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Roberts 2025, Biodegradable polyesters: Approaches to 
increase degradation rates for biomedical applications

Table 1. Biodegradable Polyesters Commonly Used in Biomedical Applications

PCL: Polycaprolactone; PLA: Poly(lactic acid); PLLA: Poly(L-lactic acid); 
PDLA: Poly(D,L-lactic acid); PLGA: Poly(lactic-co-glycolic acid); 
PGA: Polyglycolide; PPF: Poly(propylene fumarate); PDO: Polydioxanone; 
PBS: Poly(butylene succinate); PHA: Polyhydroxyalkanoate; PHB: Polyhydroxybutyrate

Figure 2. Various approaches alter the rate of polyester degradation



Biodegradable Polyesters
There are numerous aliphatic biodegradable polyesters. However, only a small number of them are commercially 
available. Some biobased polyesters that have gained commercial use or that are currently investigated for 
commercial use are polylactic acid (PLA), polyglycolic acid (PGA), poly-ε-caprolactone (PCL), 
polyhydroxybutyrate (PHB), and poly(3-hydroxy valerate). Among these, PHB and PLA are probably the most 
extensively studied biodegradable thermoplastic polyesters. Both are a truly biodegradable and biocompatible 
and both have a relatively high melting point (160 to 180 °C). However, practical applications have often been 
limited by their brittleness and narrow processing window. Therefore, blending with other polymers has been 
often reported in the literature.

For the full story, please read the article available on https://polymerdatabase.com/polymer%20classes/Biodegradable%20Polyester%20type.html

Tensile properties are usually best for those with the smallest molar volume (highest packing density). Especially 
strong are PGA and PLA, whereas PCL, on the other hand, is the softest polymer with an extraordinary high 
strain at failure. A very important factor is the molecular weight (MW). Varying the MW will yield polyesters 
with very different mechanical properties. For example, the tensile strength of PLA can vary between 1 and 150 
MPa. Another important factor is tacticity. Many aliphatic polyesters have an asymmetrical carbon atom in the 
repeat unit which enables it to become optically active. For example, it is possible to obtain isotactic L-PLA or 
D-PLA and syndiotactic DL-PLA consisting of alternating L- and D-units. These polymers have very different 
mechanical properties. For example, L-PLA has two to three times higher tensile strength and Young’s modulus 
than DL-PLA.



Enantiomers: a pair of non-
superimposable mirror images.

A racemic mixture: A solution 
containing equal amounts of (R)-2-
butanol and (S)-2-butanol. 

Enantioenriched: A solution containing 
an excess of either the (R)-enantiomer 
or the (S)-enantiomer. 

Enantiomerically pure: A solution 
containing only the (R)-enantiomer or 
the (S)-enantiomer.

Chemistry Review



Isotactic, Syndiotactic and Atactic Polymer Models

Polymer tacticity is another property of plastics, but one you usually don't hear 
about. Tacticity relates to the organization of monomer units within polymer 
strands. There are three categories of polymer tacticity: isotactic, syndiotactic and 
atactic polymers in order of increasing variability. Isotactic polymers are comprised 
of monomer units all connected in the same way to each other. Syndiotactic
polymers have every other monomer unit in the same orientation and atactic
polymers are oriented any which way.

http://everydaythinkers.blogspot.com/2015/08/its-just-plastic-but-what-is-just.html https://phys.org/news/2018-05-method-polyester-alternating.html

A polymer can have very different properties depending on their tacticity, i.e., steric arrangement of monomers. 



Poly(lactide)s: Stereoisomers and Enantiomers

https://www.sciencedirect.com/science/article/pii/S0079670016300235
Li et al., Recent advances in stereocomplexation of enantiomericPLA-based copolymers and applications, Progress in Polymer Science, 62: 22-72, 2016. 

Scheme 2. Three stereoisomers of lactide which lead to distinct 
PLA structures upon polymerization.

Scheme 1. Two enantiomeric forms of lactic 
acid: (S)- and (R)- 2-hydroxypropionic acid.



Poly(lactide)s: Stereochemistry and Microstructure
In terms of stereochemistry, many types of lactide 
feedstocks are accessible. Diastereomers (S,S)-lactide, 
(R,R)-lactide, and meso-lactide are available in pure 
form, as well as the racemic mixture rac-lactide (50:50 
(S,S)-LA and (R,R)-LA) (Scheme 2). Many polymer 
microstructures (i.e. atactic, isotactic, heterotactic and 
syndiotactic) can be constructed from this basic set of 
monomers. For example, polymerization of (R,R)-
lactide with a typical (homoleptic or heteroleptic) 
catalyst gives isotactic poly((R)-lactide), a crystalline 
polymer with a high melting transition (Tm = 170–180 
°C). Atactic PLA, an amorphous polymer with a 
random distribution of stereocenters along the polymer 
backbone, can be prepared using a non-stereoselective
metal-based catalyst and rac-lactide. Despite the recent 
development of achiral and chiral complexes for the 
ring-opening polymerization (ROP) of lactide, 
relatively few well-defined metal catalysts are capable 
of achieving high stereochemical control in the ROP of 
meso- or rac-lactide.

https://pubs.rsc.org/en/content/articlehtml/2010/cs/b810065a
C.M. Thomas, Stereocontrolled ring-opening polymerization of cyclic esters: synthesis of new polyester microstructures, Chem. Soc. Rev., 2010, 39, 165-173.



Lactide-Based Polymers: Tacticity & Isomerism
Note: Go to https://slideplayer.com/slide/8939858/ and go through all slides, in particular Slides #15-26.

https://slideplayer.com/slide/8939858/
KE-100.3410 Polymer Properties Steve Spoljaric, PhD.

D,L-lactic acid is a mixture of the two

Crystalline polymer or a crystalline 
portion of a polymer does not dissolve in 
solvent or take a long time to dissolve, 
while amorphous polymer or a amorphous 
portion dissolves in the same solvent.



Examples of Biodegradable Polyesters

Structure of Repeat UnitPolyester

Poly(lactic acid) 
or Polylactide (PLA)
Tg ≈ 45 - 60 °C
Tm ≈ 150 - 160 °C

Poly(L-lactic acid) 
or Poly(L-lactide) (L-PLA)
Tg ≈ 55 - 65 °C
Tm ≈ 170 - 200 °C 

Poly(DL-lactic acid) 
or Poly(DL-lactide) (DL-PLA)
Tg ≈ 50 - 60 °C
Tm ≈ N/A (am.)

Structure of Repeat UnitPolyester

Poly(glycolic acid) 
or Polyglycolide (PGA)
Tg ≈ 35 - 45 °C
Tm ≈ 220 - 235 °C

Poly(ε-caprolactone) (PCL)

Tg ≈ -60 - (-65) °C
Tm ≈ 58 - 65 °C

Poly(hydroxybutyrate) (PHB)

Tg ≈ 5 - 15 °C
Tm ≈ 165 - 180 °C

https://polymerdatabase.com/polymer%20classes/Biodegradable%20Polyester%20type.html



Poly(glycolide-co-ε-caprolactone) (PGCL)

Shin 2024, Highly elastic, bioresorbable polymeric materials for stretchable, transient electronic systems

Fig. 1 Stretchable, biodegradable elastomeric polymer. a Chemical structure of stretchable and biodegradable 
elastomer, poly (glycolide-co-ε- caprolactone) (PGCL). The copolymer consists of glycolide as a hard, cross-
linker segment and ε-caprolactone as a soft, elastic domain (top). Extreme stretchability up to ~800% of a 
PGCL film (150 μm thick), with an image at the initial state (bottom). b A set of images showing superior 
elasticity through a wide range of areal strains (~2500%) using inflation of PGCL balloons combined with 
light-emitting diodes (LEDs). C Time-sequential degradation images of a PGCL substrate (thickness: 250 
μm) in phosphate buffer saline (PBS, pH 7) solution at body temperature (37 °C) during 12 weeks



Poly(Lactide-co-Glycolide) (PLGA)

Lactide Unit Glycolide Unit

The properties of PLGA polymers depends on the molecular weight, molecular structure, and 
lactide:glycolide (L:G) ratio. 

A PLGA polymer is a random copolymer of lactide and glycolide monomers.



Natural Polymers
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Polymers: Chemical Structure & Molecular Weight
Note: Most polymers are usually described by their chemical structures and molecular weight.
But PLGA polymers require more information to fully characterize their properties, such as molecular structure and L:G ratio.



How Do We Characterize PLGA?



PLGA Characterization Methods

Molecular Weight
Lactide:Glycolide Ratio (L:G Ratio)

Endgroup



Viscosity of Polymer Solutions

Let's understand various viscosities of polymer solutions



Dynamic viscosity is a measure of the resistance of a fluid to gradual deformation by shear stress. The resistance 
is a result of friction caused by sliding layers of fluid.  

c

y 𝜏 ൌ 𝜂𝛾ሶ
𝜏: Shear stress in fluid in Pascal (N/m2)
𝜂: Dynamic viscosity of fluid (N.s/m2)
𝛾ሶ : Shear rate (s-1) = ∆c/∆y
∆c: Unit velocity (m/s)
∆y: Unit distance between layers (m)

Newton’s Law of Friction

The viscosity of water = 1 cP (= 0.01 g/cm.sec = 1 mPa.sec = 0.001 Pa.sec = 0.001 N.s/m2).

1 Pa·s (Pascal second)        P: Poise

1 Pa·s: Two plates are separated by 1 m with a fluid in between, and 
one plate is moving parallel to the other plate with a shear stress of 1 
pascal to move 1 m/s.  If 2 m/s, then the viscosity is ½ Pa·s.
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Dynamic Viscosity (Absolute or Shear Viscosity) 



Viscosity of a polymer solution can be measured by various methods. Viscosity of a polymer solution is a 
function of temperature, solvent, polymer concentration, and polymer molecular weight. When a polymer 
molecular weight is determined 

Viscosity of a polymer solution provides insightful information on the configuration of the polymer 
molecules in solution. At high polymer concentrations, polymer molecules tend to entangle each other, 
and this affect the measurement of viscosity. Thus, it is necessary to estimate the effect of solvent 
viscosity and polymer concentration on the overall viscosity.  Since the viscosity measurement procedures 
do not remove the effects of polymer-solvent interactions, the viscosity average molecular weight (𝑴𝒗)
depends on some extent on the solvent used

In a dilute solution, the disturbance of the flow pattern of the suspending medium by one particle (i.e., a 
polymer moleculer) does not overlap with that caused by another. Solvent trapped inside a polymer 
molecule has lower viscosity than the bulk solution. Thus, the polymer coil behaves as an impenetrable 
sphere.

Viscosity of Polymer Solutions



Viscosity Measurement



Viscosity of spheres and random coil molecules.

𝜂 ൌ 𝜂௢ 1 ൅ ହ
ଶ
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ଶ
ேಲ௖௏೓
ெ

where NA is the Avogadro’s number, c is the polymer concentration (g/ml), M is the polymer molecular weight, 
and Vh is the volume of a solvated molecule.

Relative viscosity (rel): 𝜂௥௘௟ ൌ  ఎ
ఎ೚ 

ൌ 1 ൅ ହ
ଶ
𝜙

Inherent viscosity (inh): 𝜂௜௡௛ ൌ  ୪୬ ሺఎೝ೐೗ሻ
௖

 

Specific viscosity (sp): 𝜂௦௣ ൌ
∆ఎ
ఎ೚ 

ൌ ఎିఎ೚ 
ఎ೚ 

ൌ 𝜂௥௘௟ െ 1 ൌ ହ
ଶ
𝜙

The specific viscosity accounts for the effect of solvent viscosity. The specific viscosity (sp) is a suitable 
indicator for the changes in shape. 
Spherical polymer has low resistance to flow, and so, small sp. 
Stretched, rod-like shape has higher resistance to flow, leading to high sp. 
This is why the polymer solution viscosity depends on which solvent is used, as each polymer may swell 
differently in different solvents.

Viscosity of Polymer Solutions



Reduced viscosity (red):  𝜂௥௘ௗ ൌ  ఎೞ೛
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The concentration effect is adjusted and it is valid only for dilute solution.
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The contribution of the individual macromolecules to the viscosity increase will be independent and additive only 
when the polymer molecules are infinitely far from each other. NA and M are constants, so Vh can be calculated from 
the viscosity measurement.

The intrinsic viscosity is useful because it simple correlation to the Mark-Houwink equation (KM), which 
important to understanding the PLGA molecular structure and solution behavior. 

Viscosity of Polymer Solutions

Huggins Equation:  𝜂௥௘ௗ ൌ  ఎೞ೛
௖
ൌ 𝜂 ൅ 𝑘ு 𝜂 ଶ𝑐

In the Huggins equation, the reduced viscosity is related to [η] by a power series of the form. It is useful, as it provides a way to calculate 
intrinsic viscosity from specific viscosity or reduced viscosity, which is relatively easier to measure.  The constant kH is termed the Huggins 
constant and has values ranging from 0.3 in good solvents to 0.5 in poor solvents. It contains information about hydrodynamic and 
thermodynamic interactions between coils in solution. 



Poly(lactide-co-glycolide) (PLGA) Molecular Weights
Sigma-Aldrich

Each polymer has a range of molecular weights. 
The wide range in the molecular weight is 
common for polymers

Sometimes the molecular weight information is 
absent, and instead the inherent viscosity is 
shown.  See the next slide.



Commercial Products

Poly(lactide-co-glycolide) (PLGA)

The molecular weights of some 
commercial PLGA products are 
listed by their inherent viscosity 
(IV), instead of actual molecular 
weight.

Question 1: Why IV is used 
instead of actual molecular 
weight of a polymer in many 
commercial products?

Is the molecular weight based 
on measuring IV accurate?



Inherent viscosity average molecular weight (Lactel)
There are relationships between polymer molecular weight and IV. Once you know the IV, you can find the corresponding 
molecular weight. See the arrows on the top left figure. But the measured IV of a polymer solution depends on organic solvent
used. Thus, if a different solvent is used, the calibration has to be made again.  For example, the calibration curve established 
using chloroform (bottom left) cannot be used, if another solvent is used. 

Question 2: In the 
examples on the right, why 
50:50 PLGA used 
hexafluro-2-isopropanol, 
while 85:15 PLGA used 
chloroform to dissolve 
PLGAs?

50:50 DL-PLG = PLGA with the L:G ratio of 50:50 = PLGA 50:50 or 50:50 PLGA



Lactel PLGA 50:50

32,000

8,000

4,000

59,000

B6017-1 B6010-1 B6010-2

91,000

140,000

B6010-3 B6010-4Product No.

Inherent Viscosity Average Molecular Weight (Lactel)
Correlation of molecular weight (MW) and inherent viscosity (IV) of PLGA 50:50  and 75:25 from Lactel.

One batch

Molecular weight range



Determination of the Molecular Weight

The polymer molecular weights are usually measured using gel-permeation 
chromatography (GPC) using an external standard.  This approach does not 
provide accurate molecular weights of PLGAs, because the method uses 
polystyrene as the external standards. Multiangle laser light scattering 
(MALLS) method provides accurate molecular weight, because it measures 
the absolute molecular weight without using external standards. 

Multiangle laser light scattering (MALLS) = Multiangle light scattering (MALS)



Polymer Molecular Weight ... Distribution



Gel Permeation Chromatography



• Size-exclusion chromatography/Gel-permeation chromatography separate polymer molecules based on the 
hydrodynamic volume

• Solvation between polymer/solvent, interaction with column also controls the retention time.

• Non-representative standard (typically polystyrene) and the lack of standardized methods mean lab-to-lab differences in 
GPC measured molecular weights.

Polystyrene Standards with indicated molecular weights.

PLGA Molecular Weight by GPC with Polystyrene External Standard

≠Polystyrene and PLGAs are dissolved in tetrahydrofuran (THF).

Retention Volume (or Retention Time)

Polystyrene and PLGAs swell to different 
degrees (i.e., different hydrodynamic 
volume) even at the same molecular 
weight, and thus, the retention volume 
will be different. This results in inaccurate 
PLGA molecular weight. 



GPC Limitations



• GPC is used to separate polymer molecules based on the molecular weight.  The separated polymers are measured by 4 
different detectors, such as MALLS (measuring molecular weight and radius of gyration, Rg), Viscometry (for intrinsic 
viscosity), in-line dynamic light scattering (for hydrodynamic radius, Rh), and refractive index (for concentration).

• MALLS does not require calibration, and thus, no external standards, no solvation-artifacts.
• The light-scattering signal is better with low-RI solvents (acetone) than high-RI solvents (THF).
• The MALLS data provides an in-depth information for determination of molecular shape & branching of PLGA. This is 

through using the Markk-Houwink equation: 𝜂 ൌ 𝐾𝑀ఈ.  Examples are shown below using Sandostatin.

PLGA Molecular Weight by Multiangle Laser Light Scattering (MALLS)

GPC-4D



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

44%8,4155,83451%12,5238,30351:49PLGA 50L-S
48%24,12116,28047%34,97523,79050:50PLGA 50L-M
69%20,55712,18062%28,88917,83078:22PLGA 75L-S
51%24,59516,29050%37,97325,37072:28PLGA 75L-M
29%97,81276,17046%141,11796,33071:29PLGA 75L-H
15%9,3508,142-13%13,82915,890100:0PLA 100L-S
41%34,99824,90058%53,42933,900100:0PLA 100L-M
1%104,474103,20033%176,477132,700100:0PLA 100L-H 

The following example shows the magnitude of differences of molecular weights measured by MALLS and 
PES (polystyrene external standard) methods.  The degree of the difference in measured molecular weight 
ranges from 13% to 62% for the weight average molecular weight (Mw) and from 1% to 69% for the number 
average molecular weight (Mn).

Differences in Molecular Weights measured by MALLS and PS External Standards (PES)

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.



Comparison of GPC-4D results across two commercially 
manufactured PLGAs of comparable inherent viscosity 
specifications. (Molecular weights were measured by GPC-4D).

Comparison of Molecular Weights of PLGAs from Two Commercial Sources

Mz (n=3)Mw (n=3)Mn (n=3)Inherent 
Viscosity (IV)

Product

15,739 ± 16613,370 ± 13111,647 ± 1310.16 ~ 0.24 dL/gRG502H (Evonik, 
Lot# D170300516)

8,393 ± 2226,501 ± 1565,386 ± 2080.15 ~ 0.25 dL/gB6013-1 (Lactel, 
Lot# A16-101)

Chromatographic overlay of RG502H from Evonik (blue) and B6013-1 
from Lactel (red).   Both have almost the same IV ranges, but the 
molecular weight distribution is quite wider for B6013-1, resulting in 
much smaller average molecular weight. 

When PLGAs of the same molecular weight, as determined by IV, were obtained from two 
different companies and analyzed, the two PLGAs have very different molecular weights 
as measured by MALLS.

Question 3: Different companies 
produce PLGAs with the same L:G 
ratio and the same molecular weight 
measured by inherent viscosity. 
Scientist A may buy a PLGA from 
Evonik, while Scientist B may 
purchase the PLGA from Lactel. If 
two scientists make the same 
formulation using each PLGA, will 
the formulations have the same 
properties?  



ML = PL/(PL + (PG/2))
MG = (PG/2))/(PL + (PG/2))

• L:G ratio is critical to the degradation 
kinetics.

• Higher L:G ratio (i.e., higher lactide 
content) degrades more slowly.

O O

CH3 O

C

O

C

H

C C

H

H

H
R  = 

Lactic acid Glycolic acid

PLGA: L:G ratio by 1H-NMR
The L:G ratio of PLGAs is determined from the 1H-NMR spectrum by comparing the peak intensities of glycolic acid (4.5-5.0 
ppm) and lactic acid (5.0-5.5 ppm).  The glycolic acid peak is divided by 2, because each glycolic acid has two hydrogen atoms. 



• Requires extremely clean sample (alkanes can 
give false positive).

• High number of scans required for high 
Signal/Noise.

John Garner, Skidmore, Sarah, Haesun Park, Kinam Park, Stephanie Choi, Yan Wang, 
A protocol for assay of poly(lactide-co-glycolide) in clinical products. Int. J. Pharm. 495 (2015) 87-92.

PLGA: Endcap by 13C-NMR
The nature of the end group of PLGA, i.e., acid or ester, is determined by 13C-NMR. The presence of ester endcap is 
determined from the peak at 14 ppm.  



L:G (Lactodispersity)

Dynamic Light Scattering
Vh: Hydrodynamic volume

Intrinsic Viscosity
Mark-Houwink Equation

Molecular Weight

Shape

L:G Ratio
Mixture

GPC with polystyrene external
Mol. Wt. Standards which are 
usually dissolved in DCM or 
THF.

Multi-Angle Light Scattering
for accurate Molecular weight

PLGA Standards

Characterization of Poly(lactide-co-glycolide) (PLGA)
Characterization of PLGA polymers requires more than just measuring the molecular weight. As shown below, the molecular 
weight of PLGAs is usually measured using a GPC with polystyrene external standards and/or inherent viscosity, providing 
inaccurate molecular weights. Also, PLGAs having the same molecular weight may have different L:G ratios, affecting the 
polymer properties. Furthermore, PLGAs with the same molecular weight and the same L:G ratio may have different 
molecular structures, e.g., linear or star-shape branched structure.

Linear and star-shape molecules have the same molecular weight 
and L:G ratio, but their properties are very different.



PLGA L:G RatioSolvent
100:095:590:1085:1580:2075:2570:3065:3560:4055:4550:50

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 solubility chart on the 
left can vary depending on 
the PLGA concentration, its 
molecular weight, and the 
temperature for measuring 
solubility.

Solvent Solubility of PLGAs with Different L:G Ratios
As shown below, PLGA dissolves in different solvents depending on its L:G ratio.  As the L:G ratio increases, i.e., higher 
lactide content, PLGA dissolves in a variety of solvents. The reason PLGAs with low L:G ratio dissolve in only a limited 
number of solvents is due to the formation of crystalline structure of the glycolide segments. As the L:G ratio decreases, the 
glycolide segments increase to form the crystalline glycolide segments. 



Insoluble in 
most solvents

100 90 80 70 60 50 40 30 20 10 0G G
L 0 10 20 30 40 50 60 70 80 90 100 L

Solvent-dependent 
solubility

Lactide Glycolide

L:G Ratio

PLGA Solubility in Solvents
When the L:G ratio decreases below 50:50, PLGA polymers do not dissolve in most solvent. The only solvent that dissolves 
PLGAs with low L:G ratios is hexafluro-2-propanol, which is a very difficult solvent to handle.   

Hexafluro-2-propanol

Question 4: If Scientist A uses PLGA 75:25 to make a 
drug-containing PLGA microparticles using 
dichloromethane and Scientist B using ethyl acetate, 
will the final PLGA microparticles have the same drug 
release profiles or not?



• Blockiness refers to the distribution of L:G in a given PLGA batch, in particular to 
the glycolide segments. 

• Glycolide-rich regions tend to self-crystalize making difficult to dissolve domains.

LA GA LA GA LA GA

LA GA LAGA LA GA

LAGA LAGA LAGA

Uniform

Partial Block

Block polymer
Glycolide-rich regions 
form crystalline domains

PLGA: Blockiness
When we say PLGA 75:25, it means that the PLGA polymer has the L:G ratio of 75:25.  But please note that the 75:25 ratio is 
the average of all PLGA molecules.  Some may have lower L:G ratio (e.g., 70:30) or higher (80:20). The extent of the 
heterogeneity of the lactide content (or L:G ratio) is currently not known.  Some glycolide monomers may exist as neighbors, 
and in this case, they form crystalline structure.  The segments consisting of lactide monomers do not form crystalline 
structures because of the presence of a bulky methyl group.  Thus, PLGAs with the same molecular weight and the same L:G 
ratio may behave differently depending on the distribution of glycolide monomers, forming crystalline blocks.



PLGA: Blockiness
The blockiness of the glycolide segment can be measured by 13C-NMR. 

When the molecular weight and the polymer concentration were in 
the similar range, the factors that may affect PLGA solubility in 
different solvents include the L:G ratio and the glycolide sequence 
distribution, commonly known as the glycolide blockiness. As the 
blockiness of the glycolide increases, the PLGA solubility in solvents 
decreases. The blockiness was determined using the glycolide 
carbonyl group located at 166–167 ppm. It was calculated by dividing 
the peak intensity of the glycolide carbonyl adjacent to another 
glycolide unit (IG-G, upfield G-G peak at 166.33 ppm) by the peak 
intensity of the glycolide carbonyl adjacent to a lactide unit (IG-L, 
downfield G-L peak at 166.41 ppm). This ratio of the two carbonyl 
peaks is described as the Rc value: 

𝑅௖ ൌ  ூಸషಸ
ூಸషಽ

The higher Rc value indicates the higher the degree of blockiness of 
PLGA. As the blockiness increases, more glycolide monomers are 
aggregated by themselves and less interfaced with lactides, leading to 
higher heterogeneity. The Rc value can be a useful parameter for 
comparing glycolide sequence distribution of PLGAs, as the PLGA 
microstructure can affect its physicochemical properties, such as 
solubility and degradability [9]. In fact, the blockiness value provides 
an additional piece of information that is critical in determining the 
composition of PLGAs based on the L:G ratios.  



Injectable, Long-acting Formulations



Oral Peptide Delivery System
Table 2. Examples of various types of long-acting injectables (LAIs).

Otte 2025, Challenges and innovations in long-acting injectable formulations: Can formulation design space be rationalized?

Figure 1. Normalized doses of LAI products categorized into five 
LAI types: oily solution, suspension, microparticle, ISF implant, 
and solid implant.

Figure 4. Normalized dose of LAI products in Table 2 
as a function of logP of the drugs (in the figure, the 
logP value of −21.00 for exenatide with an 8 
mg/month dose (#41 in Table 2) was omitted).

Figure 2. Simplified steps of drug release from an LAI formulation to reach the target site (Modified from [32]).



Injectable, Long-acting PLGA Formulations



2 weeks MP 2001
1 mg/2 weeks (PD)

1 month MP 2000
60 mg/month

1,3,4,6 months IS 2002
7.5 mg/month (SC)

1,3,6 months MP 
2000, 2001, 2010
3.75 mg/month (IM)

2 weeks MP 2003
25 mg/2 weeks (IM)

1, 3 months SI 1989
3.6 mg/month (IM)

1 month MP 1999
13.5 mg/month 
(Discontinued) 

1,3,4,6 months MP  
1989, 1996, 1997, 2011
7.5 mg/month (IM)

1 week, IS 1998
50 mg/week (PD)

1 month MP 1998
20 mg/month (IM)

1 month MP 2006
380 mg/month (IM)

1 week MP 2012
2 mg/week (SC)

3 months SI 2009
0.7 mg/3 months (IV)

3 month, MP 2012
3.75 mg/month

1 month SI 2011
0.37 mg/month

1 month, MP 2014
1 month, MP 2014
20, 40, or 60 mg/month (IM)

3 months MP 2017
32 mg/3 months

1 month, IS 2018
90, 120 mg/month

1 month, IS 2017
100, 300 mg/month

IM: Intramuscular
IV: Intravitreal
SC: Subcutaneous
PD: Periodontal

MP: Microparticle (12)
IS: In Situ forming 

implant (4)
SI: Solid implant (3)

Injectable Long-Acting Formulations Approved by the FDA
All injectable, long-acting formulations approved by the FDA are based on PLGA polymers. Question 5: Why all FDA-

approved injectable, long-
acting depot formulations 
are based on PLGA 
polymers? Why not other 
biodegradable polymers?



Novel Implant Designs - Propel



Localized Activity - Zilretta



Understanding PLGA Microparticles

PLGA Microparticle Structures



HoleyPorousSpongySmooth

IrregularWrinkledDimpledScarred

PLGA microparticles have different surface profiles, which indicates different manufacturing processes. Their drug release 
properties are different, too. From the surface profiles of each microparticle, one can deduct how the microparticles were made.

Forensic Analysis of PLGA Microparticles: Surface Morphology

Lu 2014 IJPWang 2015 IJPKeohane 2014 IJP Bile 2015 IJP



Forensic Analysis of PLGA Microparticles: Surface Morphology
It is noted that each surface morphology is unique. The surface morphology indicates how each microparticles were made.
The dimples in the image on the left below is due to the formation of pickering emulsion, while the image on the right is a 
result of an entirely different manufacturing process.

The message is that the information on the surface morphology tells a lot about how each set of microparticles are made. 



10 
µm

50 µm

Forensic Analysis of PLGA Microparticles: Inner Morphology
As the surface morphology provides information how each set of PLGA microparticles were made, the morphology of inner 
structure of microparticles also provide information on the manufacturing process. The presence of one huge inner volume 
indicates that the viscosity was low enough for individual water droplets move to form one giant water block.  The presence 
of distinct empty spaces indicates that the viscosity was high enough to prevent coalescence of water droplets.



Bewegte Zeiten. Archäologie in Deutshcland

PLGA Microparticles: The Presence of Pores
The pictures below are presentations of an artist in Berlin, Germany. The artist may not have intended to describe a polymeric 
network. But the images describe a polymeric network.  The papers on the left picture can represent drug particles present in
PLGA microparticles.  It is important to visualize an object at the molecular level, and it helps to appreciate the properties of 
any polymeric system at the molecular level. 



Impact of PLGA Microstructure on Drug Release Kinetics

Dichloromethane

Time

M
Benzyl alcohol

Solvent Type
Good solvent vs. Semi-Solvent

Solvent Removal Kinetics
Water solubility, Tb

PLGA Type
L:G ratio
End group
Mol. Wt.
Molecular shape

Drug Type
Interaction with PLGA
Plasticizer effect

Factors affecting drug release kinetics

PLGA Microstructure

The inner structure of PLGA microparticles provide a clue how each microparticle may behave in its drug release properties. 
Depending on which solvent is used, the inner morphology become very different, resulting in different drug release properties.



Imaging Analysis of PLGA Microparticles by Raman Spectroscopy 
T

Li 2024, Hyper-spectra imaging analysis of PLGA microspheres via machine learning enhanced Raman spectroscopy



Formulations with Glucose-PLGA

Sandostatin LAR Depot® is made of glucose-PLGA, a star-polymer



• Sandostatin lists Glucose-PLGA without any specific information on branching.
• GPC-4D branched-PLGA method was developed/validated using a series of standards.
• Tested Sandostatin extract: branching average typically ranges between ~ 2.5-4 branching units/molecule.

or     R = H O O

CH3 O

C

O

C

H

C C

H

H

H
R  = 

Hadar, Justin, Sarah Skidmore, John Garner, Haesun Park, Kinam Park, Yan Wang, Bin Qin, and Xiaohui Jiang.
“Characterization of branched poly (lactide-co-glycolide) polymers used in injectable, long-acting formulations.” Journal of Controlled Release (2019).

PLGA: Branching Units/Molecule of Sandostatin®

Sandostatin is a clinical product approved by the FDA. It is the only PLGA product that used glucose-PLGA to make a 
formulation. 



(Vh: Hydrodynamic Volume)

Arm (= Branch)

Low Molecular Weight High Molecular Weight PDI3arn ≈ PDI5arm

f = 3 f = 5 f = 5

PDI5arm ≤ PDI5arm

CH2O-R

R-O
O-R

O-R
O-R

O

Glu-PLGA

or     R = H 

R represents either PLGA or hydrogen

O
O

O

CH3 O

H
R =

Mlin = Mstar Mstar > Mlin

Vh,lin > Vh,star Vh,star = Vh,lin

Star-Shaped PLGA (Glucose-PLGA)
The difficulty in identifying the molecular structure of PLGAs is that when PLGAs have the same molecular weight, 
there is no experimental method that can distinguish linear PLGA from star-shape PLGA, e.g., glucose-PLGA.



Complex Formulations in PLGA Microparticles



Complex Formulations in PLGA Microparticles



This establishes the exact concentration of the polymer.1. Refractive index

The component measures the absolute weight average 
molecular weight (Mw) without any calibration using 
standard molecules, as well as the radius of gyration (Rg).  

2. Multiangle static 
light scattering 
(MASLS)

This yields hydrodynamic volume (Vh), and thus 
hydrodynamic radius (Rh). 

3. Dynamic light 
scattering

The viscometer provides intrinsic viscosity ([η]) values 
which provide Mark-Houwink coefficients and distributive 
properties of long chain branching and hydrodynamic 
volume Vh of a polymer. 

4. Viscometer

5. Osmometer This measures the absolute number average molecular weight (Mw).
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GPC with Quadruple Detectors (Wyatt )
GPC with 4 detectors help us understand the molecular structure using MALLS and 
intrinsic viscosity measurement.



Pentaerythritol

Trimethylolpropane

Dipentaerythritol

Adonitol

1-decanol

1,2 hexanediol
CH2O-R

R-O
O-R

O-R
O-R

O

Glu-PLGA

or     R = H 

R represents either PLGA or hydrogen

O O

O

CH3 O

H
R =

It is difficult to quantitate the number of PLGA branches by NMR. The 
carbons in glucose do not show any peaks. The carbon peaks from glucose 
is shielded by the carbon signals from PLGA. Thus, a new method is 
necessary to determine the number of branches, i.e., the number of PLGA 
chains on a glucose molecule. 

Fortunately, the carbon molecules on molecules on the right shows 
distinctive peaks even with a PLGA branch.

Standard Branched PLGA Molecules
To determine how many branches a Glucose-PLGA polymer may have, we need to have standards, i.e., molecules with known 
branches.  Various molecules with different number of hydroxyl groups were used to prepare standard branch molecules.
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Branch Units per Molecule of Branched PLGAs
The molecules with known PLGA branch numbers were used to measure the branch number 
using a theoretical calculation of the branch numbers.
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Branch Units per Molecule of Branched PLGAs
As shown below, the branch number of glucose-PLGA does not appear to be described by just one number. As the molecular 
weight increases, the number of PLGA branches seems to increase.



Theoretical Model of Branching



The dependence of intrinsic viscosity [η] of a polymer on its 
molecular weight M is given by the Mark-Houwink(-Sakurada) 
equation:

𝜂 ൌ 𝐾𝑀ఈ or    𝑙𝑜𝑔 𝜂 ൌ 𝑙𝑜𝑔𝐾 ൅  𝛼𝑙𝑜𝑔𝑀
where K and α are two parameters that depend on the solvent, 
polymer, and temperature.  

It is common to plot the Mark-Houwink equation in a log-log 
graph to calculate the K and α values from the intercept and the slope. 
The slope is related to the shape of the polymer molecules and the 
polymer-solvent interactions. α = 0.5 for a polymer under θ conditions 
(i.e., an unperturbed random coil). α = 0.8 for a polymer in a good 
solvent, while α = 2 for rod-like polymers. The slope α is related to the 
solubility parameters of the polymer and the solvent.   

The molecular weight (M) remains the same but the Vh of the polymer 
changes in different solvents. The intrinsic viscosity [η] increases as the Vh
increases in good solvents. Thus, the solvent quality for each PLGA can be 
characterized by using the K and α values. 

log M

Good Solvent

lo
g[
η]

Poor Solvent

Mark-Houwink plots of a polymer 
in different solvents.  

The Mark-Houwink Plot 
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Branch Units per Molecule of Branched PLGAs
Another way of calculating the PLGA branch number is to use Mark-Houwink equation: 𝜂 ൌ 𝐾𝑀ఈ

Molar Mass (g/mol)/104



Mark-Houwink Plots of Glu-PLGAs of Sandostatin 
The figures below show that the branch number of glucose-PLGA varies from 2 at low molecular weights to 4 at high 
molecular weights.  Also it shows that Sandostatin in different batches may have slightly different branch numbers.  
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Analysis of Complex Mini-size (≤ 1 mg) Formulations  

SizePolymersDrugProduct
~0.2 mm in diameter x
~1.1 mm and 1.7 mm in length
(Total weight  <100 g)

PLGA,
PLA-Ester
PLA-Acid
PEG 3350

Bimatoprost, 
10 g, 15 g
for 6 months

Durysta®

(Allegan)

116 g (Ester)
350 g (Acid)
0.46 mm x 6 mm in length

PLGA-Ester
PLGA-Acid
(both 50:50)
(Resomer RG 502 & RG 
502H, Mw 7,000-17,000) 

Dexamethasone, 
700 g 
for 3 months

Ozurdex®

(Allegan)

13~79 mg (Star PLGA),
13~79 mg (Linear PLGA)

PLGA 50:50 ~ 60:40
PLGA 50:50

Pasireotide, 
10, 20, 30, 40, and 
60 mg for 1 month

Signifor® LAR 
(Novartis)

Amounts necessary for 
conventional assays
1H-NMR: ≥   5 mg  
13C-NMR: ≥ 25 mg
GPC: ≥   2 mg

Different PLGAs with 
Similar Molecular Weights & 
Similar L:G Ratios

Formulation made of different
• Molecular structures
• Molecular weight
• Molecular Composition

L:G ratios
End-groups
Blockiness

Understanding scientific 
rationale for making 
complex formulations



Improved understanding of 
drug release mechanisms

Sources of the initial burst release

Abolition of interconnected pores

Restructuring of PLGA structure
Improved understanding of 

PLGA polymers 

FDA initiatives on characterization of PLGA in 
the final formulations for Q1/Q2 equivalence.

Characterization
- Molecular structure: linear vs star
- Molecular composition: L:G ratio, end-group
- Molecular weight: mixture of different PLGAs

Why PLGAs?PLGA polymers properties 

IVIVC

Limited information of drug release mechanisms
Limited information of PLGA polymers
Limited control of drug release kinetics 

Trial-and-error approach

Long-acting injectable formulations

Difficulties in developing LAIs

The first LAI approved by the U.S. FDA, Lupron Depot

Benefits of LAIs

Quality target product profile 
(QTPP)

Critical quality attributes 
(CQAs=f(CMA1,...,CPP1,...))

Quality by Design (QbD)

IVIVC
Drug loading & encapsulation efficiency, stability, 
microparticle size, injectability, residual solvent, 
drug release kinetics, pharmacokinetics

Indications, dosage form, strength, shelf-life, 
administration route, blood concentration

Quality, Safety & efficacy

Critical material attributes 
(CMAs)

Critical process parameters 
(CPPs)

Design space

Solvent removal

Mixing Drying

Post-treatment

Sterilization

Manufacturing parameters

Drug

Solvent PLGA

Formulation composition

Artificial intelligence (AI)FDA-approved products

cGMP, Clinical trials, & NDA

1

2

3

4

5

6

PLGA-based LAIs by QbD

Park, K.: PLGA-based long-acting injectable (LAI) formulations
J. Control. Release 382: 113758, 2025


