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A B S T R A C T

Injectable, long-acting depot formulations based on poly(lactide-co-glycolide) (PLGA) have been used clinically
since 1989. Despite 30 years of development, however, there are only 19 different drugs in PLGA formulations
approved by the U.S. Food and Drug Administration (FDA). The difficulty in developing depot formulations
stems in large part from the lack of a clear molecular understanding of PLGA polymers and a mechanistic
understanding of PLGA microparticles formation. The difficulty is readily apparent by the absence of approved
PLGA-based generic products, limiting access to affordable medicines to all patients.

PLGA has been traditionally characterized by its molecular weight, lactide:glycolide (L:G) ratio, and end
group. Characterization of non-linear PLGA, such as star-shaped glucose-PLGA, has been difficult due to the
shortcomings in analytical methods typically used for PLGA. In addition, separation of a mixture of different
PLGAs has not been previously identified, especially when only their L:G ratios are different while the molecular
weights are the same. New analytical methods were developed to determine the branch number of star-shaped
PLGAs, and to separate PLGAs based on L:G ratios regardless of the molecular weight. A deeper understanding of
complex PLGA formulations can be achieved with these new characterization methods. Such methods are im-
portant for further development of not only PLGA depot formulations with controllable drug release kinetics, but
also generic formulations of current brand-name products.

1. Introduction

1.1. PLGA-based injectable long-acting formulations

In 1952, Smith Kline & French introduced the first 12-h oral delivery
system, known as the Spansule® formulation, marking the beginning of
controlled drug delivery technology [1]. Patients used to take oral
medications 3 or 4 times a day, and the new twice-a-day formulation
was a game changer in patient's convenience and compliance. Since
then, numerous controlled drug delivery systems have been developed
[2–4]. Despite> 60 years of advances in the controlled drug delivery
field, developing injectable long-acting drug delivery systems has been
slow. Since the first approval of Lupron Depot based on biodegradable
poly(lactide-co-glycolide) (PLGA), also known as poly(lactic-co-glycolic
acid), in January 1989 by the U.S. Food and Drug Administration (FDA)

[5], only 19 drugs have been formulated into injectable, long-acting
depot formulations. This number is negligible compared with the
thousands of oral sustained release formulations, including both brand-
name and generic products, approved by the FDA. This indicates great
difficulties in the development of injectable long-acting formulations
for clinical use. The duration of drug release typically ranges from
1week to 6months. It has been difficult to control the drug loading and
drug release kinetics from PLGA formulations for all drug types. Most
formulations have a huge initial burst release which often consumes a
quarter of the total drug in the first day.

1.2. NDA (brand-name) vs. ANDA (generic) formulations

Injectable, long-acting formulations present another conundrum in
developing abbreviated new drug application (ANDA, or generic)
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versions of new drug application (NDA, or brand-name) formulations.
The FDA recognizes that too many patients are being priced out of the
medicines they need [6], and it initiated the Drug Competition Action
Plan in June 2017 to promote competition, reduce prices, and enable
more patients to have access to affordable medicines [6]. The FDA has
been trying to improve generic drug submissions and reduce review
times to approve more generic applications on their first cycle of re-
view.> 1000 generic drug applications were approved by the FDA in
2017 alone [7]. The FDA is also acting to deter extending a drug's
monopoly beyond what Congress intended through ‘gaming’ of the
generic drug approval process [7]. Some branded firms make it un-
necessarily difficult for generic manufacturers to get access to physical
doses (2000–5000 doses) of a branded drug necessary to prove their
generic medicine is the same as the branded drug, and exploit the ci-
tizen petition process to add resource burdens on the generic drug re-
view process and the FDA's regulatory decision making [7]. Generic
drugs have saved about $500 for every American each year for the last
10 years [8]. The FDA's goal is to broaden access to safe and effective
generic drugs while maintaining FDA's gold standard for rigorous, sci-
ence-based regulation. Under the Generic Drug User Fee Amendments
(GDUFA) [8], the regulatory science program was established. One of
the aims is to develop a rigorous scientific program that can facilitate
approvals of generic long-acting injectable formulations. This includes
thorough characterization of PLGA which is a main excipient for long-
term drug release. The systematic characterization of PLGA is critical in
understanding and controlling drug release kinetics from PLGA-based
formulations.

2. PLGA formulations in clinical use

PLGA formulations have been used to deliver small molecules,
peptides, and proteins for periods ranging from 1week to 6months
[9,10]. Table 1 describes PLGA-based injectable long-acting depot for-
mulations in the order of the FDA approval date. On average, a new
drug depot formulation is introduced every year and a half. Long-acting
PLGA formulations have been approved as microparticles, a solid im-
plant, or an in situ gel-forming implant. Of these, microparticle for-
mulations have been used most widely due to the ease of administration
relative to others. For example, administration of solid implants uses a
large diameter needle, e.g., 14-gauge (2.108mm outer diameter) for
Zoladex [11], and in situ gel formulations require thorough mixing of

the contents in two syringes, each containing PLGA dissolved in solvent
or the drug powder, by pushing the contents back and forth for 45 s,
e.g., Eligard [12]. The in situ gel forming implant method, however, has
been used only for small molecule and peptide drugs which do not have
the tertiary structure of proteins. The only protein-delivering PLGA
microparticle formulation in clinical use was Nutropin Depot [13], but
it has not been available since 2004 due to manufacturing difficulties
[14]. Clearly, a need exists for PLGA-based long-acting protein for-
mulations to maximize the benefit of various protein drugs.

2.1. Challenges in developing PLGA microparticle formulations

Availability of only about 20 different drug products in 30 years
indicates that the development of injectable, long-acting depot for-
mulations is challenging. The advantages of long-acting formulations
include improved patient compliance and convenience, and a lower
dose of drug relative to the daily oral regimen. Then, a question here is
what makes it so difficult to develop long-acting PLGA formulations?
First, unlike oral dosage forms, the bioavailability of injectable long-
acting formulations is extremely challenging to predict based on the
drug properties, making it difficult to predict in vivo drug efficacy from
in vitro release studies. In addition, minor changes in the in vitro re-
lease conditions can have a dramatic effect on the resultant release
profile [15]. More importantly, many long-acting PLGA formulations
have a significant initial burst release. Only a few formulations, in-
cluding Risperdal Consta and Bydureon, show delayed drug release
[16,17]. Neither huge initial burst release nor delayed release is typi-
cally desirable.

For most long-acting depot formulations, the drug concentration in
the first day of administration is frequently 100 times higher than that
at the steady state drug concentration in the blood. Fig. 1 shows two
examples of such huge initial burst release [18]. The NDA on Trelstar
LA (triptorelin pamoate lyophilized, 11.25mg) describes that the
11.25mg formulation releases the drug at a rate of 3.75mg/month over
3-month [19], and the FDA approval package on the 22.5mg 6-month
formulation indicates triptorelin is released at the rate of 3.75mg/
month over 6months [20]. Fig. 1-A shows the pharmacokinetic profile
of 15 patients administered with the 6-month formulation [20]. The
huge initial burst release results in the maximum serum concentration
of ~40 ng/mL only 3 h after administration, and it is followed by a
relatively steady serum concentration of< 1 ng/mL. This

Table 1
Examples of PLGA-based injectable depot formulations approved by the U.S. FDA.

Product name APIa Type Duration Dose Approved

Lupron Depot® Leuprolide acetate Microparticle 1,3,4,6 months 7.5mg/month 1989, 1996, 1997, 2011
Zoladex® Depot Goserelin acetate Solid implant 1,3months 3.6mg/month 1989
Sandostatin® LAR Octreotide acetate Microparticle 1 month 10–30mg/month 1998
Atridox® Doxycycline hyclate In situ gela 1 week 42.5mg/week 1998
Nutropin Depot® Somatotropin Microparticle 1 month 13.5mg/month 1999
Trelstar® Triptorelin pamoate Microparticle 1,3,6months 3.75mg/month 2000, 2001, 2010
Somatuline® Depot Lanreotide Microparticle 1 month 60mg/month 2000
Arestin® Minocycline HCl Microparticle 2 weeks 0.5mg/week 2001
Eligard® Leuprolide In situ gelb 1,3,4,6 months 7.5mg/month 2002
Risperidal® Consta® Risperidone Microparticle 2 weeks 12.5mg/week 2003
Vivitrol® Naltrexone Microparticle 1 month 380mg/month 2006
Ozurdex® Dexamethasone Solid implant 3months 0.23mg/month 2009
Propel® Mometasone furoate Solid implant 1month 0.37mg/month 2011
Bydureon® Exenatide Microparticles 1 week 2.0mg/week 2012
Lupaneta Pack™ Leuprolide acetate Microparticles 3 months 3.75mg/month 2012
Signifor® LAR Pasireotide Microparticles 1 month 20–60mg/month 2014
Zilretta® Triamcinolone acetoamide Microparticles 3 month 32mg/3months 2017
Sublocade™ Buprenorphine In situ gela 1 month 100, 300mg/month 2017
Perseris™ Risperidone In situ gela 1 month 90, 120mg/month 2018

a Active Pharmaceutical Ingredient.
b In situ gel is also known as in situ forming implant.
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pharmacokinetic profile in Fig. 1-A indicates that the initial triptorelin
release rate is much higher than 3.75mg/month as described in the
Trelstar NDA.

Another example of a huge initial burst release from a PLGA-based
product is of somatotropin shown in Fig. 1-B for Nutropin Depot. It has
been the only PLGA formulation delivering a protein drug (recombinant
human growth hormone somatropin, a protein of 191 amino acid re-
sidues, with the molecular weight of 22,124 Da). Nutropin Depot was
manufactured by the Alkermes' ProLease® process [21–23] and ap-
proved by the FDA in 1999. However, its production was discontinued
in 2004 due to manufacturing difficulties [14]. The initial huge burst
releases in Fig. 1, as well as in Fig. 2 below, may not be relevant to
either drug's efficacy [18]. A daily injection of the same drug at a dose
that maintains the serum concentration of 1 ng/mL should be as ef-
fective, but simply not as convenient as the long-acting depot for-
mulations. An issue here is whether the cause of the initial huge burst
release resulting in about 100 times higher serum concentration than
that of the steady state can be understood, and thus, be prevented.
Formulations with such high initial drug release have been approved,

indicating that the overall benefit is still larger than the potential risk.
Controlling the drug release kinetics, including elimination of the initial
burst release of PLGA formulations, will accelerate development of
more clinically useful long-acting PLGA formulations for various drugs.
More importantly, the drug consumed by the initial burst release may
be used for extending the efficacy of the formulation, e.g., > 6months
using the same total dose.

3. Understanding drug release from PLGA depot formulations

3.1. Microparticles, solid implant, and in situ forming gels

As listed in Table 1, there are three different types of PLGA for-
mulations approved by the FDA: microparticles; solid implant; and in situ
forming implant (or in situ gel). In situ forming implants are based on
mixing drug powder with PLGA dissolved in solvent, usually N-methyl-2-
pyrrolidone (NMP), just before injection. After the injection, NMP, a
water-miscible solvent, is diluted with water at the injection site, leading
to gel formation and solidification of the drug/PLGA mixture [24].

Fig. 1. (A) Mean triptorelin concentrations after the first and second triptorelin injections (Trelstar) in a subset of 15 patients. The formulation showed an initial
release of triptorelin after each injection [20]. (B) Single dose mean growth hormone concentrations in pediatric growth hormone deficiency patients after sub-
cutaneous injection of 0.75mg/kg (●, n=12) and 1.5mg/kg (○, n=8) (Nutropin Depot) [13].

Fig. 2. The serum leuprolide concentrations in human patients after injection of Eligard (A) and Lupron (B). Both Eligard [12] and Lupron [25] deliver 45mg
leuprolide for 6-month efficacy.
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Because there is no barrier to drug release before forming a gel, in situ gel
formulations usually result in a huge initial burst release which is even
larger than that observed in microparticle and solid implant formula-
tions. Fig. 2 shows a comparison of leuprolide concentrations of Eligard
(in situ gel formulation) and Lupron (microparticle formulation). Both
formulations deliver 45mg of leuprolide for 6months.

The comparison of pharmacokinetic profiles of Eligard and Lupron
reveals drastic differences in the serum leuprolide concentrations over
the 6-month duration. In particular, the difference in the initial burst
release is striking. The peak serum concentration of leuprolide by Eligard
is 10 times higher than that by Lupron. Since both formulations are
equally effective for 6months, serum concentrations below 0.1 ng/mL
should still be clinically effective. This means that the initial burst release
results in 100 times and 1000 times higher drug concentration from
Lupron and Eligard, respectively. Again, such high concentrations may
still be safe as both formulations are approved by the FDA. Nevertheless,
the question arises as to whether it is necessary to release large amounts.
Although it is recognized that the initial burst release could be important
for the onset of efficacy, the high initial burst release is probably not
necessary in many cases, especially when the drug is potent and very
expensive. Therefore, controlling the initial burst release could be ben-
eficial as it can reduce the total dose without affecting product perfor-
mances. The cause of the initial burst release is still not fully understood
[26], and controlling the initial burst release is still difficult in many
formulations. The ability to control the drug release kinetics, including
the initial burst release, may be key to developing more clinically useful
injectable, long-acting PLGA depot formulations.

As shown in Fig. 2, the magnitude of drug release from microparticle
formulations is substantially lower than that from in situ gel formula-
tions. The initial burst release from microparticle formulations, however,
is still substantial. The same is true for PLGA solid implant formulations.
It is important to understand the factors causing the initial burst release,
enabling prevention and control of the drug release kinetics. Since in situ
gel formulations provide no physical barrier for drug release until the
solvent (e.g., NMP) is removed from the gel, they are not really designed
to prevent initial burst release. The main reason for using such for-
mulations is that the manufacturing process is less complex, relative to
solid implants and microparticles. As long as a formulation's benefits
outweigh the risks, it is typically approved by the FDA. This may be why
the last two formulations approved by the FDA in Table 1 are in situ gel
formulations both containing drugs and polymer demonstrating histori-
cally safe and effective usage. For those drugs that require strict control
of the drug concentrations in the blood and cannot afford 100- or 1000-
times difference, PLGA depot formulations with precise control of the
initial burst release and duration of release are necessary. Thus, the
following section examines the reasons for the initial burst release in
microparticle and solid implant formulations.

3.2. Initial burst release from PLGA microparticles and solid implants

The huge initial burst release typically observed from in situ gel
formulations is understandable, but the burst release from pre-

hardened microparticle and solid implant formulations is difficult to
comprehend. Solid implants manufactured by a hot-melt extrusion
method, such as Zoladex Depot [11] and Ozurdex [27,28], also result in
an initial burst. One might assume that melt-extruded, pressurized
polymeric rods would be immune to the burst, but that is not the case.
Describing and proving a definitive mechanism of the initial burst from
these formulations is challenging, especially when the surface area is
extremely low.

A significant initial burst release from most microparticle depot
formulations is often thought to result from drug on the surface or in
the surface layer. Thus, it is necessary to understand why the initial
burst release is often prevalent in both PLGA microparticle and solid
implant formulations, even though they are manufactured under dif-
ferent processing conditions (emulsion methods vs. hot melt extrusion)
and their final configurations are nearly opposite (a single solid rod vs.
numerous microparticles). Regardless of the manufacturing method, the
initial burst release is commonly observed, and thus, the reason(s) for
the initial burst release may be the same. To further complicate matters,
some PLGA microparticle formulations show delayed release depending
on the manufacturing process, e.g., Risperidal Consta and Bydureon
manufactured by Alkermes.

Another important aspect of the initial burst release is why the drug
release slows down after the initial burst release. As shown in Figs. 1
and 2-B, the initial burst release is followed by a steady state release. It
is easy to assume that the initial burst release is due to the release of the
drug present on the surface, but this does not explain the slower release
of the remaining drug. One likely explanation of the initial burst release
followed by a steady state release is spontaneous external and internal
morphological changes during the initial 24-h of drug release [29–31].
It has been well established that PLGA microparticles undergo con-
tinuous reorganization of the structure through pore opening and
closing at the body temperature [32–36]. In addition to the pore
healing, the interaction between the drug and PLGA polymers can also
affect the drug release kinetics [37]. This can also explain that, in some
instances, the drug release is delayed instead of the initial burst release.

4. Factors affecting PLGA microparticle formations

The mechanisms of PLGA microparticle formation are not fully
understood. In the absence of a mechanistic understanding, develop-
ment of injectable long-acting formulations has been based on a trial-
and-error approach. It is necessary to delineate the factors critical to
making PLGA microparticles by single or double emulsion methods, so
that the microparticle properties can be controlled. Since PLGA depot
formulations are developed for clinical applications, it is useful to ex-
amine the PLGA microparticle properties that are within clinically re-
levant limits.

4.1. PLGA microparticle properties important to clinical applications

The important properties of microparticles for clinical applications
(or microparticle properties) include a microparticle size small enough

Table 2
Properties to control for developing clinically useful PLGA microparticle formulations.

Property Importance

Microparticle size The largest size of microparticle needs to be less than ~100 μm for easy injection using 21–25 gauge needles
Drug loading The higher drug loading allows injection of fewer microparticles. The desired drug loading capacity (i.e., the percentage of drug weight over the total

solid contents) can be up to 40% depending on the drug type
Drug loading efficiency The higher loading efficiency is critical for expensive drugs, such as peptide and protein drugs
Initial burst release Currently, most PLGA formulations result in an initial burst release, where almost a quarter of the total drug is released in the first day without any

enhanced therapeutic benefit
Drug release kinetics The duration of drug release ranges from 1week to 6months, but it has to be accompanied with the above four parameters under control. In addition,

the drug release kinetics need to match the PLGA degradation kinetics
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for injection, high drug loading, high drug loading efficiency, and long
duration of drug release without the huge initial burst release, as listed
in Table 2. Studies in the literature have shown that each parameter can
be controlled by adjusting the processing parameters, type of PLGA, and
type of solvent or solvent combination. However, there has been no
comprehensive study to control all five properties in Table 2. This is in
part due to the absence of a mechanistic understanding of the PLGA
microparticle formation.

One of the important properties to control is the microparticle size.
The PLGA microparticle formulations currently in clinical use have
large sizes, requiring large-diameter gauge needles for injection. For
example, Trelstar and Risperidal Consta in Table 1 use 21-gauge nee-
dles (having an outer diameter (OD) of 0.813mm and an inner diameter
(ID) of 0.495mm). Nutropin Depot, before it was withdrawn from the
market, also used the 21-gauge needle. The size of Risperidal Consta
microparticles ranges from 25 μm to 180 μm [16,38]. Delivery of the
extended-release injectable formulation of naltrexone (marketed as
Vivitrol) uses a 20-gauge needle (with an OD of 0.902mm and an ID of
0.584mm). In comparison, delivery of insulin typically uses a 28-gauge
needle (with an OD of 0.356mm and an ID of 0.165mm). PLGA mi-
croparticles that can be administered using a 28-gauge needle or
thinner needles will undoubtedly make clinical use more patient-
friendly, although making smaller PLGA microparticles may come at
the expense of other properties in Table 2. The control of microparticle
size will be even more important for developing formulations for ocular
applications treating age related macular degeneration. For intravitreal
injection, 29- or 30-gauge needles are preferred to lower the patients'
pain level [39].

4.2. Mechanistic understanding of PLGA microparticle formation processes

The PLGA microparticle formation process can be dissected in sev-
eral steps to obtain a mechanistic understanding of the process, and
thus, to control the PLGA microparticle properties. Fig. 3 shows the
steps critical to creating PLGA microparticles with desired properties,
such as size, drug loading, and drug release kinetics. Solvent extraction
from the embryonic emulsion (also known as seed emulsion) is the first
step towards making PLGA microparticles. As solvent is extracted,
dissolved PLGA molecules undergo coalescence leading to formation of
a shell (also referred to as skin or membrane). As solvent extraction
continues, the embryonic microparticles shrink to form localized, dense
drug-PLGA microstructures throughout the microparticles. Simulta-
neously, water molecules diffuse in to replace solvent molecules. The
spaces occupied by water and residual solvent become void after
drying. After the desired amount of solvent has been extracted from the
microparticles into the water phase, the hardened microparticles are
collected and dried by freeze-drying. The dried microparticles may be
treated with water (sometimes with added ethanol) again for further

control of the drug release. The sequential steps shown in Fig. 3 de-
lineate the factors critical to producing PLGA microparticles with de-
sirable properties. The mechanistic understanding and control of these
steps is essential to preparing microparticles with preset properties to
deliver a variety of drugs for treating various diseases.

Several important steps in microparticle formation in Fig. 3 are
recapped. The solvent extraction kinetics is important for forming a
stable shell, and it depends on the type of solvent used, temperature,
and the type of PLGA. The solvent-dependent PLGA solubility is de-
scribed in more detail below. The PLGA-solvent interaction also affects
the PLGA coalescence and shell formation, ultimately leading to the
quality of the formed microparticles. The mutual solubility of water and
solvent affects the solvent extraction kinetics. More importantly, the
selection of solvent dictates the drug solubility in the PLGA-drug mix-
ture, especially for hydrophobic drugs, and thus, influencing the drug
loading, drug loading efficiency, and drug release kinetics. The inter-
actions among drug, PLGA, and solvent affect the microparticle prop-
erties in unpredictable ways, as their impacts are not linear. A small
amount of residual solvent in the final PLGA microparticles can sig-
nificantly influence the drug release kinetics. Due to each drug's unique
physicochemical properties, each drug formulation requires an ideal
combination of PLGA type, solvent type, and microparticle formation
conditions. Nevertheless, the key steps described in Fig. 3 provide im-
portant parameters to control when designing an experimental ap-
proach based on quality by design.

4.3. Presence of pores in PLGA microparticles

While a complete understanding of the mechanisms of PLGA mi-
croparticle formation and resultant drug release kinetics is still lacking,
the presence of an initial burst release from most microparticles implies
one common phenomenon. Water diffuses into the core of PLGA mi-
croparticles fast, and the dissolved drug is also released fast. As shown
in Fig. 1-A, the peak triptorelin concentration occurs 3 h after injection.
Other pharmacokinetic data in Figs. 1 and 2 also show a similar ex-
tremely fast drug release or initial burst. It is common to see pharma-
cokinetic data showing the peak drug concentration in the first day of
injection. In fact, it is even typical to observe the peak in a matter of
hours [40–42]. What may be the most likely reason for this extremely
fast drug release from PLGA microparticles?

Zhao and Rodgers studied the transient ovalbumin distribution in
PLGA microparticles using transmission electron microscopy (TEM) and
coupled the TEM images to ovalbumin release [43]. Their study showed
that 60.7% of all ovalbumin (i.e., 3.15% of the total 5.2% w/w oval-
bumin/microparticle) was located on the microparticle surface or dis-
tributed in the large pores connected to the surface. The presence of
interconnected channels leading to the surface is understandable as the
PLGA molecules cannot possibly fill the whole volume that the initial
oil droplet occupied. Thus, the initial high porosity seems to explain
rapid release, but the surface of microparticles appears smooth without
visible pores when examined by scanning electron microscopy (SEM).
Thus, a large amount of drug released from PLGA microparticles in a
matter of hours is still difficult to explain. This dilemma was explained
by Fredenberg et al. who concluded that the pores on the surface may
initially have been too small for detection by SEM [44]. Alternatively,
water uptake into PLGA microspheres with a seemingly smooth, thin
surface layer can directly trigger drug release by multiple processes,
including polymer swelling resulting in surface pore formation or new
pore networks [36]. In addition, the drug-PLGA interactions are also
important in the initial burst release [45]. Either way, fast water influx,
or uptake, is the first step for the drug release.

The presence of interconnected pores in PLGA microparticles es-
sentially means that each microparticle is a porous body. The resolution
limit of SEM, except recent ultra-high resolution SEM, is in the 10 nm
range [46]. Thus, the pores present on the PLGA microparticle surface
may not be visible, if they are much smaller than 10 nm. Penetration of
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Fig. 3. Steps describing the initial process of embryonic microparticle forma-
tion.
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water into a porous body was first analyzed by Edward W. Washburn by
treating it as an assembly of very small cylindrical capillaries [47]. This
treatment of a porous body as assembled capillaries can be applied to
studying liquid penetration to various systems, including powders [48],
compressed powder cakes [49], moisture absorption into concrete [50],
and fibrous structures such as fabrics [51].

According to the Washburn equation, the volume of a liquid that
penetrates is proportional to the square root of the surface tension and
viscosity of the penetrating liquid, as shown in Eq. (1), and Table 3 lists
the parameters in Eq. (1) and their values.

=h r cos t
2

1
2

(1)

For a sample calculation, the radius of pores is assumed to be 1 nm,
and the contact angle of PLGA microparticle surface of 89° is used. The
contact angle of PLGA microparticles is not above 90°, as there are
surfactants, such as poly(vinyl alcohol) (PVA) used during the emulsi-
fication step, and Tween 20 used in the drug release medium. Entering
the values from Table 3 into Eq. (1) leads to a 25 μm penetration in 1 s.
In reality, interconnected pores in PLGA microparticles are highly tor-
tuous and some of them may not be connected. At the same time, the
actual sizes of pores may be much larger than 1 nm used in the above
calculation. Other factors, such as the PLGA density, hydrophobicity,
porosity, and interconnectivity, all affect the actual time for water to
infiltrate into the microparticles. Nevertheless, the Washburn equation
suggests that it will be a matter of minutes or hours, not days, for water
to infiltrate into the microparticles. This explains the observation of tmax
in hours, rather than days or weeks, for water-soluble molecules, as
seen in Fig. 1-A.

4.4. Solid-state forms of the drug and polymer mixture

An often-neglected property of PLGA microparticles is the solid-
state form of the drug and PLGA mixture. The drug-PLGA mixture can
exist in three states: (i) molecular dispersion where the drug is at or
below the equilibrium solubility in the PLGA; (ii) amorphous solid
dispersion where the drug exists in an amorphous state dispersed in the
PLGA matrix; and (iii) a crystalline suspension where the drug exists in
a crystalline state suspended/dispersed in the polymer matrix. The drug
release profile is further influenced by the physical location of the solid-
state forms, e.g., uniform drug distribution or segregated drug domains
throughout the PLGA matrix. The processing parameters, including the
solvent type, extraction time, extraction medium, PLGA type, and drug-
PLGA interactions, affects the solid-state form of the drug and drug
distribution in microparticles.

5. Characterization of PLGA

The initial burst release, to a certain extent, can be controlled by
using different PLGAs, e.g., PLGA with larger molecular weights and/or
with higher lactide:glycolide (L:G) ratios. These properties affect the
final structures of the microparticles, as they influence other events
during microparticle formation, such as PLGA coalescence, shell for-
mation, and solidification. This, in turn, impacts the formation of pores
throughout the microparticles, ultimately determining the initial burst
and subsequent drug release kinetics. Thus, it is critical to characterize
a PLGA or a mixture of PLGAs present in the final formulation, as well
as the raw PLGA materials.

A full characterization of PLGA typically relies on accurate mea-
surements of molecular weight, L:G ratio, end group (ester or acid), and
polymer shape (linear or branched), as shown in Fig. 4. Of these, the
L:G ratio has a greater impact than others on the polymer solubility in
organic solvents. As the L:G ratio increases, i.e., as the lactide portion
increases, PLGA dissolves in a larger number of solvents. When the L:G
ratio is smaller than 50:50 (i.e., more glycolide), these PLGAs dissolve
only in highly fluorinated solvents, such as hexafluoroisopropanol. The
shape of PLGA affects the physicochemical properties, but character-
ization of PLGA shape has been difficult. The shape of PLGA, or any
polymer for that matter, cannot be determined by molecular weight
alone. Characterization of the accurate molecular weight, L:G ratio, and
shape of PLGA becomes critical when a formulation utilizes a mixture of
different PLGAs with different molecular weights, L:G ratios, and
shapes. Understanding these parameters is important not only for
quality control purposes, but also for controlling the drug release

Table 3
Parameters and their values used to calculate water penetration into porous
PLGA microparticles.

Symbol Value and unit

h Penetration depth cm or μm
r Radius of a pore 1 nm=10−7 cm (Any pore radius larger than 1 nm will

result in increased penetration depth)
γ Surface tension of

water
72.8 dynes/cm (= (g.cm/s2)/cm=g/s2) (Lower
surface tension will reduce the penetration depth)

η Viscosity of water 1 cP=0.01 g/(cm.sec)
θ Contact angle of

water
89° (cos89= 0.017) (Any contact angle < 89° will
result in increased penetration depth)

t Penetration time 1 s

Fig. 4. (A) Characterization of PLGA includes molecular weight, L:G ratio, and shape (e.g., linear or branched). If a formulation consists of a mixture of PLGAs with
more than one type of molecular weight, L:G ratio, and shape (as shown inside the dotted circle), identification and characterization of individual PLGA components
are challenging. (B) PLGAs with different L:G ratios dissolve in different solvents, and this property allows separation of PLGAs even if their molecular weights are the
same.
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properties. In addition, a thorough characterization plays an important
role in developing generic versions of PLGA-based products approved
by the FDA. For example, the 6-month Trelstar formulation is expected
to have more than one type of PLGA [19,52,53], and thus, separation of
different PLGAs is essential in meeting the Q1/Q2 sameness require-
ment for parenteral drug products under 21 CFR 314 [54]. Another
clinical product, Sandostatin LAR delivering 20mg octreotide acetate
for 1month, is made of branched PLGA, also called star-PLGA, based on
glucose (Glu-PLGA) [55]. It is not known whether the formulation
consisting of Glu-PLGA has different drug release properties as com-
pared with the formulation consisting of linear PLGAs with the same
molecular weight. Thus, new methods need to be developed for char-
acterization of branched PLGAs and for separation and identification of
individual PLGAs from a mixture of different PLGAs.

5.1. Molecular weight

The molecular weights of PLGAs are routinely measured by gel-
permeation chromatography (GPC) using external standards or by in-
herent viscosity. External standards typically used are polystyrene
standards. The molecular dimension of polystyrene in a given solvent is
different from that of PLGA due to dissimilar polymer-solvent interac-
tions. Thus, the molecular weight obtained by polystyrene standards
may be acceptable only for a relative comparison. Molecular weights of
PLGAs available from commercial sources are often calculated from
measuring inherent viscosity. This again provides inaccurate informa-
tion, as the molecular dimension of PLGA in a given solvent also de-
pends on the L:G ratio, and thus, it is difficult to rely on estimating
molecular weights of PLGAs with different L:G ratios using one standard
curve obtained using a given solvent. Accurate molecular weights of
PLGA can be obtained by multi angle static light scattering (MALS) that
does not rely on external standards for the molecular weight determi-
nation. Table 4 shows a comparison of molecular weights of PLGAs
determined by both MALS and polystyrene external standards (PES)
[56]. The differences between the values obtained by MALS and PES are
quite large, and the conventional PES method under the applied con-
ditions overestimates the molecular weight, up to almost 70% in one
example. For accurate measurements of PLGA, it is necessary to use
MALS, and the limitations of the PES method stem from the differences
in solvent interactions of PLGA and polystyrene.

5.2. L:G ratio

The properties of PLGA depend in large part on the L:G ratio, mo-
lecular weight, and end group, either acid or ester. A small difference in
the L:G ratio, e.g., 50:50 vs. 65:35, results in a different solubility
profile, degradation kinetics, and interactions with a drug, leading to
different drug loading and drug release kinetics [9,58]. As the ratio of
lactide increases (i.e., higher L:G ratio), the degradation slows down

due to the presence of a hydrophobic methyl group resulting in slower
absorption and diffusion of water. Other formulation- and process-re-
lated parameters may affect the overall in vivo drug release kinetics as
well. Formulation-related factors include the type of organic solvent
used, the concentration of polymer used, and the drug-polymer inter-
actions [59]. Although the organic solvent used during the processing is
removed, it can influence the final formulation structure and drug re-
lease kinetics. Table 5 shows a general trend of PLGA solubility in
different solvents as a function of the L:G ratio [60,61].

5.3. Molecular shape

According to the information available from the package insert/
drug label of injectable, long-acting PLGA formulations in clinical use,
it seems that almost all formulations utilize linear PLGA except
Sandostatin which specifies the use of branched (or star-shape) PLGA,
i.e., Glu-PLGA. To this date, no literature information has been avail-
able for determining the branch number of Glu-PLGA. Measuring the
branch number of Glu-PLGAs by 1H NMR has been challenging, because
the glucose structure, as present in the esterified polymer form, does
not provide any unique signal that is distinguishable from other signals
from PLGA. It is possible to use 13C-glucose to calculate the number of
branch units, but the signal has been too weak thus far or obscured by
the signal of long PLGA chains. Thus, the best approach to determine
the branch number of Glu-PLGA is to measure the intrinsic viscosity,
[η], as a function of molecular weight after running GPC [56]. The
Mark-Houwink equation allows determination of the branch units per
Glu-PLGA molecule when the plot is compared with those of standard
branched PLGAs. To validate the branch number of Glu-PLGA, a series
of star-PLGAs with known branch number ranging from 3 to 6 (e.g.,
trimethylolpropane for 3, pentaerythritol for 4, adonitol for 5, and di-
pentaerythritol for 6) were synthesized, and the branch unit per mo-
lecule was confirmed using 1H NMR. Alternatively, the branch number
can be calculated using a star-polymer model based on the mean square
radii of gyration of branched and linear PLGAs or intrinsic viscosities of
branched and linear PLGAs along with the drainage factor, e.g., Astra 7
software from Wyatt [63]. Fig. 5 shows an example of determining the
branch numbers of Glu-PLGAs synthesized in the laboratory and ob-
tained commercially. As shown in Fig. 5, the Glu-PLGAs tested in our
laboratory have branch number between 2 and 3 and molecular weights
between 32,000 and 64,000 Da. Several Glu-PLGA samples are cur-
rently tested to determine the number of branch units as a function of
the molecular weight, effectively presenting the fingerprint character-
istic unique for each Glu-PLGA.

6. Better characterization of PLGA

In the development of new injectable, long-acting depot formula-
tions, the characterization of PLGA was usually limited to the molecular

Table 4
Molecular weights of PLGA with different L:G ratios measured by GPC coupled to multi angle static light scattering (MALS) and by using polystyrene external
standards (PES).

Sample L:G ratio Mw (Da) Mn (Da)

MALS PES Difference MALS PES Difference

PLGA 50 L-S 51:49 8303 12,523 51% 5834 8415 44%
PLGA 50 L-M 50:50 23,790 34,975 47% 16,280 24,121 48%
PLGA 75 L-S 78:22 17,830 28,889 62% 12,180 20,557 69%
PLGA 75 L-M 72:28 25,370 37,973 50% 16,290 24,595 51%
PLGA 75 L-H 71:29 96,330 141,117 46% 76,170 97,812 29%
PLA 100 L-S 100:0 15,890 13,829 −13% 8142 9350 15%
PLA 100 L-M 100:0 33,900 53,429 58% 24,900 34,998 41%
PLA 100 L-H 100:0 132,700 176,477 33% 103,200 104,474 1%

(The mobile phase for the DAWN HELEOS II MALS measurement was acetone. On the other hand, the mobile phase for the polystyrene external standard was
tetrahydrofuran (THF). THF was not suitable for MALS measurement due to its low refractive index [57].)
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weight, L:G ratio, and end group. As long as PLGA formulation's ben-
efits outweigh the risk in clinical trials, it may be approved for clinical
applications. There are, however, various reasons why PLGA char-
acterization needs to be more thorough especially for the development
of corresponding generic products. PLGAs from different vendors are
often supplied with specifications providing similar molecular weights,
L:G ratios, and end groups. The current state of PLGA characterization,
however, does not provide nearly enough discriminatory power to
elucidate clear differences between varying batches and suppliers. The
reality is that they are very different in their properties, as observed by
the difference in drug release profiles, even though the PLGA for-
mulations are made following exactly the same method. Currently,
there are no compendial testing methods to fully characterize PLGAs.

As described above, the ultimate property that matters is the drug
release, largely depending on the physicochemical properties of PLGA.
Without thorough characterization methods, it is difficult to reproduce
the data and even more difficult to develop better formulations having
desirable drug release profiles. For PLGAs with non-linear shape, e.g.,
star-shape, no literature information is available yet on how to char-
acterize the branch number of Glu-PLGA (i.e., the branched PLGA used
in Sandostatin). Due to the absence of the method determining the
exact number of branches and chain lengths of branches, it has been
challenging to understand exactly which PLGA molecule, or molecules,
are used in the product. If a product contains a mixture of PLGAs,
different PLGAs need to be separated before characterization. GPC can
only separate PLGAs based on the molecular weight, and thus, it cannot
separate PLGAs of the same molecular weight, but different L:G ratios.
This may also lead to issues during quality control testing.

As listed in Table 1, currently there are 19 PLGA-based injectable,
long-acting depot formulations approved by the FDA. Many of them are

not under patent protection any longer. And yet, developing generic
equivalents of PLGA formulations has been difficult, partly due to the
absence of any known protocol for characterization of PLGA properties.
Meeting the Q1/Q2 requirements for generic products has been chal-
lenging. Characterization of Glu-PLGA is a case in point. The absence of
available methods for characterization of Glu-PLGA makes the devel-
opment of generic products referencing Sandostatin difficult. This
brings an interesting way of extending a product lifecycle even after its
patents are expired. If a PLGA used in a product cannot be characterized
and/or duplicated, it will be difficult to develop generic products. It is
also hard to control post-marketing changes in the formulation for
brand-name products. In this way, the brand-name product is shielded
from generic competition even after the patent expiration.

While the information described above shows the characterization
of non-linear PLGA, such as Glu-PLGA, and the separation of PLGAs
based on the L:G ratios, additional studies are necessary to improve the
techniques, so that PLGAs with even minute differences can be isolated
and characterized. It is anticipated that the new long-acting formula-
tions in the future use mixtures of PLGAs with different molecular
weights, different L:G ratios, and even different molecular structures
(i.e., linear or branched). Finding a formulation that can meet all the
properties in Table 2 may necessitate complex PLGA systems. The
ability to isolate different PLGAs and characterize them, in turn, will
enhance our understanding of PLGA formulation development, e.g.,
making microparticles with the same properties reproducibly. The
progress made on PLGA characterization over the last few years has
provided a strong foundation for bigger and faster advances in the
PLGA characterization methods and development of new and generic
long-acting depot formulations.

Table 5
Dissolution of PLGA in different solvents depending on the L:G ratio.

oitaRG:LAGLPtnevloS
50:50 55:45 60:40 65:35 70:30 75:25 80:20 85:15 90:10 95:5 100:0

Dichloromethane 
Dimethyl sulfoxide 
Dimethyl formamide
Ethyl acetate
Methyl ethyl ketone
Tetrahydrofuran
Ethyl benzoate
Chlorobenzene
Benzyl alcohol
Methyl n-propyl ketone
n-Butyl acetate
Trichloroethylene
Ethyl-L-lactate
2-Methyl tetrahydrofuran
1,2-Dichlorobenzene
Toluene
Methyl isobutyl ketone
Butyl lactate
p-Xylene

(The PLGA dissolution depends on the polymer concentration, polymer molecular weight and temperature. The information is
based on a PLGA molecular weight around 80,000 Da and concentration of 2.5% (w/v) at 37 °C [62]. The PLGAs used were all
in the DL form, and most of them have acid end-caps. The end-cap does not appear to affect the solvent solubility. The dark blue

K. Park, et al. Journal of Controlled Release 304 (2019) 125–134

132



Acknowledgments

This study was supported by Grants HHSF223201610091C and
HHSF223201710123C from the Food and Drug Administration (FDA),
Center for Drug Evaluation Research (CDER)/Office of Generic Drugs
(OGD). The contents are solely the responsibility of the authors and do
not necessarily represent the official views of the U.S. FDA. The study
was also supported in part by the CKD Pharmaceutical Corp., and the
Showalter Research Trust Fund.

References

[1] P.I. Lee, J.-X. Li, Evolution of oral controlled release dosage forms, in: H. Wen,
K. Park (Eds.), Oral Controlled Release Formulation Design and Drug Delivery, John
Wiley & Sons, Inc, Hoboken, NJ, 2010, pp. 21–31.

[2] K. Park, Controlled drug delivery systems: past forward and future back, J. Control.
Release 190 (2014) 3–8.

[3] K. Park, Drug delivery of the future: chasing the invisible gorilla, J. Control. Release
240 (2016) 2–8.

[4] K. Park, Drug delivery research: the invention cycle, Mol. Pharm. 13 (2016)
2143–2147.

[5] CDER/Lupron, Approval Package for Lupron Depot, 4 Months, 30 mg, Leuprolide
Acetate. Application Number: 020517/S002, http://www.accessdata.fda.gov/
drugsatfda_docs/nda/97/020517_s002ap.pdf, (1997).

[6] S. Gottlieb, FDA Working to Lift Barriers to Generic Drug Competition, https://
www.fda.gov/NewsEvents/Newsroom/FDAVoices/ucm612018.htm, (2018).

[7] S. Gottlieb, Statement from FDA Commissioner Scott Gottlieb, M.D., on New Agency
Actions to Further Deter ‘Gaming’ of the Generic Drug Approval Process by the Use
of Citizen Petitions, https://www.fda.gov/NewsEvents/Newsroom/
PressAnnouncements/ucm622252.htm, (2018).

[8] FDA, Generic drug user fee amendments of 2012: questions and answers related to
user fee assessments, Guidance for Industry, 2016 https://www.fda.gov/
downloads/drugs/guidancecomplianceregulatoryinformation/guidances/
ucm316671.pdf.

[9] M. Ye, S. Kim, K. Park, Issues in long-term protein delivery using biodegradable
microparticles, J. Control. Release 146 (2010) 241–260.

[10] A. Jain, K.R. Kunduru, A. Basu, B. Mizrahi, A.J. Domb, W. Khan, Injectable for-
mulations of poly(lactic acid) and its copolymers in clinical use, Adv. Drug Del. Rev.
107 (2016) 213–227.

[11] AstraZeneca, NDA 019726/S-054. Zoladex (Goserelin Acetate Implant) 3.6 mg.
Highlights of Prescribing Information, http://www.accessdata.fda.gov/drugsatfda_
docs/label/2011/019726s054,020578s032lbl.pdf, (2010).

[12] QLT-USA, Eligard® 7.5 mg, 22.5 mg, 30 mg, 45 mg. Leuprolide Acetate for
Injectable Suspension, https://www.accessdata.fda.gov/drugsatfda_docs/label/
2007/021731s005,021488s010,021379s010,021343s015lbl.pdf, (2007).

[13] Genentech, Nutropin Depot™ [Somatropin (rDNA Origin) for Injectable
Suspension], http://www.accessdata.fda.gov/drugsatfda_docs/label/2004/
21075s008lbl.pdf, (2004).

[14] Genentech, Genentech and Alkermes Announce Decision to Discontinue
Commercialization of Nutropin Depot, https://www.gene.com/media/press-
releases/7447/2004-06-01/genentech-and-alkermes-announce-decision, (2004).

[15] J. Garner, S. Skidmore, H. Park, K. Park, S. Choi, Y. Wang, Beyond Q1/Q2: the
impact of manufacturing conditions and test methods on drug release from PLGA-
based microparticle depot formulations, J. Pharm. Sci. 107 (2018) 353–361.

[16] J. Mesens, M.E. Rickey, T.J. Atkins, Microencapsulated 3-piperidinyl-substituted 1,
2-benzisoxazoles and 1,2-benzisothiazoles. (2006) US Patent 7,118,763 B2.

[17] M.B. DeYoung, L. MacConell, V. Sarin, M. Trautmann, P. Herbert, Encapsulation of
exenatide in poly-(D,L-lactide-co-glycolide) microspheres produced an investiga-
tional long-acting once-weekly formulation for type 2 diabetes, Diabetes Technol.
Ther. 13 (2011) 1145–1154.

[18] Y.H. Yun, B.K. Lee, K. Park, Controlled drug delivery: historical perspective for the
next generation, J. Control. Release 219 (2015) 2–7.

[19] CDER/Trelstar, Trelstar LA (Triptorelin Pamoate Lyophilized, 11.25 mg). Approval
Package for NDA 21–288, https://www.accessdata.fda.gov/drugsatfda_docs/nda/
2001/21-288_Trelstar_Approv.pdf, (2001).

[20] E.A. Lundstrom, R.K. Rencken, J.H. Van Wyk, L.J.E. Coetzee, J.C.M. Bahlmann,
S. Reif, E.A. Strasheim, M.C. Bigalke, A.R. Pontin, L. Goedhals, D.G. Steyn,
C.F. Heyns, L.A. Aldera, T.M. MacKenzie, D. Purcea, P.Y. Grosgurin, H.C. Porchet,
Triptorelin 6-month formulation in the management of patients with locally ad-
vanced and metastatic prostate cancer: an open-label, non-comparative, multi-
centre, phase III study, Clin. Drug Invest. 29 (2009) 757–765.

[21] M.A. Tracy, H. Bernstein, M.A. Khan, Controlled release of metal cation-stabilized
interferon. (1996) US Patent 6,780,434 B2.

[22] S.E. Zale, P.A. Burke, H. Bernstein, A. Brickner, Composition for sustained release of
non-aggregated erythropoietin. (1997) US Patent 5,674,534.

[23] O.L. Johnson, P. Herbert, Long-acting protein formulations - ProLease technology,
in: M.J. Rathbone, J. Hadgraft, M.S. Roberts (Eds.), Modified-Release Drug Delivery
Technology, Marcel Dekker, New York, 2003, pp. 671–677.

[24] M. Parent, C. Nouvel, M. Koerber, A. Sapin, P. Maincent, A. Boudier, PLGA in situ
implants formed by phase inversion: critical physicochemical parameters to mod-
ulate drug release, J. Control. Release 172 (2013) 292–304.

[25] CDER/Lupron, Approval Package for Lupron Depot 3 Month 22.5 mg, 4 Month 30
mg, and 6 Month 45 mg, Application Number: 20-517/S025, 20-517/S030, 20-517/
S032 (2011) http://www.accessdata.fda.gov/drugsatfda_docs/nda/2011/
020517orig1s025s030s032Review.pdf.

[26] N. Faisant, J. Siepmann, J.P. Benoit, PLGA-based microparticles: elucidation of
mechanisms and a new, simple mathematical model quantifying drug release, Eur.
J. Pharm. Sci. 15 (2002) 355–366.

[27] Orzudex, European Medicines Agency CHMP Assessment Report, https://www.
ema.europa.eu/documents/assessment-report/ozurdex-epar-public-assessment-
report_en.pdf, (2010).

[28] J.-E. Chang-Lin, M. Attar, A.A. Acheampong, M.R. Robinson, S.M. Whitcup,
B.D. Kuppermann, D. Welty, Pharmacokinetics and pharmacodynamics of a sus-
tained-release dexamethasone intravitreal implant, Inv. Opthalmol. Vis. Sci. 52
(2011) 80–86.

[29] J. Wang, B.M. Wang, S.P. Schwendeman, Characterization of the initial burst re-
lease of a model peptide from poly(D,L-lactide-co-glycolide) microspheres, J.
Control. Release 82 (2002) 289–307.

[30] S.P. Schwendeman, R.B. Shah, B.A. Bailey, A.S. Schwendeman, Injectable con-
trolled release depots for large molecules, J. Control. Release 190 (2014) 240–253.

B
ra

nc
h 

U
ni

ts
 p

er
 M

ol
ec

ul
e

Molar Mass (g/mol)/104

1          2          3          4         5          6          7          8        9          10          11          12         13          14          15

6.0

3.0

1.0

7.0

8.0

4.0

5.0

2.0

6-Arm PLGA

5-ARM PLGA

4-ARM PLGA

3-ARM PLGA

Linear PLGA

Linear PLGA Control

Glu-PLGA 1
Glu-PLGA 2

Glu-PLGA 4
Glu-PLGA 3

Fig. 5. Measurements of the number branch units of Glu-PLGAs and standard star-PLGAs of 3, 4, 5, and 6 arms. All Glu-PLGAs have a 55:45 L:G ratio.

K. Park, et al. Journal of Controlled Release 304 (2019) 125–134

133

http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0005
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0005
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0005
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0010
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0010
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0015
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0015
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0020
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0020
http://www.accessdata.fda.gov/drugsatfda_docs/nda/97/020517_s002ap.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/nda/97/020517_s002ap.pdf
https://www.fda.gov/NewsEvents/Newsroom/FDAVoices/ucm612018.htm
https://www.fda.gov/NewsEvents/Newsroom/FDAVoices/ucm612018.htm
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm622252.htm
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm622252.htm
https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm316671.pdf
https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm316671.pdf
https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm316671.pdf
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0045
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0045
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0050
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0050
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0050
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/019726s054,020578s032lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/019726s054,020578s032lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2007/021731s005,021488s010,021379s010,021343s015lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2007/021731s005,021488s010,021379s010,021343s015lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2004/21075s008lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2004/21075s008lbl.pdf
https://www.gene.com/media/press-releases/7447/2004-06-01/genentech-and-alkermes-announce-decision
https://www.gene.com/media/press-releases/7447/2004-06-01/genentech-and-alkermes-announce-decision
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0075
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0075
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0075
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0080
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0080
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0080
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0080
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0085
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0085
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2001/21-288_Trelstar_Approv.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2001/21-288_Trelstar_Approv.pdf
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0095
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0095
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0095
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0095
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0095
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0095
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0100
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0100
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0100
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0105
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0105
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0105
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2011/020517orig1s025s030s032Review.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2011/020517orig1s025s030s032Review.pdf
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0115
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0115
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0115
https://www.ema.europa.eu/documents/assessment-report/ozurdex-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/documents/assessment-report/ozurdex-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/documents/assessment-report/ozurdex-epar-public-assessment-report_en.pdf
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0125
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0125
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0125
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0125
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0130
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0130
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0130
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0135
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0135


[31] K. Hirota, A.C. Doty, R. Ackermann, J. Zhou, K.F. Olsen, M.R. Feng, Y. Wang,
S. Choi, W. Qu, A.S. Schwendeman, S.P. Schwendeman, Characterizing release
mechanisms of leuprolide acetate-loaded PLGA microspheres for IVIVC develop-
ment I: in vitro evaluation, J. Control. Release 244 (2016) 302–313.

[32] J. Kang, S.P. Schwendeman, Pore closing and opening in biodegradable polymers
and their effect on the controlled release of proteins, Mol. Pharm. 4 (2007)
104–118.

[33] K.-G.H. Desai, S.P. Schwendeman, Active self-healing encapsulation of vaccine
antigens in PLGA microspheres, J. Control. Release 165 (2013) 62–74.

[34] S.E. Reinhold, S.P. Schwendeman, Effect of polymer porosity on aqueous self-
healing encapsulation of proteins in PLGA microspheres, Macromol. Biosci. 13
(2013) 1700–1710.

[35] R.B. Shah, S.P. Schwendeman, A biomimetic approach to active self-micro-
encapsulation of proteins in PLGA, J. Control. Release 196 (2014) 60–70.

[36] A.C. Doty, D.G. Weinstein, K. Hirota, K.F. Olsen, R. Ackermann, Y. Wang, S. Choi,
S.P. Schwendeman, Mechanisms of in vivo release of triamcinolone acetonide from
PLGA microspheres, J. Control. Release 256 (2017) 19–25.

[37] A.M. Sophocleous, K.-G.H. Desai, J.M. Mazzara, L. Tong, J.-X. Cheng, K.F. Olsen,
S.P. Schwendeman, The nature of peptide interactions with acid end-group PLGAs
and facile aqueous-based microencapsulation of therapeutic peptides, J. Control.
Release 172 (2013) 662–670.

[38] J.M. Ramstack, P.F. Herbert, J. Strobel, T.J. Atkins, Preparation of biodegradable
microparticles containing a biologically active agent. (1997) US Patent 5,650,173.

[39] E.B. Rodrigues, A.J. Grumann, F.M. Penha, H. Shiroma, E. Rossi, C.H. Meyer,
V. Stefano, M. Maia, O.J. Magalhaes, M.E. Farah, Effect of needle type and injection
technique on pain level and vitreal reflux in intravitreal injection, J. Ocul.
Pharmacol. Ther. 27 (2011) 197–203.

[40] B.S. Kim, J.M. Oh, H. Hyun, K.S. Kim, S.H. Lee, Y.H. Kim, K. Park, H.B. Lee,
M.S. Kim, Insulin-loaded microcapsules for in vivo delivery, Mol. Pharm. 6 (2009)
353–365.

[41] B.S. Kim, J.M. Oh, K.S. Kim, K.S. Seo, J.S. Cho, G. Khang, H.B. Lee, K. Park,
M.S. Kim, BSA-FITC-loaded microcapsules for in vivo delivery, Biomaterials 30
(2009) 902–909.

[42] X. Lin, H. Yang, L. Su, Z. Yang, X. Tang, Effect of size on the in vitro/in vivo drug
release and degradation of exenatide-loaded PLGA microspheres, J. Drug Del. Sci.
Tech. 45 (2018) 346–356.

[43] A. Zhao, V.G.J. Rodgers, Using TEM to couple transient protein distribution and
release for PLGA microparticles for potential use as vaccine delivery vehicles, J.
Control. Release 113 (2006) 15–22.

[44] S. Fredenberg, M. Wahlgren, M. Reslow, A. Axelsson, The mechanisms of drug re-
lease in poly(lactic-co-glycolic acid)-based drug delivery systems—a review, Int. J.
Pharm. 415 (2011) 34–52.

[45] D. Klose, F. Siepmann, K. Elkharraz, J. Siepmann, PLGA-based drug delivery sys-
tems: importance of the type of drug and device geometry, Int. J. Pharm. 354
(2008) 95–103.

[46] B.M. Collett, Scanning electron microscopy: a review and report of research in wood
science, Wood Fiber 2 (1970) 113–133.

[47] E.W. Washburn, The dynamics of capillary flow, Phys. Rev. 17 (1921) 273–283.

[48] S. Kirdponpattara, M. Phisalaphong, B.Z. Newby, Applicability of Washburn ca-
pillary rise for determining contact angles of powders/porous materials, J. Colloid
Interf. Sci. 397 (2013) 169–176.

[49] Y. Yuan, T.R. Lee, Contact angle and wetting properties, in: G. Bracco, B. Holst
(Eds.), Surface Science Techniques, Springer Berlin Heidelberg, Berlin, Heidelberg,
2013, pp. 3–34.

[50] L. Hanžič, L. Kosec, I. Anžel, Capillary absorption in concrete and the
Lucas–Washburn equation, Cem. Concr. Compos. 32 (2010) 84–91.

[51] N. Pan, W. Zhong, Fluid transport phenomena in fibrous materials, Text. Prog. 38
(2006) 1–93.

[52] CDER/Trelstar, Trelstar LA (Triptorelin Pamoate Lyophilized, 22.5 mg). Approval
Package for NDA 22–437, https://www.accessdata.fda.gov/drugsatfda_docs/nda/
2010/022437Orig1s000chemr.pdf, (2009) https://www.accessdata.fda.gov/
drugsatfda_docs/nda/2010/022437Orig1s000clinpharmr.pdf.

[53] J. Garner, S. Skidmore, H. Park, K. Park, S. Choi, Y. Wang, A protocol for assay of
poly (lactide-co-glycolide) in clinical products, Int. J. Pharm. 495 (2015) 87–92.

[54] FDA/CDER, ANDA Submissions – Refuse-to-Receive Standards. Guidance for
Industry, Revision 2. https://www.fda.gov/downloads/drugs/
guidancecomplianceregulatoryinformation/guidances/ucm370352.pdf.

[55] Novartis, Sandostatin® LAR Depot (Octreotide Acetate for Injectable Suspension),
https://www.pharma.us.novartis.com/sites/www.pharma.us.novartis.com/files/
sandostatin_lar.pdf, (1998).

[56] J. Hadar, J. Garner, S. Skidmore, H. Park, K. Park, Y.K. Jhon, Y. Wang, Correlation
analysis of refractive index (dn/dc) for PLGAs with different ratios of lactide to
glycolide, 2018 Controlled Release Society (CRS) Annual Meeting New York, NY,
2018 Abstract 95 https://akinainc.com/pdf/2018CRS-1.pdf.

[57] J. Hadar, S. Skidmore, J. Garner, H. Park, K. Park, Y. Wang, B. Qin, X.J. Jiang,
Characterization of branched poly(lactide-co-glycolide) polymers used in in-
jectable, long-acting formulations, J. Control Release (2019) in press.

[58] A.C. Anselmo, S. Mitragotri, An overview of clinical and commercial impact of drug
delivery systems, J. Control. Release 190 (2014) 15–28.

[59] Y. Yeo, K. Park, Control of encapsulation efficiency and initial burst in polymeric
microparticle systems, Arch. Pharm. Res. 27 (2004) 1–12.

[60] J. Hadar, J. Garner, S. Skidmore, K. Park, H. Park, S. Choi, Y. Wang, The effect of
lactide:Glycolide ratio on PLGA solubility in selective solvents, FDA Public
Workshop on Demonstrating Equivalence of Generic Complex Drug Substances and
Formulations: Advances in Characterization and in Vitro Testing, 2017 Silver
Spring, MD https://akinainc.com/pdf/PLGAsolubility170908.pdf.

[61] J. Hadar, J. Garner, S. Skidmore, K. Park, H. Park, D. Kozak, Y. Wang, Solvent-
dependent PLGA solubility for separation of PLGAs with different lactide: glycolide
ratios, 2018 Controlled Release Society (CRS) Annual Meeting New York, NY, 2018
Abstract 409 https://akinainc.com/pdf/2018CRS-2.pdf.

[62] S. Skidmore, J. Hadar, J. Garner, H. Park, K. Park, Y. Wang, X.J. Jiang, Complex
sameness: separation of mixed poly(lactide-co-glycolide)s based on the lacti-
de:glycolide ratio, J. Control. Release 300 (2019) 174–184.

[63] Wyatt-Technology, ASTRA 7 User's Guide. Version 7.1 (M1006 Rev. D), (2017) (440
pages).

K. Park, et al. Journal of Controlled Release 304 (2019) 125–134

134

http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0140
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0140
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0140
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0140
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0145
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0145
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0145
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0150
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0150
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0155
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0155
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0155
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0160
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0160
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0165
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0165
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0165
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0170
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0170
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0170
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0170
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0175
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0175
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0175
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0175
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0180
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0180
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0180
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0185
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0185
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0185
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0190
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0190
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0190
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0195
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0195
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0195
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0200
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0200
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0200
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0205
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0205
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0205
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0210
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0210
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0215
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0220
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0220
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0220
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0225
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0225
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0225
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0230
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0230
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0235
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0235
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2010/022437Orig1s000chemr.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2010/022437Orig1s000chemr.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2010/022437Orig1s000clinpharmr.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2010/022437Orig1s000clinpharmr.pdf
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0245
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0245
https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm370352.pdf
https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm370352.pdf
https://www.pharma.us.novartis.com/sites/www.pharma.us.novartis.com/files/sandostatin_lar.pdf
https://www.pharma.us.novartis.com/sites/www.pharma.us.novartis.com/files/sandostatin_lar.pdf
https://akinainc.com/pdf/2018CRS-1.pdf
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0265
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0265
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0265
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0270
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0270
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0275
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0275
https://akinainc.com/pdf/PLGAsolubility170908.pdf
https://akinainc.com/pdf/2018CRS-2.pdf
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0290
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0290
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0290
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0295
http://refhub.elsevier.com/S0168-3659(19)30251-2/rf0295

	Injectable, long-acting PLGA formulations: Analyzing PLGA and understanding microparticle formation
	Introduction
	PLGA-based injectable long-acting formulations
	NDA (brand-name) vs. ANDA (generic) formulations

	PLGA formulations in clinical use
	Challenges in developing PLGA microparticle formulations

	Understanding drug release from PLGA depot formulations
	Microparticles, solid implant, and in situ forming gels
	Initial burst release from PLGA microparticles and solid implants

	Factors affecting PLGA microparticle formations
	PLGA microparticle properties important to clinical applications
	Mechanistic understanding of PLGA microparticle formation processes
	Presence of pores in PLGA microparticles
	Solid-state forms of the drug and polymer mixture

	Characterization of PLGA
	Molecular weight
	L:G ratio
	Molecular shape

	Better characterization of PLGA
	Acknowledgments
	References




