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Poly(lactic-co-glycolic acid) (PLGA) microspheres are a sustained-release drug delivery system with sev-
eral successful commercial products used for the treatment of a variety of diseases. By utilizing PLGA
polymers with different compositions, therapeutic agents can be released over durations varying from
several weeks to several months. However, precise quality control of PLGA polymers and a fundamental
understanding of all the factors associated with the performance of PLGA microsphere formulations
remains challenging. This knowledge gap can hinder product development of both innovator and generic
products.
In this review, variability of the key release controlling excipient (PLGA), as well as advanced physic-

ochemical characterization techniques for the PLGA polymer and PLGA microspheres are discussed.
The relative merits and challenges of different in vitro release testing methods, in vivo pharmacokinetic
studies, and in vitro-in vivo correlation development are also summarized. This review is intended to pro-
vide an in-depth understanding of long-acting microsphere products and consequently facilitate the
development of these complex products.
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1. Introduction

Poly(lactic-co-glycolic acid) microspheres have been developed
to deliver different active pharmaceutical ingredients (e.g. small
molecules, peptides, and proteins) with sustained release dura-
tions (varying from a couple of weeks to several months) [123]
and/or controllable pulsatile drug delivery [67,76]. There are
twelve PLGA-based microsphere drug products that have been
approved by the U.S. Food and Drug Administration (FDA) (Table 1).
In addition, there are many studies listed in the clinicaltrials.gov
online database associated with PLGA-based products, including
PLGA microspheres (Table 2). These include both new active ingre-
dients and previously approved active ingredients that are being
formulated into extended-release microsphere products, as well
as current microsphere products that are being tested for new indi-
cations. Accordingly, it is evident that PLGA-based microspheres
are considered reliable sustained-release drug delivery systems.
However, the development of generic versions of existing products
is challenging and despite the expiry of relevant patents, no gen-
eric versions of microspheres are available on the market. More-
over, these drug products are considered to be high risk, since
the drug loading is typically high since they are intended for
long-term drug release. Unintended alterations in product perfor-
mance (for example as a result of dose dumping) can lead to severe
safety issues for patients. Therefore, it is critical to understand the
key process and formulation related parameters (such as release-
controlling excipients) to develop appropriate quality control stan-
dards to ensure microsphere performance and safety, as well as to
assist in the product development and regulatory approval
processes.

As a polymer used in FDA and EMA approved products, PLGA
has great potential in research and for future clinical usage. This
polymer has been extensively investigated in a variety of drug
delivery systems for numerous diseases, in scaffolds for tissue
regeneration, and in a range of diagnostic tools [60,61,70,74].
Moreover, due to its tunable biodegradation rate, PLGA is the pre-
dominant release-controlling excipient used in long-acting par-
enterals such as microspheres [123]. By selecting different types
and properties (such as molecular weight, monomer (L/G) ratio,
and terminal groups) of PLGAs, release profiles can be tailored
and specific pharmacokinetic requirements can be met based on
the indications of the active pharmaceutical ingredients [38,46].
However, this ease of excipient modification also brings the chal-
lenge of standardization of excipient characterization. Some
researchers have reported that minor variations in PLGA character-
istics can alter the properties and performance of PLGA formula-
tions [118,119]. The difficulty in regulating PLGA characteristics
has been recognized as a critical variable limiting PLGA micro-
sphere drug product development [123]. Thus, a comprehensive
2

investigation of excipient and formulation characteristics is extre-
mely relevant and beneficial to the development of generic and
brand microsphere products.

In addition, development of in vitro-in vivo correlations (IVIVCs)
has been a long-term pursuit for the pharmaceutical science com-
munity since the 1950s [79]. IVIVCs can be used to facilitate formu-
lation development, set dissolution specifications, and serve as a
surrogate for bioequivalence studies. However, the success rate
of IVIVCs is low in regulatory submissions [55,80]. This indicates
that IVIVC development remains challenging, particularly for
long-acting parenterals such as PLGA microspheres. This may be
attributed to: 1) the complexity of formulation characteristics
and release mechanisms; 2) the lack of compendial, bio-relevant
in vitro release testing methods; and 3) inadequate consideration
of the in vivo release/absorption process under physiological condi-
tions. Accordingly, more effort is required into the development of
appropriate release testing methods and into achieving a mecha-
nistic understanding of the release process.

This review highlights the current advances in physicochemical
characterization techniques for polymers and PLGA microspheres.
Moreover, recent investigations in in vitro release testing methods
and in vivo pharmacokinetic studies as well as IVIVC developments
are summarized.

2. Poly(lactic-co-glycolic acid) variability

To ensure consistent product manufacturing and to guarantee
market demand, pharmaceutical companies tend to have multiple
excipient suppliers [28]. However, changes in excipient suppliers
can lead to excipient variability [28]. As reported, PLGAs from dif-
ferent manufacturers can exhibit different physicochemical prop-
erties such as inherent viscosity, molecular weight, L/G ratio,
blockiness, and amount of residual solvent [118,119]. Moreover,
differences in PLGA L/G ratio, blockiness, and block length among
various commercially available PLGA polymer products have been
reported [111]. Likewise, intra-source (batch-to-batch) variations
have been reported [28,77]. These variations may come from sev-
eral different aspects: 1) lack of detailed regulatory guidance and
specifications; 2) differences in manufacturing processes among
different manufacturers; 3) unintended alterations during manu-
facturing processes; and 4) different quality control methods and
non-unified certificate of analysis of polymer products.

2.1. Regulatory background

Excipients or inactive ingredients have been defined by differ-
ent regulatory agencies and organizations. The 21 CFR 210.3(b)
(8) states ‘‘inactive ingredient means any component other than an
active ingredient.” The International Pharmaceutical Excipients

http://clinicaltrials.gov


Table 1
List of commercially available brand-name PLGA microsphere drug products approved by the U.S. FDA.

Brand Name API Indication Administration
Route

Dose Encapsulation method FDA’s recommendation on in vitro release testing Company

BydureonTM Exenatide Type 2 diabetes mellitus Subcutaneous 2 mg per week Coacervation NA AstraZeneca
Sandostatin LAR�

Depot
Octreotide Acromegaly, Carcinoid

Tumors, Vasoactive
Intestinal Peptide Tumors

Intramuscular 10/20/30 mg per
month

Coacervation Using USP IV (Flow-Through Cell), and, if
applicable, Apparatus II (Paddle) or any other
appropriate method

Novartis

Trelstar� Triptorelin
pamoate

Palliative treatment of
advanced prostate cancer

Intramuscular 3.75 mg per month
11.25 mg per 3 months
22.5 mg per 6 months

Coacervation/Hot-
melt-extrusion/
Emulsion solvent
extraction

Apparatu II (Paddle)/Water-Methanol (95:5);
Reconstitute vial in 2 mLWater for Injection, add
to 500 mL medium at 37 �C

Verity Pharmaceuticals

Arestin� Minocycline
HCI

Periodontitis Periodontal 1 mg per 2 weeks Coacervation NA OraPharma Inc

Lupron Depot� Leuprolide
acetate

Palliative treatment of
advanced prostatic cancer

Intramuscular 7.5 mg per month
22.5 mg per 3 months
30 mg per 4 months
45 mg per 6 months

W/O/W emulsion
solvent evaporation

Same as the recommendation for Sandostatin
LAR� Depot

AbbVie

Risperdal� Consta� Risperidone Schizophrenia, Bipolar I
Disorder

Intramuscular 12.5/25/37.5/50 mg per
2 weeks

O/W emulsion solvent
extraction

Same as the recommendation for Sandostatin
LAR� Depot

Janssen
Pharmaceuticals

Vivitrol� Naltrexone Alcohol dependence,
prevention of relapse to
opioid
dependence

Intramuscular 380 mg per month O/W emulsion solvent
extraction

Using USP IV (Flow-Through Cell), and, if
applicable, Apparatus II (Paddle) or any other
appropriate method. Phosphate buffered saline
with 0.02% Tween 20 and 0.02% Sodium azide,
pH 7.4 (final osmolality should be
270 ± 20 mOsm), or any other appropriate
medium, at 37 �C.

Alkermes

Signifor� LARTM Pasireotide Acromegaly Intramuscular 20/40/60 mg per
month

O/W emulsion solvent
evaporation

NA Novartis

Zilretta� Triamcinolone
acetoamide

Osteoarthritis Intra-articular 32 mg per 3 months S/O/W emulsion
solvent evaporation/
Spray drying

NA Flexion Therapeutics

Nutropin depot� Somatotropin Growth failure/adult
growth hormone deficiency

Subcutaneous 13.5/18/22.5 mg per
month

Cryogenic spray-drying NA Genentech

Lupaneta packTM Leuprolide
acetate

Endometriosis Intramuscular 3.75 mg per month
11.25 mg per 3 months

W/O/W emulsion
solvent evaporation

Same as the recommendation for Sandostatin
LAR� Depot
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Table 2
List of PLGA–based products undergoing clinical trials.

Study title Conditions Interventions Responsible party Phase NCT number

1 Dendritic Cell Activating Scaffold in Melanoma Melanoma Biological: WDVAX Dana-Farber Cancer Institute I NCT01753089
2 Study of Probable Benefit of the Neuro-Spinal ScaffoldTM in

Subjects With Complete Thoracic AIS A Spinal Cord Injury
as Compared to Standard of Care

Injury, Spinal Cord Device: Neuro-Spinal Scaffold InVivo Therapeutics NA NCT03762655

3 Ahmed Valve Implantation Coated With Poly Lactic –Co-
glycolic Acid (PLGA) Saturated With Mitomycin-C in the
Management of Adult Onset Glaucoma in Sturge Weber
Syndrome

Glaucoma Procedure: Ahmed Valve Sohag University III NCT04735601

4 First-in-man Clinical Trial of CEB-01 PLGA Membrane in
Recurrent or Locally Advanced Retroperitoneal Soft Tissue
Sarcoma

� Locally Advanced Soft Tissue Sarcoma
� Recurrent Soft Tissue Sarcoma

Combination Product: CEB-01
membrane loaded with SN-38

CEBIOTEX I NCT04619056

5 Comparative Trial of Operative Treatment of Distal
Pediatric Forearm Fractures With Biodegradable Nails and
K-wires

Fracture Wrist Procedure: Distal radial and/or ulnar
metaphyseal fracture fixation with
bidegradable PLGA-based (Activa Im-
Nail) implants

Péterfy Sándor Hospital NA NCT04848818

6 Autologous Transplantation of Induced Pluripotent Stem
Cell-Derived Retinal Pigment Epithelium for Geographic
Atrophy Associated With Age-Related Macular
Degeneration

Age-Related Macular Degeneration Drug: iPSC-derived RPE/
PLGA transplantation

National Eye Institute I&II NCT04339764

7 Dose Escalation Study of Immunomodulatory
Nanoparticles

Advanced Solid Tumor Drug: PRECIOUS-01 Radboud University Medical Center I NCT04751786

8 Use of the Bioabsorbable Activa IM-NailTM in Pediatric
Diaphyseal Forearm Fractures

� Fracture Fixation, Intramedullary
� Forearm Fracture
� Fracture Healing

Device: Activa IM-Nail Children’s Fractures Interest Group NA NCT04941612

9 Genoss DES in Patients With a High Risk of Ischemic
Events

� Drug-eluting Stent
� Coronary Artery Disease

Device: Genoss DES Yonsei University NA NCT05448625

10 Dexamethasone Implant for Retinal Detachment in Uveal
Melanoma

Exudative Retinal Detachment and Uveal
Melanoma

Drug: Dexamethasone intravitreal
implant

Massachusetts Eye and Ear Infirmary I NCT04082962

11 Use of Extended Release Triamcinolone in the Treatment
of Rotator Cuff Disease

� Rotator Cuff Tears
� Rotator Cuff Tendinitis
� Rotator Cuff Impingement

Drug: FX006 Injection Northwell Health III NCT04094298

12 Study to Evaluate the Safety, Tolerability, PDs, and Efficacy
of CNP-104 in Subjects With Primary Biliary Cholangitis

Primary Biliary Cholangitis � Drug: CNP-104
� Drug: Placebo

COUR Pharmaceutical Development
Company, Inc.

I&II NCT05104853

13 CNP-201 in Subjects With Peanut Allergy � Peanut Allergy � Drug: CNP-201
� Drug: Placebo

COUR Pharmaceutical Development
Company, Inc.

I&II NCT05250856

14 Safety and Effectiveness of BIOSURE RG in Cruciate
Ligaments Reconstruction in Chinese

� Cruciate Ligament Reconstruction
� Knee

� Device: Investigational device: Bio-
sure Regenesorb Interference Screw

� Device: Control device: BIOSURE HA
Interference Screw

Smith & Nephew, Inc. NA NCT04012567

15 Alveolar Ridge Preservation by Socket Seal Techniques � Alveolar Bone Resorption � Other: Routine treatment of the
extraction socket

� Procedure: Socket seal technique by
a free gingival graft

� Procedure: Socket seal technique
using a synthetic resorbable
membrane

Aristotle University Of Thessaloniki NA NCT05577663
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Scheme 1. Direct condensation using lactic and glycolic acid.

Scheme 2. Ring opening polymerization using lactide and glycolide.

Scheme 3. Ester end-capping for acid-terminated PLGA.
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Council defines pharmaceutical excipients as ‘‘substances other than
the pharmacologically active drug or pro-drug which are included in
the manufacturing process or are contained in a finished pharmaceu-
tical product dosage form.” The United States Pharmacopeia (USP
35. General information/h1080i Bulk Pharmaceutical Excipients)
has one definition stating that ‘‘the excipient is often a natural sub-
stance, mixture, or polymer whose chemical and physical properties
are difficult to quantify and that is often used with a broad range of
active pharmaceutical ingredients and in a diverse range of finished
dosage forms.” It is reported that excipients with different chemical
and physical properties can affect the solubility, permeability, drug
absorption, and pre-system metabolism of active pharmaceutical
ingredients [31]. Moreover, more and more researches are report-
ing on the significance of excipients in the formulation develop-
ment and bioavailability of drug products.

Although the U.S. pharmacopeia provides specifications (such
as identity, purity and quality) for excipients, there is still a lack
of understanding of excipient functionality [77,129]. Without a
thorough understanding of excipient functionality and characteris-
tics, variability may compromise drug product quality even though
current monograph specifications are met. Considering the sub-
stantial amount of drug released over a long duration, it is of the
utmost important to have a comprehensive understanding and
clear specifications for key release controlling excipients (such as
PLGA) used in long-acting parenteral formulations.

According to the 21 CFR 314.94(a)(9)(iii), parenteral generic
drug products (such as PLGA microspheres) must contain the same
inactive ingredients and in the same amount as the RLDs. However,
due to the inherent heterogeneity of PLGA, the determination of
PLGA sameness is extremely challenging with limited scientific
reports. Moreover, there is no guidance from the regulatory agen-
cies and the specifications are inadequate. In order to determine
the sameness of PLGA as well as to control the quality and perfor-
mance of drug products, it is essential to characterize the raw
PLGAs as well as the PLGAs as presented in the final drug products.
2.2. Manufacturing process

There are two major synthesis techniques for PLGA: 1) direct
condensation (Scheme 1), and 2) ring opening polymerization
(Scheme 2).

Direct condensation is a process using lactic acid and glycolic
acid for PLGA synthesis directly. Two equilibria: the dehydration/
hydration process and the cyclic dimer/polymer chain equilibrium
5

occur in this method. For ring opening polymerization, cyclic
dimers (lactide and glycolide) are used as the reactants. As a con-
sequence, the polymer chains synthesized by ring opening poly-
merization are poly-dimer chains (poly(lactide-co-glycolide)),
which can be very different from polymer synthesized via direct
condensation. The optimization and maintenance of synthesis con-
ditions (temperature, monomer ratio and catalyst, etc.) are critical
to the degree of polymerization, and hence product quality [32].
For example, the molecular weight of PLGA can undergo a sharp
increase due to high polymerization rates with increase of
organometallic catalysts (such as triethyl aluminum and stannous
octoate) levels [11,48]. However, further increase in catalyst levels
can lead to decreased polymer molecular weight due to the forma-
tion of a higher number of initiating species [59]. Moreover, own-
ing to different reactivity, glycolide requires more severe
conditions for polymerization compared to lactide. Accordingly,
under the same conditions, lower molecular weight PLGA can be
synthesized with a higher glycolide/lactide feeding ratio [11].
Moreover, the reaction time and temperature can influence the
reaction rate and the final polymer quality. It has been reported
that long reaction times may cause significant de-polymerization
at high temperatures, which should be avoided. In addition, it is
known that dehydration is critical for polymer chain growth and
the prevention of hydrolysis. Therefore, high vacuum/inert gas
conditions are preferred to control polymer quality [10]. Normally,
PLGA polymers have acid end groups. The acid end group has been
reported to improve the drug loading for some ionizable peptide
drugs [82] due to ionic interaction. However, ester end-capping
can also be performed via esterification using alkyl alcohol (with
different alkyl chain length) (Scheme 3). Ester end capping
increases the hydrophobicity of the polymer and allows higher
drug loading of hydrophobic drugs, it also minimizes the autocatal-
ysis effect [19,62]. Moreover, some novel end-capping methods
have been reported by different researchers. For example, Zhao
et al., reported a synthesis method to achieve tetra-amino-
terminated PLGA using lysine [131]. Wang et al., reported a direct
modification technique to prepare lipoyl ester-capped star PLGA
for controlled drug delivery using lipoic acid [122].
2.3. Non-unified certificate of analysis

Typically, polymer manufacturers report certain physicochemi-
cal properties and specifications on the certificate of analysis based
on the available USP requirements as well as their own methods.
As summarized in Table 3, it is clear that different techniques
and methods are used for quality control by different vendors.
For example, different testing temperatures and polymer concen-
tration are used for inherent viscosity analysis among different
polymer manufacturers. This can hinder direct comparison of poly-
mer size based on the reported inherent viscosity data. Moreover,
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not every vendor provides detailed molecular weight distribution
results. In addition, the typical reported molecular weight determi-
nation methods are based on conventional gel permeation chro-
matography and polystyrene standards, which cannot provide
absolute molecular weights. It is recommended to analyze the
accurate molecular weight of PLGA viamulti angle static light scat-
tering technique (and not rely on external standards) [86]. Differ-
ent quality control methods for amount of residual solvent,
bioburden, and specific rotation can also be noticed among the cer-
tificate of analyses from different manufacturers.
3. Current advances in formulation preparation

The currently available commercial PLGA microsphere prod-
ucts, utilize three manufacturing techniques: 1) emulsion-solvent
extraction/evaporation, 2) phase separation (coacervation), and 3)
spray drying (Table 1). These methods have successfully produced
drug products at large scaling and with adequate control of particle
size. However, owning to the complexity of PLGA microsphere for-
mulations, it remains very challenging to produce products with
high yield and high consistency (e.g. comparable physicochemical
properties between batches) via these classical manufacturing
techniques. Moreover, to facilitate the development of both brand
and generic microsphere products, it is critical to understand the
relationship between particle microstructure and product perfor-
mance. Additionally, new techniques for real-time monitoring of
the manufacturing process are needed.

Microfluidics is an emerging tool for microsphere preparation
owning to its ability to achieve precise control over particle size
and morphology [2,88,124]. In microfluidics, immiscible phases
from different micro-sized channels are injected at certain inter-
section channels [44]. The droplets are formed one at a time, via
shearing forces and this process results in mono-dispersed parti-
cles [63]. Based on their geometry, microfluidic channels can be
classified as T-shaped channel, co-flow channel, and flow-
focusing channel. Using these different channel setups and differ-
ent flow rates, single and multiple-emulsions with different sizes
can be generated [21,99]. However, researchers have reported
low production efficiency and an inability to achieve mass produc-
tion viamicrofluidic techniques [93,110]. Attempts (such as using a
multi-layer geometry structure generator) have been made to
improve product yield [78].

Another technique that is being investigated to achieve high
production efficiency and scale up of microspheres is spray drying
[120]. Spray drying is a rapid, scalable, one-step technique that has
been shown to be a great option for microsphere manufacturing.
One problem in spray drying is the need for elevated temperatures
during the particle formation process, which limits applications to
heat stable drugs. To overcome this limitation, spray freeze drying
can be an alternative strategy [25]. This is a hybrid technique com-
bining spray-drying (atomization of droplets) and freeze drying
(freezing of droplets and sublimation process) [100]. Using this
technique, the stability of thermo-sensitive therapeutics (such as
proteins, peptides, and nucleic acids) can be improved without
compromising the production efficiency of the final products
[49,115].

Process analytical technology (PAT) has started to be imple-
mented in both research and manufacturing of other complex par-
enteral products (such as micelles and liposomes) [24,37,42].
Implementing PAT into microsphere manufacturing (such as
microfluidic) will ensure product quality and minimize waste. It
is anticipated that new microsphere drug products will utilize
advanced manufacturing methods with online PAT.
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4. Current advances in polymer and formulation
characterization

4.1. Polymer molecular weight

The polymer molecular weight is a key parameter that influ-
ences both the microsphere properties and performance [57,81].
It is noted that the PLGA molecular weight can change during for-
mulation processing (high speed sheering, aqueous media incuba-
tion and drug-catalyzed degradation) [22,92,98], sterilization
(gamma irradiation) [14] and storage (high temperature and
humidity) [9]. Accordingly, monitoring the PLGA molecular weight
is critical.

Conventionally, the molecular weight is determined via gel per-
meation chromatography (GPC) equipped with different kinds of
detectors (differential refractive index detector, UV or evaporative
light scattering detector) [96]. This separation technique is based
on the size of the polymer coils in the mobile phase, not on the
actual molecular weight. Therefore, this technique is method
dependent and the results obtained can be affected by the different
detectors used). Moreover, the most widely used standards for cal-
ibration are polystyrene standards. These external standards can
exhibit different molecular dimensions compared to the testing
samples (PLGAs) due to differences in polymer interactions with
different solvents [87]. Currently, PLGA/PLA standards are available
on the market. These specific polymer standards may provide more
accurate molecular weight results compared to the conventional
standards.

However, due to the inherent heterogeneity of PLGA, the PLGA/
PLA standards may not perfectly match the chemistry (L/G ratio
and blockiness) of all testing samples. Advanced techniques such
as multi angle static light scattering and multi-detector GPC which
do not rely on external standards for the molecular weight deter-
mination are suitable to acquire accurate molecular weight.

4.2. Polymer L/G ratio

PLGA is a copolymer composed of lactic and glycolic units. Dif-
ferences in L/G ratios of PLGAs can alter the polymer properties
(e.g. solubility in different solvents), formulation processes and
ultimately drug release characteristics. Currently, the most widely
used method to determine the L/G ratio is nuclear magnetic reso-
nance (NMR). Samples are dissolved in deuterated organic solvents
such as chloroform with appropriate concentration for analysis.
Due to the different chemical environments, the hydrogens on
the methyl group (CH3) and methylene group (CH2) exhibit differ-
ent signals with specific chemical shifts. The experimental L/G
ratio can be calculated using the integrated peak area of the differ-
ent monomers via the formula below:

%D; L� Lactic unit ¼ CH3ð Þintegral area=3
CH3ð Þintegral area=3þ CH2ð Þintegral area=2� 100%
Fig. 1. (A) Linear regression of the phase transition point against the blockiness of the
against the blockiness of the prepared microsphere formulations [119].
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%Glycolic unit ¼ CH2ð Þintegral area=2
CH3ð Þintegral area=3þ CH2ð Þintegral area=2

� 100%
4.3. Polymer blockiness

PLGA blockiness indicates the occurrence or incidence of the
glycolic-glycolic linkages (G-G) over the glycolic-lactic linkages
(G-L) in the PLGA sequence [43]. This property can be affected by
different synthetic methods and may vary among different batches
as well as among different manufacturers. As reported by
researches, polymers with different blockiness can show different
solubilities in organic solvents [108]. This can lead to alterations
in formulation attributes. Moreover, higher blockiness normally
facilitates water uptake and hydrolytic degradation, which can
increase the drug release rate [114].

Normally, PLGA blockiness is determined using 13C NMR. By
comparing the peak area of the G-G linkage (166.3 ppm) to the
peak area of the G-L linkage (166.4 ppm), the blockiness can be cal-
culated [119].

Rc ¼ G� G integral
G� L integral

Wan et al., has reported a strong linear correlation between
polymer blockiness and microspheres release performance and
degradation rates (see Figs. 1 and 2) [119]. This phenomenon indi-
cates the importance of blockiness as a critical material attribute
for PLGA polymer based formulations.

4.4. Residual solvent content

Various solvents are involved in polymer synthesis/purification
as well as in the formulation development processes. It is always a
concern whether the stability and quality of a drug product may be
affected by residual solvent, and whether the daily exposure of sol-
vent residues in vivo is important.

Different techniques can be applied to determine the presence
and amount of residual solvent, such as loss on drying (LOD),
thermo-gravimetric analysis (TGA), Karl Fischer titration and Four-
ier transform infrared (FTIR) spectroscopy. However, there may be
more than one kind of residual solvent in samples. To identify the
structure and amount of individual residual solvent with high
specificity, gas chromatography–mass spectrometry (GC–MS) is
the most widely use analytical tool.

4.5. Crystallinity

Polymer mechanical strength, water uptake, and hydrolysis rate
are closely related to the crystallinity of PLGA. PLGA can vary from
fully crystalline to fully amorphous based on the L/G ratio and
types of monomer (L-lactide or D-lactide). The glass transition
prepared microsphere formulations. (B) Linear regression of the release duration



Fig. 2. Linear regression of the degradation rates against the blockiness of the
prepared microsphere formulations [119].
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temperature of PLGA can vary from 40 to 60 �C which is above the
human body temperature. The crystallinity of PLGA can be investi-
gated using X-ray crystallography.
4.6. Drug content

Drug loading is the percentage amount of drug in the final pro-
duct (w/w). To evaluate drug loading, samples are dissolved in
organic solvent, such as alcohol or dimethyl sulfoxide (depending
on the solubility of the drug and excipients), to release the drug
entrapped within the formulation. Then, the drug content is ana-
lyzed by high-performance liquid chromatography (HPLC) or other
analytical instruments according to the pharmacopeia monograph.
4.7. Particle size and surface morphology

Particle size and surface morphology are critical factors influ-
encing microsphere performance, resulting from porosity, surface
area and the diffusional path length. Different techniques including
light microscopy, scanning electron microscopy, laser light scatter-
ing, multi-size coulter counter, morphologically-directed raman
spectroscopy, and X-ray micro-computed tomography can be used
to analyze particle morphology and size [51].

Light microscopy is a conventional method for the observation
of particles. The sample preparation process is relatively simple.
This method can be used to observe not only the particle size
and shape, but also the phase separation phenomena during for-
mulation preparation [95]. However, the resolution of light micro-
scopy is low and evaluating the detailed surface properties of small
size particles is not feasible via light microscopy. By contrast, scan-
ning electron microscopy provides higher resolution (one nanome-
ter) and 3-D images of the surface topography of samples are
possible due to the application of a focused electron beam. How-
ever, complex sample preparation, such as drying and coating (gold
or platinum), are required. Apart from direct visualization of sur-
face morphology, microscopy techniques can provide particle size
distribution data via application of data analysis software such as
ImageJ.

Laser diffraction and light obstruction are other popular meth-
ods for particle size measurement. Comprehensive data (popula-
tion/area/volume weight mean particle size, D10, D50, D90 and
span value) can be obtained and the sample preparation process
is simple. However, precipitation and agglomerates may occur
and this can affect the results and decrease the accuracy of this
method.
8

4.8. Internal microstructure

Microspheres can exhibit different internal microstructure
owing to changes in components (surfactant, polymer molecular
weight) and processing parameters (solvent system, solidification
kinetics). It is reported that the porosity and pore size greatly
impact formulation performance. Hence, a thorough evaluation of
the internal porous structure is essential.

Mercury intrusion porosimetry is a widely used technique to
measure the porosity and pore size of porous samples [1,75]. This
method can analyze different samples over a wide range (meso-
and macro-pore range) based on compressibility [85]. It should
be noted that this method relies on the capillary effect. Therefore,
if the samples have an ink well structure (internal cavities with no
surface pores) the accuracy of this method can be compromised.

To better understand the complex structure of microparticles,
application of 3D image technology (X-ray computed tomography
(CT) and focused ion beam scanning electron microscopy (FIB-
SEM)) has recently attracted attention [23,68]. X-ray CT is a non-
invasive technique to evaluate the internal structure of samples.
Test samples can be scanned to generate image slides correspond-
ing to individual cross-sections. By stacking all image slides, the 3-
D structure of the samples can be acquired. For example, Gajjar
et al., determined powder microstructure and the spatial correla-
tion between particles, precisely size, shape, and density using X-
ray micro-computed tomography [39]. FIB-SEM utilizes focused
ion beam to mill the test samples, the milled cross sections can
then be imaged using SEM. Artificial intelligence-based image pro-
cessing allows different phases (drug phase, polymer matrix, and
internal cavity) to be clearly identified [130]. For example, Clark
et al., determined different microstructure between nine samples
by FIB-SEM (Fig. 3) [23]. Sample D1153 had a uniformly distributed
pore network throughout the cross section of the microspheres,
whereas sample D1406 showed fewer pores which appeared to
be mostly clustered near the center of the microspheres [23]. How-
ever, the formation of damaged amorphous layers, and voids at the
sample surface may occur [58,94]. In order to achieve a complete
picture of the sample microstructure, a combination of different
techniques is recommended for internal microstructure analysis.

4.9. Drug distribution

Different drugs can exhibit different distributions in the poly-
mer matrix due to variations in their physicochemical properties.
It is reported that highly hydrophilic drugs such as proteins and
peptides tend to distribute towards the exterior of microspheres
due to their higher affinity for aqueous continuous phase [126].
Moreover, different processing methods (freeze-drying and air-
drying) can change the drug distribution due to different extents
of convection induced migration [47,121].

Many techniques have been reported to understand how drugs
are distributed in microspheres. For example, SEM conjugated with
X-ray spectroscopy can provide elemental information, indicating
the drug distribution within the microspheres (Figs. 4, 5) [130].
Moreover, confocal Raman spectroscopy, stimulated Raman scat-
tering (SRS) and laser scanning confocal imaging techniques have
been used to examine peptide distribution in the polymer phase
(Fig. 6) [109].

4.10. Drug polymer compatibility

Compatibility between the polymer and encapsulated drugs can
influence the drug content, release mechanism and the therapeutic
effect [69,82,83,108,109]. Theoretically, the Flory–Huggins interac-
tion parameter v is normally used to estimate drug polymer com-
patibility, as shown below.



Fig. 3. 2D FIB-SEM cross sectional images of: (a) D830, (b) D1153, (c) D1228, (d) D1270, (e) D1271, (f) D1370, (g) D1397, (h) D1406, and (i) D1407. All scale bars are 3 lm [23].

Fig. 4. Confirmation of material phases with EDS map. (a) Cross-section of a bottom half of a microsphere sample. (b) Chlorine distribution map on the same area as (a). (d)
Oxygen map. (c) Silicon map. (e) Carbon map. (f) Spot and area EDS corresponding to the annotations in (a) [130].
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v ¼ da � dbð Þ2 V
RT

In this formula,d(Hildebrand solubility parameter) represents
the total solubility parameter of each component of the system.
Contrary to the one-dimensional Hildebrand solubility parameter,
the Hansen solubility parameter comprises the contributions from
van der Waals forces, dipole–dipole interactions, and hydrogen
bonding, and can be calculated by the group contribution method
and/or Yamamoto Molecule Break method. Lübtow et al., empiri-
cally determined the compatibility of 18 different amphiphilic
9

polymers for five different hydrophobic drugs, and compared these
to the theoretical values [69]. The results showed that Hansen sol-
ubility parameter gave a better estimation compared to the Flory–
Huggins interaction parameter. This may facilitate formulation
development for future products [69]. In addition, different tech-
niques have been used to study drug polymer interactions. NMR
spectroscopy has been used to understand ionic interactions
between acid end groups of PLGA and basic amino acid residues
of peptides. For example, Okada reported a chemical shift in the
arginyl and histidyl protons of leuprolide to a lower magnetic field



Fig. 5. (a) Average size distributions for all nine microspheres of the API (red) and porosity (blue) as determined from the 2D FIB-SEM images. Shaded regions indicate one
standard deviation from the average. (b) D50 for the API distributions vs. the porous D50 for the nine samples (blue circles and a green square for the commercial product)
and the average of the nine samples (red diamond), with the individual microsphere samples indicated. (c) API volume fraction vs. pore volume fraction for the nine
microsphere samples [23].

Fig. 6. Direct visualization of peptide penetration into PLGA films by SRS imaging. (A) Raman spectra from pure PLGA film (red) and leuprolide (green). (B) SRS image of PLGA
distribution (red) in the film at 1764 cm�1. (C) SRS image of leuprolide distribution (green) at the same location and depth in the film at 1545 cm�1. (D) Overlay image of (B)
and (C). (E) Average intensity of PLGA and leuprolide in the area indicated by the white box in D as a function of depth along the film [109].
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in the NMR spectra of the prepared emulsion, confirming the ionic
interaction between cationic peptides and PLGAs [84]. Moreover,
FTIR spectroscopy has been used to detect drug polymer interac-
tions with the help of reference standard spectra [6].

4.11. Water uptake

Microspheres may undergo swelling due to water uptake. This
is a critical process which can affect drug diffusion and the initial
of hydrolytic degradation of PLGA. The percent water uptake is
investigated by measuring the weight value changes of hydrated
and dried microsphere samples, as shown in the formula below:

%water uptake ¼ weight of hydratedmicrospheres�weight of drymicrospheres
weight of drymicrospheres
4.12. Microclimate

Microclimate is normally referred to as pH value within the
PLGA matrix. Due to the properties of the encapsulated drug and
the PLGA, as well as different degradation mechanisms (bulk/sur-
face erosion), the microclimate in formulations can vary from
acidic to neutral. This uncontrolled internal pH can be problematic
for drug stability and product performance, particularly for pro-
teins and peptides. Different techniques can be applied to deter-
mine the average pH value within PLGA matrices including 31P
NMR, electron paramagnetic resonance, and potentiometry
[16,17,107]. Moreover, more detailed pH mapping of PLGA micro-
spheres can be visualized via fluorescent pH-sensitive probes
(SNARF-1 dextran and Lysosensor yellow/blue dextran) and confo-
cal microscopy [64,65,66]. As reported by Liu, et al., accurate pixel-
by-pixel microclimate distribution maps in both the neutral (pH
5.8–8.0) and acidic ranges (pH 2.8–5.8) can be created with/with-
out protein co-encapsulation [66].

5. In vitro and in vivo drug release

In vivo biopharmaceutical studies such as bioavailability and
bioequivalence are critical for drug product development and
ensuring optimal therapeutic efficacy and safety for patients [68].
However, in vivo studies (animal and human) are expensive and
time consuming, specifically for long-acting parenterals such as
microspheres. A robust, discriminatory and clinically relevant
in vitro release method can reduce the burden of in vivo studies
and bridge the formulation development challenges between
in vitro and in vivo product performance [68]. However, method
development remains challenging with limited regulatory guid-
ance provided (Table 1).

Currently, many in vitro release methods have been developed
for different microsphere formulations. In order to make the meth-
ods bio-relevant, different factors such as local pH, body tempera-
ture, metabolism, and buffer capacity should be taken into
consideration [5].

5.1. Current in vitro release testing methods

5.1.1. Non-compendial sample-and-separation methods
Owing to simple device set-up, flexibility and practicability,

non-compendial sample-and-separation methods are popular for
the in vitro release testing for different microsphere formulations.
In general, the formulations are dispersed in the release media
and agitated by a motor driven paddle with a constant stirring rate.
Sampling time points are determined and the withdrawn release
samples are centrifuged or filtered for separation of the particles
and supernatant. The separated microspheres are dispersed in
11
fresh release media and transferred back to the apparatus, and
the drug amount in the supernatant is quantified by chromatogra-
phy assays.

Different parameters including vessel size (500 lL–500 mL),
agitation (magnetic stirring, water shaker bath and rotation), and
separation method (filtration or centrifugation) can be optimized
to match specific needs based on the properties of the testing for-
mulations (sample amount, drug loading, density, drug solubility,
etc.) [6,54,105]. However, this method has some inevitable limita-
tions such as sample loss and particle aggregation. Moreover, due
to the non-standardized devices/equipment (with different dimen-
sions and materials), the reproducibility of the results may be com-
promised, and can limit inter-laboratory comparisons and
regulatory approval.

5.1.2. USP apparatus II with paddle method
USP apparatus II is a most commonly used standardized method

with good robustness. It is widely used for solid oral dosage forms
such as tablets and capsules and has also been applied to par-
enteral dosage forms such as microspheres. It is noted that USP II
has the same disadvantage of sample loss, as non-compendial
sample-and-separation methods. In addition, a large volume of
release medium is required for this method. This method may
not be practical if the sample is in limited amount. Moreover, it
is reported that peak vessels are recommended in order to prevent
cone formation due to the hydrodynamic issues of conventional
USP vessels/paddles (static water under paddle) [12]. Additionally,
microspheres may aggregate and in some cases float on top of the
media causing variability in the collected data
[102,103,106,132,133].

5.1.3. Dialysis methods
Dialysis methods are widely used for the in vitro release testing

of different kinds of parenteral formulations. Using dialysis mem-
branes, formulations (kept in dialysis sacs or tubes) can be sepa-
rated from the outer bulk medium. Samples can then be
collected from the outer medium for analysis at the chosen sam-
pling time points. This reduces sample loss that normally occurs
in the sample-and-separation methods. However, regular dialysis
methods have some limitations including particle aggregation
(due to lack of agitation) and obstruction of the porous dialysis
membrane. In addition, sink conditions are often violated within
the dialysis sacs causing irreproducible and often incomplete drug
release. These problems can change the release performance of
microsphere formulations and lead to unsatisfactory correlation
between in vitro and in vivo profiles. Reverse dialysis can be applied
to overcome these limitations, in particular violation of sink condi-
tions is not a problem. In reverse dialysis, formulations are dis-
persed in the bulk media. Release samples are then collected
from the dialysis sacs [18]. This method has much improved agita-
tion, preventing particle aggregation and facilitating drug diffusion
[54].

5.1.4. USP apparatus IV method
USP IV is a method based on the continuous flow-through prin-

ciple, which is designed to simulate the in vivo conditions
[13,50,91]. This method was originally developed for sustained
release oral dosage forms such as tablets, capsules, and is suitable
for special dosage forms such as granules, powders, suppositories
and implants with different cell/device designs. Moreover, the
application has been extended to parenteral formulations such as
microspheres [72,73,132,135]. Different reports have noted that
the USP IV is a preferred method for in vitro release testing of
microspheres [72].

This method has various advantages including: (1) prevents
sample loss and particle aggregation; (2) prevents media evapora-
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tion; (3) provides better hydrodynamic (laminar flow, no dead vol-
ume); and (4) increases flexibility of media type, volume and flow
rate. However, back-pressure, leaking and blockage may occur dur-
ing testing due to: (1) generation of nano-scaled degradation prod-
ucts especially for long term (month or longer) testing of
microspheres; (2) aging of rubber rings (V/O-ring) and inappropri-
ate filter membrane. These issues can be prevented by routine
checking and solvent change [5]. Moreover, drug adsorption may
occur for macromolecules such as proteins due to the high surface
area of the glass beads and the tubes used in the USP IV system.
This can be overcome by selecting appropriate device materials
and by the addition of surface active agents such as sodium dode-
cyl sulfate [54].

5.2. In vivo pharmacokinetic study

In vivo release/absorption studies can provide direct and com-
prehensive pharmacokinetic information. Different animal models
(rat, rabbit, and dog) have been reported for use in in vivo drug
release studies [7,53,56]. Interspecies differences need to be con-
sidered especially when extrapolation of animal data to human
clinical studies is required.

In general, for systemic drug delivery, microsphere formula-
tions are administered to the animals and blood/urinal samples
are then collected at predetermined time points. Drug or target
drug metabolites are extracted from the collected biological sam-
ples via different extraction methods (such as protein precipita-
tion, liquid–liquid extraction) based on the properties of the
target molecules and biological samples. The structure and concen-
tration of the target molecules can be determined using liquid
chromatography-tandem mass spectroscopy. For local drug deliv-
ery systems (e.g., periodontal cavity or knee joint space), the local
drug concentration is more relevant and critical to determine the
therapeutic effect and the detection of systemic drug concentra-
tions may not be feasible [104]. End-point studies (quantify drug
amount in certain tissues) with different animal models have been
used. However, it is not ethically desirable and high variations
between different subjects are inevitable [54]. Microdialysis is an
alternative method to understanding drug concentration at the
local site with minimal invasion [54].

Different factors including delivery system independent (such
as interstitial fluid component and viscosity, temperature, foreign
body reaction and motion at site) and delivery system dependent
(such as properties of the drug and polymer, enzymatic degrada-
tion and protein adsorption) may change the drug release/absorp-
tion behavior and result in discrepancies between in vitro and
in vivo performance [18]. It has been reported that triamcinolone
acetonide microspheres displayed an osmotically induced/pore dif-
fusion mechanism which was not observed in vitro [29]. Research-
ers found that the rate of hydrolysis, mass loss, and water uptake
all increased in in vivo compared to in vitro. Similar phenomenon
have been reported for donepezil-loaded microspheres, which
undergo an increased rate of water uptake, and hence faster drug
release/absorption in vivo compared to in vitro [33]. In addition,
other researchers have reported that increased in vivo drug
release/absorption can be attributed to changes in local pH
[52,133]. As reported by Zolnik, due to the limited interstitial tissue
volume, the accumulation of acidic oligomeric polymer degrada-
tion material may lead to the release mechanism changing from
bulk erosion to surface erosion with an increase in the release/ab-
sorption rate in vivo. More investigations are necessary to identify
all the features leading to release mechanism changes between
in vitro and in vivo conditions.

Moreover, tissue response (acute inflammatory response,
chronic inflammatory response, granulation tissue development,
and the foreign body reaction) have been reported after adminis-
12
tration of microspheres. The intensity and duration of these pro-
cesses are related to the size, physicochemical properties (L/G
ratio) and the morphological properties (shape, pore) of the micro-
spheres, as well as to the injection site and volume, and the syringe
needle gauge used [3,116,117]. The formation of fibrosis can isolate
microspheres from the surrounding environment. Hence, the drug
absorption process can be hindered, and consequently the drug
release/absorption rate is decreased in vivo. This tissue response
may be one of the reasons for slower drug release/absorption in
human studies [90]. In addition, the properties of the loaded drug
should be taken into consideration, especially if the drug has cyto-
toxic, inflammatory or anti-inflammatory effects [4,45,125].
6. In vitro-in vivo correlation

Considering the high cost and long duration of in vivo pharma-
cokinetic studies, using in vitro dissolution/release testing to accu-
rately and precisely predict the in vivo behavior of a drug product is
a long-held goal of the scientific community [35,71]. The U.S. FDA
has defined IVIVC as a predictive mathematical model describing
the relationship between in vitro properties (such as drug release
rate or extent) and relevant in vivo responses (such as the drug
plasma concentration or the amount of drug absorbed) [35].

The establishment of an IVIVC has various benefits: (1) serve as
surrogate for bioequivalence studies; (2) set dissolution specifica-
tions; and (3) support formulation development and provide a
mechanistic understanding drug release. Various U.S. FDA guideli-
nes have been provided for IVIVC on oral dosage forms [34,36].
Currently, there is no regulatory guidance for parenteral dosage
forms such as PLGA microspheres. The principle of model develop-
ment and validation has been extrapolated from oral dosage forms
to non-oral dosage forms (parenteral, transdermal and ocular)
based on the currently available guidance [41,104,127].
6.1. Different levels of IVIVC

There are four levels of IVIVC (A, B, C, D). Level A is a point-to-
point model that describes the relationship between the entire
in vitro release profile and the entire in vivo absorption profile.
Therefore, a level A IVIVC is the most informative model and can
be used as a surrogate for bioequivalence studies for the initial
approval processes as well as for pre-/post-approval changes (such
as formulation, equipment, process, and manufacturing site
changes) [35]. Consequently, human studies can be minimized,
and the regulatory burden can be reduced without sacrificing pro-
duct quality. Level B is a statistical moment analysis instead of a
point-to-point correlation. It compares the mean in vitro dissolu-
tion time with the mean in vivo residence time. It is not intended
for regulatory approval considerations due to the lack of sufficient
predictability. Level C can be subdivided into single point andmulti
point IVIVC. For single point, it attempts to set up a correlation
between an in vitro dissolution parameter such as a particular time
for a certain amount of drug to be released (such as T50%) or a per-
cent amount of drug dissolved in a certain time to an in vivo phar-
macokinetic parameter such as the AUC or Cmax. Although it
cannot provide a whole picture of an in vivo plasma curve due to
its single point analysis nature, a single point level C correlation
can be used in early-stage formulation development. For a multi-
level C IVIVC, multiple time points on an in vitro release profile
are used to correlate with pharmacokinetic parameters. Level D
is a qualitative rather than a quantitative correlation, which pro-
vides a rank order comparison between in vitro and in vivo profiles.
It is not adopted in the regulatory guidance.
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6.2. Development and validation of IVIVC

To develop an IVIVC, firstly, at least two preferably three or
more formulations with different release rates should be selected
to acquire in vitro release profiles using the same testing method.
One formulation is acceptable if the release characteristics are
independent of the in vitro release test conditions (such as pH,
release media and flow rate, etc.). Secondly, drug plasma concen-
tration–time profiles of the selected formulation should be
acquired via pharmacokinetic studies using appropriate animal
models or human clinical studies. Thirdly, convolution and/or
deconvolution studies are required. Different methods are avail-
able including model-dependent such as the Wagner-Nelson
method (for one compartment model), and the Loo-Riegelman
method (for two compartment model), as well as model-
independent numerical methods and, mechanistic methods
(physiologically-based pharmacokinetic/biopharmaceutic model-
ing) as shown below:

Wagner� Nelson : F ¼ Xt

X1
¼ Ct þ ke

R t
0 C dt

ke
R1
0 C dt

Loo� Riegelman : F ¼ Xt

X1
¼ Ct þ k10

R t
0 C dt þ Xp;t

Vc

k10
R1
0 C dt

Numerical : CðtÞ ¼
Z t

0
C t � uð ÞrabðuÞdu

The F represents the fraction absorbed in vivo, ke and k10 repre-
sent the elimination constant in the one and two compartment
models, respectively. Xp represents the amount of drug in the
peripheral compartment. Vc represents the apparent volume of
the central compartment. rab represents absorption rate time
course. C represents the plasma-drug concentration time profile
resulting from instantaneous absorption of a unit amount of drug.
C(t) is the plasma-drug concentration time profile of the
formulations.

Correlations can be established via either a linear (preferably) or
non-linear model (such as Sigmoid, Hixon–Crowell, Weibull, and
Logistic) using the in vivo absorption profiles and the correspond-
ing in vitro release profiles [30]. Due to the differences between
the in vitro and in vivo conditions as well as interspecies differ-
ences, scaling and shifting factors can be introduced to compensate
for the differences between the release/absorption profiles in vitro
and in vivo, as shown in the equation below:

Xv ivo tð Þ ¼ a1 þ a2Xv itroðb1 þ b2tÞ
In this formula, a1 and b1 represent the shifting factors for

absorption and time, respectively. a2 and b2 represent the scaling
factors for absorption and time, respectively.

It is noted that these factors should be kept the same for all for-
mulations involved in model development. If the same shifting or
scaling factors cannot be applied to all formulations, this indicates
an absence of a reliable IVIVC [112].

The predictability of the developed IVIVC models is validated
using the percent prediction error (%PE) of the critical pharmacoki-
netic parameters (AUC and Cmax) internally and externally. Accord-
ing to the IVIVC guidance from U.S. FDA, in order to demonstrate
that the developed models are conclusive, the %PE of both the
AUC and the Cmax should be less than 15% for each formulation
and the average %PE of both the AUC and the Cmax for all internal
formulations should be less than 10%. If these criteria cannot be
achieved or the drug has a narrow therapeutic index, external val-
idation is required, and the %PE of both the AUC and Cmax of the
external formulation should be less than 10%.
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6.3. Challenges for IVIVC development for parenteral PLGA
microspheres

Effects have been made to develop IVIVC models for PLGA
microspheres using different methods [15,20,27,133]. However,
most of these studies are‘‘proof-of-concept” based. These studies
discuss the probability of developing point to point correlations
or Level B correlations based on one formulation [97,113].
Although some recent research has reported Level A IVIVCs using
multiple qualitative and quantitative equivalent PLGA microsphere
formulations, the development of universal and reliable IVIVC
models for these dosage forms remains challenging [6,8,20,26].

As discussed in the previous section, appropriate in vitro release
testing methods are critical for IVIVC development. However, cur-
rently there is no compendial in vitro release method for PLGA
microspheres. Moreover, PLGA microspheres normally exhibit
multi-phasic release characteristics such as burst release and a
lag phase, followed by a fast release phase. Accurately and pre-
cisely describing these detailed release characteristics in a discrim-
inative, robust and bio-relevant in vitro release test method is a
prerequisite for IVIVC development. Although sample-and-
separation as well as dialysis methods have been reported for
IVIVCmodel development, USP apparatus IV is the most highly rec-
ommended method for microsphere IVIVC development [105].
According to published results, developed IVIVC models showed
improved model predictability, particularly the initial burst phase
using in vitro release profiles acquired from USP IV compared to the
sample-and-separation methods [105]. In addition, many litera-
ture reports describe changed mechanisms and release/absorption
profiles between in vitro and in vivo conditions. For example, dex-
amethasone microspheres show triphasic in vitro release profiles,
and yet biphasic in vivo profiles with shortened overall duration
[134]. Accordingly, IVIVCs have been developed using normalized,
post-burst release phase in vitro release data [5]. Moreover,
another research report describes differences in burst release of
peptide loaded microspheres between in vitro and in vivo condi-
tions. IVIVCs were developed using formulations with similar
release characteristics to improve predictability [7]. Accordingly,
more investigations should be conducted to elucidate the factors
resulting in the mechanism change between in vitro and in vivo
conditions. Different methods incorporating physiological proper-
ties and formulation characteristics may be developed for
improved correlation and better data explanation.

With the motivation for better prediction of in vivo perfor-
mance, mechanistic PBPK models have been investigated to iden-
tify critical quality attributes and to understand the impact on
in vitro and in vivo performance of different long-acting products.
For example, Rajoli et al., developed PBPK models (using SimBiol-
ogy�) for eight anti-retroviral products using clinical PK data. The
whole-body PBPK model was established to predict the PK profiles
and to identify the optimal dose for the anti-retroviral products
[89]. Another example was reported by Lukacova et al. The Gas-
troPlus PBPK model was used to predict the performance of
PLGA-based products [101]. Different formulation factors are con-
sidered including autocatalysis of polymer, monomer ratio, and
pH-dependent solubility of the drug. In addition, physiological fac-
tors are considered. For example, a model describing drug diffusion
through an immune cell layer with a time-varying thickness and
nonspecific tissue binding was developed and incorporated in the
GastroPlus PBPK model [101]. Most recently, Gao et al., reported
a novel bio-relevant medium mimicking the physiological ion
and protein background [40]. They quantitatively investigated
the contributions of in vitro drug release, drug degradation, diffu-
sion process, and lymphatic transport to the drug absorption via
a mechanistic modeling approach (using Stella� Architect), which



B. Wan, Q. Bao and D. Burgess Advanced Drug Delivery Reviews 198 (2023) 114857
facilitated the establishment of IVIVCs (using Phoenix�) for PLGA
microsphere formulations [40].

In addition, considering the long duration (several weeks to sev-
eral months) and the high cost of these long-acting parenterals, a
complete crossover study design may not be practical [128]. Con-
sidering the high cost of clinical trials, different animal models
have also been used to investigate the feasibility of IVIVC model
development. However, it is essential to consider any interspecies
differences, particularly when extrapolating animal data to future
human clinical trials. It is noted that there is still a long way ahead
to achieve clinical IVIVCs for microsphere products. Non-clinical
IVIVC research may pave the way for understanding model
establishment.
7. Conclusions

In conclusion, although significant advances have been reported
in microsphere development, there is still a lack of in-depth under-
standing and clear guidance for quality control (excipients and for-
mulations), as well as for product performance. Advanced
understanding of both the release controlling excipients and com-
plex formulations can be achieved with current cutting-edge tech-
nologies, including: 1) multi angle static light scattering for
molecular weight analysis; 2) liquid/solid state nuclear magnetic
resonance for blockiness analysis; 3) gas chromatography–mass
spectrometry for residual solvent quantification; 4) X-ray com-
puted tomography and focused ion beam scanning electron micro-
scopy for microstructure analysis, etc. These methods are essential
for regulatory consideration and future product development for
both innovator and generic companies.

Moreover, different release methods were introduced and com-
pared, suggesting USP apparatus IV is the most preferred method
of in vitro release testing of parenteral microsphere products. It
can be used as a reliable quality control tool and most importantly,
as a bio-relevant method to predict the in vivo performance of
these complex long-acting products. Understanding of IVIVC for
long-acting parenterals remains at an early stage. Although, some
IVIVCs for long-acting parenterals such as microspheres have been
developed with different conventional methods, extensive effort is
still required to fill knowledge gaps to achieve accurate and reli-
able prediction for various products. What is critical for clinically
applicable IVIVC models for these products is not only bio-
relevant, standardized in vitro testing methods, but also an in-
depth understanding of the physiological environment.
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