved by hydrolysis,
allowing for gradual degradation. Aliphatic polyesters degrade under acidic, neutral and alkaline conditions, and the
oligomers and monomers produced by hydrolysis are equally biocompatible. PLGA and polylactic acid are the most
widely used polymeric materials, and all the approved LAI microspheres applied PLGA as polymer.
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The PLGA properties have a critical influence on the microstructure and release behavior of microspheres, which are
characterized by the parameters including M,,, glass transition temperature (), terminal group, block ratio, etc.!020-28
M,, is in a positive correlation with PLGA chain length and viscosity. PLGA with higher My, will retard the distribution
of drug from the interior to the surface during microsphere formation because of the denser coil formed by the longer
chain, resulting in the relatively suppressed burst release.”® The PLGA with lower M,, are more hydrophilic via the short-
chain segment and therefore experience longer solidification time, which results more drugs diffuse to the surface and
more pores forming within the microspheres. Additionally, the microsphere prepared with higher M, PLGA tends to be
larger in size, which provides a relatively small surface area for drug diffusion.'® All the changes in microstructure
brought from high M,, of PLGA are benefit for the sustained release of drugs.

T, is an important physical property of amorphous polymers such as PLGA converted from glassy state to the rubbery
state, the value of which depends on the mobility of the PLGA chain. In general, for the same type of PLGA, T increases
with the M,,. At process temperature above T, the flexibility and plasticity of PLGA chains are enhanced, which
facilitates the rearrangement into a dense matrix, resulting in less internal porosity and a smooth surface of microspheres.
In contrast, porous microspheres will be produced when the preparation temperature is below the 7, g.6"58

The terminal end groups of the PLGA also have a great influence on the microsphere microstructure. The acid-capped
PLGA is more hydrophilic than the ester-capped one, which can improve the stability of the double emulsion droplet by
reducing the interfacial tension, and can promote the connection between the inner and outer aqueous phases, resulting in
higher porosity within the microspheres compared to the ester-capped PLGA.'® The hydrophilic nature of the acid-
capped PLGA and the porous structure of microspheres promote water uptake, causing swelling and initial hydrolysis of
the PLGA matrix,” thereby causing higher burst release. The hydrophobicity of ester-capped PLGA also shows a longer
degradation time than the acid-capped PLGA with a similar monomer ratio and molecular weight.”®

Solvent
The PLGA used in LAI microspheres is usually hydrophobic to achieve sustained drug release, so a suitable solvent is required
to prepare the PLGA and/or drug solution. Different solvents have different solvency capacities and evaporation rates, leading
to different PLGA precipitation and solvent removal rates, ultimately resulting in different microsphere microstructure and
release behavior. Selection of appropriate solvents/co-solvents is a proven method to achieve the desired release behavior.*%!
DCM is one of the most used solvents to prepare PLGA microspheres. PLGA is soluble in DCM, which causes the
microspheres to remain in a semi-solid state for a long time during preparation, and the microspheres progressively
shrink to form a dense PLGA matrix with fewer pores.®®> Water-miscible solvents/co-solvents, such as ethyl acetate (EA)
and dimethyl sulfoxide, lead to faster hardening of PLGA droplets, resulting in a more porous structure within the
microspheres and more diffusion of the drug into the external aqueous phase.*’

Shen et al®

prepared risperidone microspheres using O/W method and found that the solvent types (DCM or EA/BA)
influenced the drug distribution and porosity, in which benzyl alcohol (BA) was added as a co-solvent to help dissolve
risperidone. Microspheres prepared using DCM as a solvent had higher burst release and longer lag time, which were
mainly due to two aspects. On the one hand, risperidone was well soluble in DCM, and a certain amount of risperidone
accumulated on the microspheres surface when DCM was removed, thus increasing the burst release. On the other hand,
since water was immiscible with DCM, it was hard for water to diffuse into the particles, resulting in fewer pores in the
microspheres and extended lag time. The microspheres prepared by EA/BA had lower burst release and shorter lag time.
A reasonable explanation was that the diffusion of risperidone along with BA to the surface was limited during
microsphere precipitation, which was due to the fact that EA had a higher boiling point and evaporation rate than BA.
The miscibility between EA and water also allowed water to penetrate into the interior of microspheres in the
precipitation process. During the drying process, the EA will leave the pore structures that were once filled with
water. The effect of solvent type on porosity was confirmed in another study of risperidone microspheres, where
DCM and EA/BA were used as solvents to produce less porous and more porous microspheres, respectively.®*

The boiling point of organic solvent also regulates the sphericity and surface smoothness of microspheres when

165

evaporation is used to remove the solvent. Avachat et al”” found that DCM evaporated rapidly during the preparation of

ropinirole hydrochloride microspheres due to its low boiling point (39.75 °C), which led to a rapid precipitation rate of
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the PLGA, and the prepared microspheres were non-spherical. The addition of methanol to DCM generated spherical
microspheres with an uneven surface owing to the relatively high boiling point (64.7 °C). The higher boiling point of
ethanol (78.3 °C) compared to other solvents (DCM, methanol, acetone, etc.) prevented the intermediate PLGA
precipitation, and spherical microspheres with a smoother surface were prepared.

Co-solvents such as methanol, acetonitrile, acetone, and tetrahydrofuran are typically added during microsphere
preparation to improve drug solubility. These co-solvents are usually water soluble and volatile, and their presence adds
complexity to the oil-phase system. The co-solvent not only affects the encapsulation efficiency but also changes the

microstructure of LAI microspheres. Le et al®®

found that when DCM was used as the sole solvent, tiny pores were
observed inside the lysozyme microspheres. When acetone was added as a co-solvent, the microspheres were non-
porous. DCM was poorly miscible with water, which prolonged the mass transfer between the dispersed and continuous
phases and caused a slow precipitation rate of the PLGA, in which water slowly penetrated into the microparticles and
pores were formed inside the microspheres. The opposite was true with the addition of acetone.

PLGA concentration affects the particle size, morphology and porosity of the prepared microspheres, and these factors have
a profound effect on the initial release stage. In a study of the effect for PLGA concentration on the release behavior of
microspheres, Mao et al®’
was also confirmed in their other study.'” The effect of PLGA concentration could be explained in three ways. As the PLGA

concentration increased, the microsphere size increased and had a smaller specific surface area. Secondly, the viscosity of the oil

found that the burst release trend decreased with the increase of PLGA concentration, and this result

phase increased with the PLGA concentration, which limited the drug diffusion into the continuous phase, resulting in a more
uniform distribution of the drug.>**”%® In another words, the distribution of drug closed to the surface of microspheres was
reduced. Finally, it was more evident that the lower concentration of PLGA lead to higher internal porosity significantly
dominating the initial release of microspheres. Internal water droplets coagulated more readily in PLGA solutions with low
concentration, and once the microspheres were dried, bigger pores and a less tortuous were formed internally.®” It was well
known that the high porosity facilitated water penetration during incubation, which shortened the drug diffusion time and
pathway, leading to higher burst release.

Effects of Process Parameters on the Microstructure

From the traditional techniques such as solvent evaporation method to the new techniques such as microfluidics, more and
more strategies are used to obtain ideal microspheres.'*” Due to the hydrophobic nature of the PLGA, various microsphere
preparation methods share similar principles, and the microspheres production is subjected to the processes such as
emulsification, solvent evaporation or microsphere solidification and drying. Solvent evaporation method is the earliest and
most widely used manufacturing methods of LAI microspheres,>’ either the single emulsion (oil-in-water, O/W) method for
the hydrophobic drug or double emulsion (water-in-oil-in-water, W/O/W) method for the hydrophilic drug.”®"!
Emulsification Process

For the drug, especially for the hydrophilic drug, emulsification is usually the first step to prepare microspheres. The size
and stability of the emulsion directly affect the size, the size distribution and the microstructure of microspheres. Various
emulsification homogenization methods have their own characteristics, but the homogenization rate is the key variable in
common. High shear energy will break the oil phase into small emulsion droplets, which is benefit for the rapid
hardening in the subsequent solidification process, and prevents the drug diffusion to the microsphere surface, thus
obtaining a uniform microsphere. Berkland et al found that p-nitroaniline was uniformly distributed in the smallest
microspheres, but there was a tendency for it to distribute on the surface as the particle size increased.* The same
phenomenon was observed in piroxicam-loaded microspheres. Piroxicam was mainly distributed on the surface of large
(~112 pm) microspheres and was more uniformly distributed in 20 um microspheres.

The emulsification homogenization rate does affect not only the drug distribution but also the PLGA density. In one study,'®
ester-capped PLGA microspheres changed from “microcapsules” to a dense matrix structure with increasing homogenization
speed. When the acid-capped PLGA was used to prepare microspheres, and as the homogenization speed decreased, the pores
became larger and the drug aggregated into multiple drug domains. A more hydrophilic PLGA and large internal pores would
allow more water to enter the microspheres, which accelerated the drug release during the second release phase.
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Solidification Process

Microsphere solidification is a process of exposing emulsion droplets in the medium, with the organic solvent leaving
from the gas—liquid interface, and the emulsion droplets finally granulate. It means that with the solvent volatilization, the
viscosity of the droplet rapidly increases, and then the droplet solidifies to form a pore-participating drug-PLGA
structure. The difference in the migration rates of the drug and PLGA molecule ultimately affects their location in the
microsphere, and the drug will tend to stay with its preferred solvent. If its preferred solvent is the curing medium, the
drug will easily diffuse out of the emulsion droplet, and the encapsulation efficiency is expected to be greatly reduced.

The environmental conditions such as temperature and vacuum level could also change the solidification process by
solvent evaporation. High temperature and high vacuum level often lead to rapid solvent evaporation and rapid formation
of the microsphere surface structure. Under these conditions, rough and porous shells and/or hollow structures are likely
to be formed, such as the hollow or shrunken microspheres.>> On the contrary, a relatively slow solvent exchange leaves
the microsphere in a semi-solid state longer time, which can lead to further shrinkage and the compact structure of the
microsphere.”

Of note, stirring operation does not influence the solvent migration rate from the droplet interior to the surface, but
only regulates its separation rate from the particle surface.”> Many variables have a negative impact on the solvent
separation rate, including the strong affinity between solvent molecules and drugs and/or PLGA molecules, the high
emulsion viscosity, etc.**’® In most cases, we can reduce the interfacial tension between the organic phase and the
aqueous phase by increasing the vacuum level or the surfactant concentration in the curing medium to shorten the curing
time, reduce the drug loss, and obtain a smoother surface of microspheres.’>’*
Wan et al”®

solvent composition (acetone and methanol) would result in different diffusion rates of drug and PLGA molecules, which

found that in the solvent volatilization process of spray-dried celecoxib microspheres, different ratios of

controlled the surface properties of microspheres and the network structure of PLGA. Specifically, microspheres prepared
with high methanol ratio (acetone: methanol = 69:31) had smaller particle size and denser internal structure than those
prepared with high acetone ratio. In addition, a higher celecoxib release rate was observed with increasing acetone:
methanol molar ratio.

Drying Process

Microspheres are usually stored in powder form to achieve long-term stability of the preparation and the convenience of
product transport. At present, the main drying methods of microspheres are lyophilization and vacuum drying. The main
difference between them largely lies in whether the temperature is set below the 7, of dry/wet PLGA microspheres or
near the temperature. As the last step in the microsphere preparation process, the drying method also has a great impact

on the microsphere microstructure.”®’’

Lyophilization
Lyophilization involves the direct sublimation of ice crystals into vapor and includes three stages: sample freezing,
primary drying (sublimation), and secondary drying (desorption), which may cause additional changes in the pore
morphology of microspheres.”® During the freezing process of hardened microspheres, solvent crystals nucleate and
grow. With the shape and size of ice crystals are fixed, drug and PLGA are excluded from the ice crystals, forming
a continuous drug-PLGA-ice network. The vapors from the sublimation process of ice crystals escape to the outside,
allowing more microchannels to be generated in the PLGA matrix from the location of the ice crystals to the microsphere
surface. It was found that microspheres loaded with FITC-dextran showed higher burst release after lyophilization than
those without lyophilization.” In particular, the free water molecules in microspheres can be easily removed, but the
sublimation rate of the bound water molecules is slow, which can exist 24 hours after freeze-drying.”® Therefore, the
secondary drying process is to desorb the unfrozen water bound to the drug and/or PLGA. Additionally, for porous
microsphere carriers, it is possible to have structural collapse after freeze-drying treatment. Freeze-dried products are also
more hygroscopic.”’

The rate of heat transfer and freezing are the most critical parameters affecting the pore structure.®’ The lower the
freezing temperature, the more microspheres tend to have the rapid formation of ice nuclei and growth of small ice
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crystals.”® Thus, the part of the sample closed to the freezing plate and air will crystallize rapidly and the heat transfer
rate in the material center is slower, and then the number of ice crystals will decrease and the size of ice crystals will
increase, which eventually leaves macropores. Here, in the process of freeze drying, we suggest that it is practical to
reduce the sample thickness to some extent. In addition to ensuring the freeze-drying efficiency of the product, the
consistency of the microstructure between microspheres can also be maintained.

Vacuum Drying

Vacuum drying evaporates water in materials by lowering the boiling point of water in a low-pressure environment.
When the set temperature is close to the product 7, microspheres are smoother and have the possibility to adhesion and
aggregation. Wu et al investigated the effects of different drying methods (lyophilization and vacuum drying) on the
morphology and structure of risperidone PLGA microspheres and conducted long-term and accelerated release studies.®’
One batch of microspheres were precooled at —40 °C for 10 h and then were lyophilized for 24 h, while the other batch of
microspheres was dried for 24 h at different temperatures (5 °C, 15 °C and 25 °C) and under different pressures (200
mmHg, 450 mmHg and 700 mmHg). They found that the surface of lyophilized microsphere was smooth with visible
small pores, and the porosity was as high as 78.46%. In contrast, the vacuum dried microspheres had low porosity
(52.45-61.88%) and obvious wrinkles and irregular particles on the surface. Wrinkles became less with pressure
increasing and the surface of microspheres became smoother with temperature raising. Compared with vacuum drying
microspheres, the lyophilized microspheres had larger particle size, higher solvent residues and lower drug loading
(»>0.05). Meanwhile, the drug release rate and degradation rate of lyophilized microspheres were also relatively high.
The drying method affected the microstructure change of microspheres during the transition process from wet micro-
spheres to dry microspheres and ultimately affected the critical product performance and even release behavior.

Sterilization
The final preparation step of microspheres is terminal sterilization if the microsphere formulations were not prepared in
an aseptic manufacturing manner. As a mature and commonly sterilization method, y radiation sterilization will reduce
the Mw of the PLGA, thereby affecting the drug release kinetics.®*** Keles et al** evaluated the y irradiation on physical
and chemical structures of PLGA microspheres. With the increase of gamma ray intensity, the surface roughness of
microspheres decreased and the water absorption was higher. The T, of microspheres dropped by 3.8 °C also indicated
the M,, degradation after 100 kGy y exposure. Barbosa et al** examined the changes in critical quality attributes of
dexamethasone microspheres after y radiation sterilization at 25 kGy. There was no significant difference in microsphere
morphology and particle size, whereas the release rate was accelerated due to the sterilization process and the release
profiles had dissimilarity (f,=35.5).

In conclusion, the microstructure of microspheres is susceptible and is controlled by multiple variables. The
comprehensive characterization of the microsphere microstructure and the establishment of correlations with formulation
compositions and preparation processes are essential to guide product development.

Methods for Microstructural Characterization

The characterization of microsphere microstructure depends on the development of advanced characterization techniques.
Traditional methods limited by resolution focus on the analysis of the bulk material rather than individual microsphere
and are hardly to provide detailed information about the microsphere microstructure.®* Therefore, the establishment of
characterization methods with high resolution is of great significance for the evaluation of microsphere microstructure.
Several advanced microsphere characterization techniques are introduced in detail, and their main applications, advan-
tages and limitations are summarized in Table 1.

Focused lon Beam Scanning Electron Microscopy

Focused ion beam scanning electron microscopy (FIB-SEM), as a powerful imaging tool, can be used to observe the internal
microstructure of microspheres and supports 3D nano-tomography. The equipment can be simply understood as a coupling of
a FIB and a SEM system (Figure 2). FIB has been used to prepare subsurface cross-sections of microspheres.”” The ion beam
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Table |1 The Techniques Utilized to Characterize the Microsphere Microstructure
Tool Main Application Advantages Limitations Reference
Focused ion beam scanning | Investigation of PLGA, API and I. High resolution imaging I. Time consuming [8,29,85,86]
electron microscopy porosity distribution of microspheres | 2. FIB provides clean and arti- | 2. Destructive
(FIB-SEM) fact-free cross sections 3. Sample size limit:
3. 2D imaging and 3D nano- 50-100 mm in each
tomographic imaging dimension
4. Samples must be
representative
Energy dispersive Identification of the elements of the | |. Identification and quantifi- | I. The specific spectral | [87]
spectroscopy (EDS) material on the microsphere surface cation of elemental artifacts
composition 2. Poor spectral resolution
2. Highly convenient for some elements
3. Failure to analyze ultra-
light elements
Synchrotron radiation Investigation of the 3D internal I. High temporal resolution | The size of the instrument | [88-91]
X-ray microcomputed structure of microspheres imaging limits its use in the
tomography (SR-pCT) 2. High contrast imaging laboratory
3. Non-destructive imaging
4. Multi-scale spatial resolution
5. 2D and 3D visualization of
internal and external geo-
metric structures
6. High penetration power
7. Fast acquisition
X-ray microscopy (XRM) Characterization of the I. Non-invasive imaging I. Relatively low resolution | [21,30]
microstructure of microspheres 2. 3D imaging 2. Fails to perform micro-
3. High throughput zone analysis
Confocal laser scanning Investigation of the drug distribution | |. Horizontal (x, y) and verti- | |. Low resolution [26,92]
microscopy (CLSM) inside the PLGA matrix cal (x, y and z) imaging 2. Sample pre-treatment
2. Non-destructive (fluorescence labeling)
3. High sensitivity 3. Limited effective
4. Rapid acquisition magnification
Confocal Raman Investigation of drug distribution and | |. High resolution imaging I. Diffraction-limited [93]
microscopy (CRM) the three-dimensional shape of 2. Non-destructive imaging resolution
microsphere 3. Horizontal (x, y) and 2. Interfered  with by
vertical (X, y and z) imaging fluorescence
Transition temperature Investigation of the distribution of I. High spatial resolution | |. Destructive [42,94]
microscopy (TTM) drug and PLGA on the surface of imaging 2. Requires T, difference
a single microsphere 2. To provide detailed infor- between phases
mation of microstructure (>40 °C)
3. Surface roughness
Time-of-flight secondary Identification of the chemical I. High resolution imaging I. Minor destructive [95,96]
ion mass spectrometry composition on the surface of 2. High sensitivity and low | 2. Sample surface contami-
(ToF-SIMS) microspheres detection limit nation has a significant
3. 3D image information impact on results
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d Surface imaging

Figure 2 (a—) Schematic overview of FIB-SEM imaging of PLGA microsphere samples: (a) cartoon representation of SEM imaging of the microsphere surface, (b) FIB milling and SEM
imaging of the first cross section, and (c) FIB milling and SEM imaging of the 600th cross section. (d) SEM image of the microsphere surface prior to FIB milling and after stage rotation
(inset showing top-down view of the same sphere) (e), the first cross section of the sphere and (f) the 600th cross section. Reprinted from Journal of Controlled Release, 349, Clark AG,
Wang R, Qin Y, et al, Assessing microstructural critical quality attributes in PLGA microspheres by FIB-SEM analytics, 580-591, Copyright 2022,with permission from Elsevier:®

generated by the ion source is accelerated by the ion gun and acts on the sample surface, while the atoms on the surface are
stripped by the ion beam with strong current to achieve the nano surface topography processing without disrupting micro-
spheres in the next layer.””®> Compared with mechanically-cut microspheres, FIB can provide higher accuracy and precision,
thus obtaining a clean and artifact-free cross section for high-resolution SEM imaging.®’® For subsequent SEM imaging, the
beam emitted by the electron gun passes through a pair of objective lens and aperture to form an extremely narrow high-energy
electron beam, which is further focused on the sample surface through objective lens. Various signals are excited through the
interaction between the beam and the sample, and each of those signals could be collected, amplified and re-imaged by
a specific detector to achieve the purpose of characterization of the material microstructure.?®

In 2D FIB-SEM images, the internal microstructure of microspheres was classified into three material phases: API,
PLGA and pores. These phases were identified by their characteristic grayscale values, drug distribution and pore
morphology. The drug distribution could be confirmed by EDS, which will be discussed below. After repeated FIB
milling and subsequent SEM imaging, hundreds of SEM images are collected from the same microsphere, so that the
internal microstructure of microspheres can be visualized at nanometer resolution in 3D.?’ Furthermore, microsphere
reconstruction with Al-based image analytics combining with the 3D tomography allows the compute of quantitative
information including volume fractions, spatial distribution homogeneity and particle/pore size distribution.®*’

One of the most critical restrictions for this technique is the time-consuming nature. It takes several hours to obtain
FIB-SEM images of a single microsphere and several days to analyze and compute images. Therefore, it is impractical to
perform FIB imaging on a large number of microspheres in a batch, so the microspheres used for FIB-SEM imaging
should be representative. The combination of multiple characterization techniques can be an effective way to compensate
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for this shortcoming. For imaging studies of inhomogeneous samples, the X-ray microscopy can capture a larger field of
view (at low resolution) to target representative samples for further observation. The high-resolution FIB-SEM can
capture more details of the target sample.®

Clark et al® prepared eight microspheres with different microstructures by changing the formulation and processing
procedure. 2D FIB-SEM imaging and 3D tomography microsphere reconstruction were conducted to fully quantify
microstructures, which including API and pore fractions, size distribution and spatial distribution, and eventually used for
the prediction of drug release. The results showed that the lack of porosity would cause a significant slowdown in the
initial release and delay the hydrolytic degradation of the PLGA. The effect of process parameters on product quality can
be robustly understood by imaging and quantifying the microstructure of microspheres.

Energy Dispersive Spectroscopy

Energy dispersive spectroscopy (EDS) as a semiquantitative method is usually used to identify and quantify elemental
composition on the microsphere surface. In the EDS equipment, the atoms on the surface of the sample are excited to an
excited state by the high-energy electrons, and emit X-rays of characteristic wavelengths as they return to the ground
state. The characteristic wavelength and signal intensity can be used to determine the element composition and the
sample content (Figure 3).

The combination of EDS and SEM is advantageous to understand the distribution of various phases in the micro-
spheres, which has been validated in several studies.”>'® The SEM cross-sectional image of microspheres showed
grayscale contrast for different material phases. EDS can provide the element information of phases with different color
to confirm the distribution of them in the microspheres.

Xue et al’ used broad-beam argon ion milling technology, which is similar to the working mechanism of FIB, to
obtain the cross-sectional image of rotigotine microspheres, while EDS was used to obtain the element distribution
to understand the formation mechanism of golf ball-shaped microspheres and the relationship between drug
distribution and in vitro release behavior. They found that almost circular particles were uniformly distributed on
the cross-section of rotigotine microspheres and the signal of S element from rotigotine molecules was also present
in the PLGA matrix, indicating that rotigotine existed in microspheres in two forms, one as a phase-separated
particle formed with palmitic acid and the other as a molecular dispersion. They demonstrated a direct relationship
between drug distribution and in vitro release trend: aggregated rotigotines were released during the rapid-release
phase, while rotigotine molecules were mainly released slowly in the later stage. Thus, the drug distribution helped
to figure out the formation and release mechanisms of complex LAI microsphere products, which is crucial for the
development of generic and innovative drugs.
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Figure 3 (a) Solid-state energy-dispersion spectroscopy. From Fitzgerald R, Keil K, Heinrich KF. Solid-state energy-dispersion spectrometer for electron-microprobe x-ray
analysis. Science. 1968;159:528-530. doi:10.1126/science.159.3814.528. Reprinted with permission from AAAS.”® (b) The S elemental mapping images of rotigotine
microsphere. Reprinted from Journal of Controlled Release, 357, Xue Y, Xu L, Wang A, et al, Studying spatial drug distribution in golf ball-shaped microspheres to
understand drug release, 196-209, Copyright 2023, with permission from Elsevier.”
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Figure 4 (a) Schematic of synchrotron-based tomography setup with parallel beam configuration. SR-uCT images of acetaminophen microspheres at different sampling time
(b—d) were images at 0 min; (e—g) were images at 5 min; (h—j) were images at 60 min; (b, e and h) were surface images of complete microspheres; (c, f and i) were images
of microspheres partly split. Some protuberances of acetaminophen crystals were observed on the microspheres surface as the red arrows indicated in (c); (d, g and j) were
images of acetaminophen crystals extracted from microspheres). Nothing could be seen in image j, because all the drug crystals had dissolved. Figure 4 (b-j) Reprinted from
International Journal of Pharmaceutics, 499, Guo Z, Yin X, Liu C, et al, Microstructural investigation using synchrotron radiation X-ray microtomography reveals taste-
masking mechanism of Acetaminophen microspheres, 47-57, Copyright 2016, with permission from Elsevier.® Figure 4 (a) Reprinted from Vijayakumar }, Goudarzi NM,

Eeckhaut G, Schrijnemakers K, Cnudde V, Boone MN. Characterization of Pharmaceutical Tablets by X-ray Tomography. Pharmaceuticals. 2023;16:1. https://creativecom

mons.org/licenses/by/4.0/.'%®

Synchrotron Radiation X-Ray Microcomputed Tomography

Synchrotron radiation X-ray microcomputed tomography (SR-puCT) as a novel technology has been used to non-
destructively observe the internal microstructure of microspheres owing to its high resolution and contrast ®®'0!-102
Synchrotron radiation emits X-rays of high penetration power, high quality, high intensity and tunability which are
transmitted to the sample, and then recorded by the detector as a 2D projection image. Different phases or components
within the sample absorb X-rays to different extents to create a contrast. The sample is then rotated at an angle on the
rotary stage, and another X-ray projection image is taken. The sample is rotated 180 degrees, and a series of X-ray
projection images are captured'® (Figure 4). The projections are then used as input for the computerized tomographic
reconstruction of the 3D sample.'*

Guo et al*” investigated the fine architectures of acetaminophen microsphere at different times during incubation and
quantitatively correlated the structural data with the release behavior. The results showed that the structure and morphology
of microspheres were influenced by the shape and particle size of the drug, resulting in different drug release behaviors.
Meanwhile, the drug content and cumulative release fraction of microsphere measured by SR-pCT was consistent with
experimental data, demonstrating that the SR-uCT had advantages in distinguishing different phases and accurately
calculating their content in complex microsphere systems. Additionally, the synchrotron radiation-based Fourier-transform
infrared spectromicroscopy technique can provide the chemical distribution of constituents based on the functional group

distribution in the microspheres, so Wang et al achieved non-destructive drug localization in exenatide microspheres.'%

X-Ray Microscopy

X-ray microscopy (XRM) based on the same principle as SR-puCT is also a characterization technique in the X-ray
microcomputed tomography family. For XRM, spatial variations in sample density will affect the intensity of the X-ray
signal, allowing different phases of microspheres, such as PLGA, drug and pores, to be observed (Figure 5).>'"*° As
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Figure 5 (a) Cartoon schematic demonstrating the principal of operation of XRM. (b) 2D slice of a reconstructed XRM image of a microsphere sample with (c) an example
segmentation of the microspheres (green) from the surrounding air (blue). (d) 3D rendering of the imaged XRM volume showing all segmented microspheres. Reprinted
from Journal of Controlled Release, 358, Clark AG, Wang R, Lomeo J, et al, Investigating structural attributes of drug encapsulated microspheres with quantitative X-ray
imaging, 626-635, Copyright 2023, with permission from Elsevier.'

a high-throughput, and non-invasive technique, XRM has gained much attention in recent years and is increasingly being
used for microstructural analysis of microspheres.

Clark et al*! prepared eight batches of minocycline microspheres by adjusting the preparation parameters. Thousands
of microspheres from each batch were analyzed by XRM, and Al was used to determine inter- and intra-batch
homogeneity. They found excellent homogeneity of microsphere microstructure within batches, but significant differ-
ences between batches corresponding to the changes in the preparation process.
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However, due to resolution limitations, XRM cannot provide microstructural information at the nanometer scale,
while high-resolution characterization techniques such as FIB-SEM are well suited to compensate for the deficiency of
XRM. The combined application of multiple characterization techniques will provide richer microstructural information.

Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) has been widely applied to detect the distribution of drug and pores within the
PLGA matrix.**'°% In CLSM imaging, the light emitted from the laser source passes through a pinhole, which is reflected
through the spectroscope to the objective mirror and then focuses on the sample. The specific focal plane of the sample is scanned
point by point, line by line, and surface by surface. The fluorescence emitted by the excited fluorescent components in the sample
is returned directly to the spectroscope through the incident optical path and is focused before passing through the detection
pinhole.?**? The focused light is collected by the photodiode to produce images (Figure 6).2° With different focus depths, images
of different layers of the sample can be obtained, and high-resolution 3D images can be acquired by image reconstruction
software.

Chen et al''? verified the release mechanism of FITC-BSA microspheres by detecting the changes in drug distribution on the
microsphere surface during the release period using CLSM. The results showed that FITC-BSA loaded microspheres presented
a typical triphasic release profile. Dissolution of the drug into the release medium at or near the surface of microspheres caused
a burst release phase, after which the fluorescence almost disappeared, indicating that microspheres were in a lag phase. With the
release rate increased, FITC-BSA diffused to the microsphere surface, and thus the fluorescence signal was observed again. The
fluorescence gradually diminished in the later phase with the continuous release of FITC-BSA. In another study,'"" CLSM was
also used to investigate the release mechanism of leuprolide acetate microspheres. The fluorescent dye was added to the release
medium and incubated with the microspheres. During the release process, the fluorescent dye diffused into aqueous pores inside
the microspheres, which was monitored by CLSM. The CLSM images provided information on both the PLGA microstructure
and the pore-interconnections inside microspheres. Hence, CLSM offers a powerful support for a more comprehensive study of
the drug distribution and release mechanism of microspheres.
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Figure 6 (a) Schematic diagram of the instrumental setup of CLSM. Reprinted from Advances in Colloid and Interface Science, 280, Falsafi SR, Rostamabadi H, Assadpour E,
Jafari SM, Morphology and microstructural analysis of bioactive-loaded micro/nanocarriers via microscopy techniques, CLSM/SEM/TEM/AFM, 102166, Copyright 2020, with
permission from Elsevier.” (b) CLSM images of drug distribution in Ovalbumin (OVA) microsphere. OVA inside the microsphere was labeled with FITC, and OVA on the
films on the surface of microspheres was labeled with Cy3. Polylysine film was labeled with Cy5. Reproduced from Di J, Wang ], Wang S, et al. Self-boosting vaccination based
on pulsatile antigen release from core-shell microparticles. Small. 2023;19:€2207892. doi:10.1002/smll.202207892. © 2023 Wiley-VCH GmbH.'*”
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Spectrometer

Figure 7 (a) Schematic layout of confocal Raman spectrometer. Reproduced with permission from Bergholt MS, Serio A, Albro MB. Raman Spectroscopy: guiding Light for
the Extracellular Matrix. Front Bioeng Biotechnol. 2019;7:303. doi:10.3389/fbioe.2019.00303. https://cr'eativecommons,org/licenses/by/4.0/.II2 (b) A confocal Raman map
indicating PLGA as green and lysozyme as red, showing large porous void spaces and protein adsorbed to the wall of the pore and small protein rich deposits measuring ~2
um in diameter. (c) An interpolated 3D representation of the protein distribution within a 40x40x10 um volume of a microsphere showing from 20 um into the
microsphere surface (top of image) to 30 um (bottom of image) of the microsphere bulk. Reproduced with permission from Rafati A, Boussahel A, Shakesheff KM, et al.
Chemical and spatial analysis of protein loaded PLGA microspheres for drug delivery applications. ] Control Release. 2012;162(2):321-329. doi:[0.1016/j.
jconrel.2012.05.008.”°

Garner et al'®"

used CLSM to track the three-dimensional structural changes of naltrexone microspheres after
sequential semi-solvent vapor impact (SAVI) and further elucidated the factors that were critical to the microsphere

microstructure (nucleophilic attack capacity and self-crystallizing capacity) and their effects on release behavior.

Confocal Raman Microscopy
Raman spectroscopy is based on the Raman effect, in which a laser is focused on a sample to produce scattered light that enters
the spectrometer through the objective lens and is divided by the spectroscope into different wavelengths that reflect the
properties of various chemical components, providing a wide range of physical/chemical and structural information (Figure 7).
The combination of Raman spectroscopy with confocal microscopy allows non-destructive analysis in three spatial
dimensions with high resolution.'" In recent studies, confocal Raman microscopy (CRM) has been mainly used to study
drug distribution and the three-dimensional shape of microspheres. Sophocleous et al explored the interaction between
acid-capped PLGA and leuprolide, and the distribution of leuprolide within the PLGA films was detected by CRM."? In
another study,”> CRM was applied to provide three-dimension spatial maps of the drug distribution on the surface and
within the bulk of microspheres. The confocal Raman maps showed that the distribution of lysozyme was different in
pores of different diameters, lysozyme only coated the inner surface of the larger pores. In contrast, lysozyme was widely
distributed throughout the PLGA matrix of the smaller pores. The use of confocal Raman microscopy has facilitated the
understanding of the microsphere microstructure in 3D.

Transition Temperature Microscopy
Transition temperature microscopy (TTM) is a novel nano-thermal and imaging technique for automated analysis of the
local temperature transitions over a region of a sample surface. TTM expands the nano-thermal analysis (nano-TA)
technique into an imaging or microscopy by assembling a series of nano-TA measurements into a map of the transition
temperatures over the interest region.''* In TTM mode, the continuously heated probe is automatically repositioned on
the sample and the nano-TA measurement is repeated. By observing the derivative of the displacement measurement, the
transition temperature of each point or pixel in the scanned area is determined.''> These points or pixels are color-coded
based on the measured transition temperature. Finally, a color-coded map across the sample surface is detected
(Figure 8). Therefore, this method has the advantage to determine the distribution of the drug and PLGA across the
surface and cross-section of individual microsphere in a systematic manner.

The critical limitation of TTM for microsphere microstructure characterization is that the thermal transition tempera-
ture of each individual phases within the microsphere need to be significantly different (>40 °C).*? If the thermal
transition temperatures of the drug and the PLGA are similar, the TTM map will be composed of similar colors, which

International Journal of Nanomedicine 2024:19 hetps: 1587
Dove:


https://creativecommons.org/licenses/by/4.0/
https://www.dovepress.com
https://www.dovepress.com

Wang et al Dove

Laser

ai \; /Pmbe / ii

Probe engages to the surface of sample. The tip of probe heats and penetrates the The displacement of probe measures a local
surface due to thermal expansion. thermal transition with colour code
assignation pixel by pixel.

b Nano-TA measurement TTM image

Deflection

Temperature

TTM image show a grid pattern with various colour
assignation for different transition temperature.

Figure 8 The imaging principle of TTM. Reprinted from Advanced Drug Delivery Reviews, 64, Goh CF, Lane ME, Advanced structural characterisation of pharmaceuticals
using nano-thermal analysis (nano-TA), | 14077, Copyright 2022, with permission from Elsevier.''* (a) The workflow of TTM. (b) Establishing TTM map to visualize localized
transition temperature. Each transition temperature is assigned a color code and they can be collectively visualized as a blended TTM map by combining each color pixel. The
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makes it difficult to distinguish the drug form the PLGA region. Therefore, TTM is not suitable for characterizing the
microstructure of all microsphere preparations.

1 applied TTM to investigate the drug microstructure and spatial distribution within BSA-loaded and

Yang et a
nimodipine-loaded PLGA microspheres. The thermal transition temperatures of BSA and PLGA were significantly
different, allowing that the regions of BSA and PLGA can be visually identified on the generated TTM map. The
TTM map suggested that more BSA was distributed in the interior of microspheres rather than on the surface. Due to the
similar thermal transition temperature between nimodipine and PLGA, the thermal transition temperature maps of
nimodipine-loaded microspheres mainly showed a single color-block, and it was difficult to distinguish the regions
associated with nimodipine and PLGA, and to characterize the drug distribution on the surface and section of

microspheres.

Time-of-Flight Secondary lon Mass Spectrometry
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) as a powerful approach of surface imaging has been widely
used to study the distribution of drug and excipient within pharmaceuticals. ToF-SIMS generates secondary ions from the
sample surface by bombardment with a focused beam of high energy primary ions under ultra-high vacuum. These
secondary ions are formed from the atoms and molecules of various species present on the sample surface.''® The
charged secondary ions and other ions of the same polarity are accelerated to the same kinetic energy and then enter
a time-of-flight analyzer to be separated according to the mass-to-charge ratio (m/z). For a fixed distance in the flight-
tube, the ions with lower m/z values reach the detector earlier than the heavier ions with higher m/z values."'” The
variation in time of flight is used to generate the mass spectra for each detector pixel (Figure 9). The mass spectra are
then used to identify the analyte species on the sample surface. Thus, the image generated from each mass spectrum can
be used to characterize the distribution of the drug, PLGA and other components on the microsphere surface.

Due to its ability to provide high specific chemical information with fine depth resolution (~1 nm), several studies
have used ToF-SIMS to investigate the distribution of drug and surfactant on the surface and cross-section of
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Figure 9 (a) Schematic diagram of ToF-SIMS system, including; primary ion beam (a), ejected secondary ions (b), electron flood gun for charge compensation (c) and mass
analyzer (d). ToF-SIMS of a sectioned microsphere showing (b) lysozyme (CNO"), c) PLGA (C3H;0,, C3HsO, , C3H303 andC;3HsO;57), and (d) an overlay showing
lysozyme (red), PLGA (green) and PVA (C;H;O,  blue). Figure 9 (b-d) Reproduced with permission from Rafati A, Boussahel A, Shakesheff KM, et al. Chemical and spatial
analysis of protein loaded PLGA microspheres for drug delivery applications. ] Control Release. 2012;162(2):321-329. doi:10.1016/j.jconrel.2012.05.008.°> Figure 9 (a)
Reprinted from International Journal of Pharmaceutics, 417/1-2, Barnes TJ, Kempson IM, Prestidge CA, Surface analysis for compositional, chemical and structural imaging in
pharmaceutics with mass spectrometry: a ToF-SIMS perspective, 61-69, Copyright 201 1, with permission from Elsevier.''”

microspheres.”>'"® Meeus et al’® have applied ToF-SIMS to analyze the drug distribution on the microsphere surface.
They found that the drug content on the microsphere surface is a result of different microsphere preparation methods. The
optimization of the surfactant concentration was very important in the preparation of microspheres by stabilizing the
emulsion droplets to reduce the diameter of microspheres, reduce aggregation and improve encapsulation efficiency.
Rafati et al”® used ToF-SIMS technology to conduct spatial imaging of the surfactant PVA and the drug adsorbed on the
microsphere surface. They found that the PVA film was mostly circular or ring-shaped and dispersed on the surface of
microspheres. The thickness of the PVA layer was also investigated by ToF-SIMS sputtering. It was shown that the ToF-
SIMS is a powerful approach to map the distribution of the drug, PLGA and surfactant on the microsphere.

Overall, the microstructure is one of the key quality attributes of microsphere products. Its accurate and efficient
characterization is essential to better understand the drug release mechanism and guide the development of microsphere
products. Several characterization techniques have been used to observe the microstructure of microspheres, comple-
mented by computational techniques to predict the release behavior of microspheres based on their microstructure.
However, each technique has both advantages and limitations, and a reasonable selection of characterization means for
product properties and characterization purposes is necessary. Meanwhile, in order to obtain comprehensive information
about the microsphere microstructure, it is recommended that multiple characterization techniques be used in combina-
tion to accurately image and analyze the microsphere microstructure from multiple levels and perspectives.

For instance, identifying the interested region by XRM prior to high-resolution imaging using FIB-SEM saves time
and labor; FIB-SEM combined with EDS analysis can provide more intuitive and richer information about the drug
distribution within the microspheres; and the combined use of TOF-SIMS and CRM provides a powerful toolset for
studying the spatial distribution of different components in microspheres. We also look forward to the emergence of new
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techniques that will allow the researchers to accomplish a faster and more comprehensive understanding of the
microstructure between different formulations, different processes, and different batches of microspheres, as well as
the changes in release performance that these differences bring.

Conclusion and Future Prospects

As a pivotal property of microspheres, the microstructure integrates information on many critical quality attributes,
including drug loading, porosity, drug distribution, and so on. Therefore, a quantitative description based on the
microstructure can provide data from multiple indicators simultaneously, simplifying the tedious and necessary char-
acterization and providing accurate and quantifiable results.

The microstructural properties of the final microsphere product are the results of several variables from formulation
composition and preparation process. The performance of the final product can be reflected by quantifying the microsphere
microstructure. Inspired by the extraction and analysis of key information in the microstructure, in addition to obtaining
essential attributes, such as drug loading and porosity, we also expect to disclose the drug release kinetics of microspheres.

As a sustained and controlled release preparation, the most prominent feature of microspheres is their long-term
efficacy after administration, which can reduce the number of injections significantly and avoid the administration loss in
patients. Therefore, the in vivo release characteristics of microspheres, both in the research and development stage and
the regulatory stage on the market, are the most concerned issue. Nevertheless, the drug release environment in vivo is
extremely complex, involving the multifaceted factors from the cell, tissue, organ and system level, and the routine
in vitro release methods cannot replicate the real in vivo drug release trend. At this stage, the overall release
characteristics cannot be accurately captured in advance.

On the one hand, the variables affecting the dissociation of drug molecules and the formation of mass transfer channels will
influence the drug release kinetics, including the inherent properties (particle size, dispersion form, solubility and permeability)
and uniformity of the drug, pore expansion and healing, configuration, conformation and degradation of the PLGA chains, etc.
However, a thorough understanding of the phase distribution in the microspheres and the properties of PLGA is a prerequisite for
designing and obtaining drug loaded microspheres with ideal release characteristics. At present, the change in residual drug
content and porosity in microspheres during release can be obtained by continuous characterization of the microstructure.
Therefore, a strong correlation exists between the drug release performance and the microsphere microstructure, and the
quantitative description of the microstructure could provide us with the capacity to predict the drug release process.

Micro-characterization will vigorously promote the improvement of microsphere preparations, even though the current
development of microspheres is still mainly relied on trial and error. Obviously, if the characterization results of the
microsphere microstructure can provide enough information to indicate the drug release behavior, we can get out of the
dilemma that is difficult to relate the microsphere release in vitro to the release in vivo, and directly explore the correlation
between the microsphere microstructure and the drug release in vivo. With this pattern, repetitive work can be avoided,
ranging from speeding up the design and selection of the formulation, minimizing the number of in vitro studies required for
several months, reducing the need for animal studies for ethical reasons, effectively predicting the pharmacokinetic profiles,
simplifying the procedures of quality control, etc., thus saving huge amounts of time and money in pre-formulation research
and generic and innovative drug development and greatly accelerating the supervision process of microsphere products.

For marketed microspheres, many researchers have explored the drug distribution, drug dispersion forms, and pore
formation in microspheres preliminarily by conventional means, including cryo-scanning electron microscopy, Raman
spectroscopy, etc.’>!'%!2% They have used the results of microstructural changes during the release process to dissect the
release mechanism, to understand drug burst release, to deepen insights into the relationship between in vitro release
temperature and release rate, and so on. Garner et al characterized the microstructure of naltrexone microspheres
(Vivitrol®) and the microstructure changes during release by SAVI and observed drug-containing core and cubic crystals of
self-crystalized naltrexone.'® Wang et al characterized the surface drug distribution of octreotide acetate microspheres
(Sandostatin LAR®™) by CLSM."?' It has been recognized that microstructure is related to product performance closely.
After accurately obtaining information on Q1 and Q2 and achieving the similarity of Q1 and Q2, precise microstructure
analysis of microspheres with high technological barriers is the primary task in the development of generic drugs currently.
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Although there are numerous variables that determine the microstructure and release process of microspheres, the complexity
also provides more feasible strategies to optimize product performance and adjust drug release behavior. Meanwhile, real-time
characterization of microsphere microstructures during the release process will be very interesting to further understand the
details of drug release. It is also feasible to extend the microstructure results to formulation selection and monitoring based only
on explicit formulation composition, processing parameters and target properties. Since some material attributes, such as the
inherent solubility of the drug, the terminal group and the composition of the PLGA, cannot be acquired from the microstructure
information of the final product, we need some prior knowledge to guide the research.

Moreover, some available tools for accurately characterizing the microsphere microstructure currently have a common
limitation - the absence of general tendency. In the future, we hope that the characterization techniques can be executed based
on a certain number of samples, which means that the microstructure is characterized in batches rather than the single or small
part of the objects selected by human subjective consciousness. Quantitative or qualitative processing and analysis according
to large numbers of samples will provide more robust, verifiable and universal outcomes.

We also expect that the characterization and control of the microstructure can be applied to the actual preparation and
analysis of microspheres. The consistency and tiny differences of batch-to-batch products are investigated and distinguished
by characterizing the microstructure to help confirm the product quality in real time. It is conceivable that predicting the
product stability and carrying out quality control within the shelf life on account of microstructure results is viable to a certain
extent. These valuable trials are expected to have a real positive influence on the advance of microsphere preparations.

How to characterize the microstructures of microsphere more accurately, quickly and deeply still require multipartite
efforts and supports, including the inspiration and guidance of interdisciplinary knowledge. In the future, we can also
deeply exploit the information that the microsphere microstructure can transmit and the application potential of the
microstructure in the pharmaceutical industry based on the more creation and advance of characterization technologies.
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