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ABSTRACT: Sandostatin LAR (SLAR) is an injectable long-
acting release (LAR) microsphere formulation for octreotide based
on a biodegradeable glucose star copolymer of D,L-lactic and
glycolic acids (PLGA-glu), which is primarily used for the
treatment of patients with acromegaly. There currently is no
generic SLAR approved in the United States despite expiration of
patent coverage. To understand better this important formulation,
SLAR was assessed for its composition and physical−chemical
properties. Octreotide release kinetics was monitored under
physiological conditions over 56 days together with several
bioerosion parameters [mass loss, water uptake, pH of release
media, polymer molecular weight (Mw), and confocal microscopy
after BODIPY uptake]. A significant increase in the amount of
released peptide occurred after day 14. After 1 day of incubation in PBST, octreotide was not extractable completely from SLAR
during 2 h of the extraction process, but complete extraction was accomplished after 24 h, which suggested that strong and
noncovalent PLGA−octreotide interactions occurred beginning in the initial release phase. Leuprolide is considered as a cationic
peptide competitor for octreotide−PLGA interactions and its presence in the release medium resulted in more continuous
octreotide release from SLAR, which was linearly correlated with the mass loss from the polymer (i.e., an indication of erosion-
controlled release). These data strongly suggest that octreotide forms a salt with acid end groups of linear PLGA chains that are
either present as impurities in, and/or produced by the degradation of, the PLGA-Glu. This salt is expected to catalyze octreotide
acylation and extend peptide release beyond that driven by erosion control. The characterization studies of physicochemical
properties of SLAR described here could be useful for the development and regulatory evaluation of generic octreotide microspheres
as well as new polymer formulations, in which the polymer strongly interacts with encapsulated peptides.
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1. INTRODUCTION

Innovative technologies to create long-acting release formula-
tions (LARs) are employed to improve treatment when the
prolonged effect of the drug is required.1 LAR drug products
can attain steady therapeutic blood levels of molecules, such as
peptides, for periods of weeks to months after a single injection
or steady-state dosing.2 Microencapsulation techniques are
employed to extend biological half-life time, to reduce the
frequency of injections, and to protect proteins and peptides
from rapid degradation by enzymes.3 Long-acting release
formulations have a number of important advantages depend-
ing on the formulation such as high drug loading, sustained
release of drug over time with little initial burst, and a small
volume of injection.4

Sandostatin LAR (SLAR, Novartis Pharma AG) is a long-
acting poly(lactic-co-glycolic acid) (PLGA)-based formulation
of octreotide. It was designed for the treatment of patients with
acromegaly and symptoms related to certain types of tumors.5

SLAR for intramuscular injection allows for the reduction in
injection frequency from three times per day (subcutaneous
solution formulation of octreotide) to once a month (long-
acting release formulation).6 There is currently no generic
SLAR product approved in the United States. Measuring the
SLAR composition and analyzing physicochemical character-
istics of the product is important to assist companies pursuing
generic products. Because SLAR contains one of the few
peptides formulated as a microsphere product, it is also
important to understand this formulation better when
developing entirely new peptide/PLGA formulations. For
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example, detailed information regarding SLAR can serve as an
important commercial precedent when making decisions about
the development and potential regulation of new depot
formulations.
In vitro release testing of long-acting formulations when

properly validated is very useful for relating formulation
characteristics to pharmacokinetics and examining deviation in
product quality. The release of encapsulated drug from PLGA-
based microspheres can be affected by multiple factors: PLGA
characteristics such as molecular weight, lactide-to-glycolide
(L/G) ratio, star or linear chain branching, and end-group
capping; drug and excipient loading; microencapsulation
conditions, drying, and residual solvents; pH, temperature,
and stir rate in release media; water uptake; and size, porosity,
and shape of the microspheres.7 Another difficulty associated
with the employment of PLGA in designing formulations is
related to the creation of acids during degradation, similar to
other biodegradable polymers.7

In SLAR, a unique glucose star PLGA (PLGA-glu) is used to
create a long-acting release formulation. SLAR is characterized
by decreased bioavailability (60−63%) compared to the
immediate release injection.8 Previous in vitro release studies
showed that octreotide becomes acylated in PLGA-glu
microspheres.9 An important goal of the current study was
to examine stability of the octreotide as well as the nature of
peptide−polymer interactions.10

2. EXPERIMENTAL SECTION
2.1. Materials. Octreotide acetate (purity >99.7%) was

obtained from a GMP batch prepared by SHJNJ PHARMA-
TECH INC., China. Sandostatin LAR (sterile 5 mL vials
delivering 30 mg of octreotide free peptide, NDC Code 0078-
0825-81) was purchased from the hospital pharmacy
(University of Michigan hospital). Leuprolide acetate with
purity >98% by HPLC analysis was purchased from Shanghai
Soho-Yiming Pharmaceuticals Co. Ltd. (Shanghai, China).
BODIPY FL (4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-propionic acid) was purchased from Fisher
Scientific. All solvents used were of HPLC grade and were
purchased from Fisher Scientific, and unless otherwise noted,
all other chemicals were purchased from Sigma-Aldrich.
2.2. Determination of Octreotide Loading and

Encapsulation Efficiency. Octreotide loading was deter-
mined by two-phase extraction followed by UPLC. SLAR
microspheres (∼5 mg) were dissolved in 1 mL of methylene
chloride. The mixture was vortexed for 2 min, and then 4 mL
of acetate buffer (50 mM sodium acetate, pH = 4) was added.
The resulting solution was vortexed for 2 or 24 h and analyzed
for octreotide content by ultraperformance liquid chromatog-
raphy (UPLC), as described below. Drug loading was
calculated as the ratio of the mass of drug in the microspheres
to the total mass of the microspheres. Note that SLAR
microspheres in the final product contain mannitol on the
surface, resulting in reduced drug loading relative to those
microspheres after washing off mannitol.
SLAR microspheres were also analyzed for the nitrogen (N)

content. Samples of microspheres (10 mg), octreotide (5 mg),
and EDTA (0.5−2 mg) were weighed into a foil cup. The
EDTA standard with a certified nitrogen content (9.57 ±
0.03)% was supplied by LECO (St. Joseph, MI, USA). Samples
of standards were run on a LECO model to detect total N.
Before sample analysis, the system was calibrated with EDTA
standards by analyzing blank and performing a drift correction.

Nitrogen was converted to peptide using a conversion factor,
which was determined by analyzing pure octreotide.

2.3. Octreotide Quantification by UPLC. The amount of
octreotide and its degradation products in the combined
aqueous phase was determined using ultraperformance liquid
chromatography (Acquity, Waters, Milford, MA, USA)
equipped with an Acquity single quadrupole QDa mass
detector (UPLC-MS), a UV detector set to 280 nm
(UPLC), and a BEH C18 column 1.7 μm, 2.1 × 100 mm
(Waters, Milford, MA, USA). A gradient elution using
acetonitrile with 0.1% (v/v) formic acid and ddH2O with
0.1% formic acid at a flow rate of 0.5 mL/min was performed
as follows: 0 min (25:75), 2 min (35:65), and 2.5 min (25:75)
and a 0.5 min recovery. For quantitation of degradation
products, the standard curve of the parent drug was used.

2.4. Determination of the D-Mannitol Content.
Approximately 3 mg of each lot of SLAR products was taken
out to 20 mL tubes. The formulation was dissolved with 10 mL
of H2O and then sonicated with heating for 1 h. After filtration,
the solutions were diluted with acetonitrile at 1:1 v/v ratio.
The samples were injected into UPLC-MS (+ESI, 183.40 m/z)
for the determination of the mannitol concentration
[acetonitrile with 0.1% v/v formic acid and ddH2O with
0.1% formic acid (40:60) at a flow rate of 0.5 mL/min].

2.5. Scanning Electron Microscopy. Prior to imaging,
microspheres were mounted onto aluminum specimen stubs
by using double-sided carbon tape and coated with a thin layer
of gold under vacuum. Scanning electron microcopy (SEM)
was performed on a Tescan MIRA3 FEG scanning electron
microscope. Images were captured by MiraTC software.

2.6. Molecular Weight of PLGA. The weight-averaged
molecular weight (Mw) of PLGA was measured by gel
permeation chromatography (GPC). The Waters 1525 GPC
system (Waters, USA) consisted of two styragel columns (HR
1 and HR 5-E columns), a binary HPLC pump, a waters 717
plus autosampler, a waters 2414 refractive index detector, and
Breeze software to obtain the molecular weight. Samples were
dissolved in tetrahydrofuran (THF) at a concentration of ∼10
mg/mL and eluted with THF at 0.35 mL/min. The molecular
weight of each sample was calculated using monodisperse
polystyrene standards, Mw 4130−107,000 Da.

2.7. Determination of the Glass-Transition Temper-
ature (Tg). SLAR microspheres (5 mg) were transferred to
DSC aluminum pans, followed by sealing with hermetic lids.
The dry Tg was determined with a modulated differential
scanning calorimeter (MDSC) (Discovery, TA Instruments,
New Castle, DE) as previously reported.11 Temperatures were
ramped between −20 and 80 °C at 3°/min with a modulation
amplitude of ±1°/min. Tg was taken as the midpoint of the
reversing heat event. The results were analyzed by using TA
TRIOS software, and all measurements were performed in
triplicate for each sample.

2.8. Determination of the Residual Solvent Content
and Moisture Content. The total residual solvent content
was estimated by TGA and measured more specifically by
GPC and Fischer titration, as described below. For TGA, 3−5
mg of microparticles was placed on a platinum pan and
equilibrated at 25 °C and then ramped to 600 °C at 10 °C/
min. The residual solvent content was estimated as the mass
loss between 25 and 150 °C, which is much lower than the
temperature range over which mass loss of the polymer
occurs.12
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The residual water content in microspheres was determined
by Karl Fischer titration.13 Samples (∼0.1 mg each) were
weighed into vials. Then, 0.1 mL of anhydrous dimethylsulf-
oxide (DMSO) was added to each sample to dissolve
microspheres and the mixture was vortexed until complete
dissolution. This solution (∼0.1 g) was injected using a syringe
in the reaction cell of a KF titrator. The stirring time in the cell
before titration was fixed at 20 s. Five analyses were completed
for each sample, and the respective results were averaged. The
moisture content of the microspheres was determined after
correction for the moisture level in the DMSO.
Residual solvents used in SLAR preparation were

determined by GC. Samples (10 mg each) were weighed
into glass vials. One mL of dimethyl sulfoxide was added. The
glass vials were sealed immediately to prevent evaporation of
methylene chloride (MC). The GC conditions were as follows:
nitrogen gas was used as a carrier solvent at a flow rate of 25
mL/min, air flow was 350 mL/min, and hydrogen flow was 35
mL/min. The front detector temperature was 240 °C and the
front inlet pressure was a constant flow at 2 mL/min. Each
sample was agitated for 20 min at 80 °C. One milliliter of a
headspace sample was injected into the front inlet with the
temperature of 140 °C, a split flow of 40 mL/min, and a split
ratio of 20. Column: TG-624 GC Column, 0.53 mm I.D., 30 m
long, 3 μm film thickness. The GC column gradient was as
follows: an initial temperature of 40 °C for 15 min, followed by
an increase to 240 °C at 10 °C/min over 20 min and holding
at 240 °C for 2 min. Residual solvents were identified by
comparing their retention time with a retention time of
standard solvents using an Agilent 7890B gas chromatograph
(GC) combined with the Agilent 5977B MSD with Mass-
Hunter software. A 30 m long, 0.53 mm I.D. TG-624 GC
column with a 3 μm film thickness was used. Helium was used
as the carrier gas at a flow rate of 6.9 mL/min. The front inlet
was set to 240 °C with a split flow of 10.0 mL/min and a split
ratio of 10. The GC column gradient included an initial
temperature of 40 °C for 15 min, followed by an increase to
230 °C at 10 °C/min over 20 min. Twenty milliliters of sample
vials was agitated at 80 °C, and 1 mL of the headspace was
injected.
2.9. Determination of the Microsphere Size. The size

of the microspheres was determined by laser diffraction using a
Malvern Mastersizer 2000, which provides a volume-weighted
size distribution. Samples were added dropwise to ddH2O
dispersant in the instrument until the desired obscuration level
is reached (7−10% obscuration) at a constant stir speed of
2000 rpm. Measurements were conducted using a material
refractive index of 1.59 and an absorbance of 0.01. A general-
purpose calculation model, with normal calculation sensitivity
and irregular particle shape, was selected for size calculations.
2.10. Determination of the L/G Ratio by 1H NMR. To

evaluate the LA/GA of the starting PLGA, 500 MHz 1H NMR
was used. Ten milligrams of SLAR was washed with water to
remove the mannitol, and then the polymer was dissolved in
chloroform at a concentration of 10 mg/ml. Chloroform was
evaporated, and microspheres were dried in the vacuum oven
at room temperature for 1 day. Before NMR analysis,
microspheres were dissolved in chloroform. The pulse delay
set was 18 s to ensure that all the spins were relaxed to the
ground state.
2.11. Measurement of Stability and Drug Release in

Vitro. Ten milligrams of SLAR microspheres was suspended in
1 mL of 10 mM phosphate-buffered saline (PBS) with 0.02%

sodium azide and 0.02% Tween 80 (PBST) at pH 7.4. Then,
the microspheres were incubated at 37 °C with agitation at 80
rpm (KS 130 basic, IKA Works Inc., Wilmington, NC, USA),
and after centrifugation at 4000g for 5 min, the entire medium
was collected and replaced with 1 mL of the same buffer at
days 1, 3, 7, 14, 21, 28, 42, and 56. To minimize particle loss
during sampling, the supernatant was carefully removed using a
fine tip pipette and if any visible microspheres were taken up,
the supernatant was placed back in the tubes and the
centrifugation/sampling was repeated. The amount of
octreotide released to the release media was determined by
UPLC. At each time point, octreotide was extracted by the
two-phase extraction method and was analyzed for peptide
stability and retention in the microspheres by UPLC.

2.12. Examination of the Octreotide−Polymer Inter-
actions by Competitive Binding to Leuprolide. SLAR
microspheres were placed in 1 mL of 4 mg/mL leuprolide
solution in PBST in parallel with the release experiment. The
microspheres were incubated at 37 °C with agitation at 80
rpm. After centrifugation (4000g for 5 min), the entire release
media were collected, analyzed for the parent octreotide
content by UPLC, and replaced with fresh leuprolide/PBST
solution at days 1, 3, 7, 14, 21, 28, 42, and 56. Note that the
leuprolide in the release media did not interfere with
octreotide quantification but did prohibit the measurement
of degradation products and the total peptide content.

2.13. Quantification of Microsphere Water Uptake
and Mass Loss.Mass loss and water uptake were estimated as
previously described.14 Microspheres were incubated as in the
release kinetic study and collected on preweighed nylon
membrane filters under vacuum and washed off with ddH2O.
Then, the surface water was removed by further filtration
under vacuum for 5 s and the wet weight of the microspheres
on the membrane was immediately measured. The samples on
the nylon membrane were dried at room temperature under
reduced pressure to a constant weight, and then the dry weight
was recorded. To correct for the interparticle water, dry
microspheres were suspended in PBST buffer solution (pH =
7.4) at 4 °C and the wet and dry weights of microspheres on
the membrane were measured after filtering and drying. The
weight difference between wet and dry particles was used to
estimate the fraction of interparticle water (Wi), as defined by

=
′ − ′

′
W

W W
Wi

1 2

2

whereW1′ andW2′ are the weights of wet and dry microspheres,
respectively, after immediate collection at t = 0. The water
uptake of microspheres at time t [Wp (t)] was estimated by

=
− − ×

W t
W W W W

W
( )p

1 2 2 i

2

where W1 and W2 are the wet and dry microsphere weights
after incubation at 37 °C in PBST buffer at time t. The percent
mass loss was calculated according to the following equation

=
−

×
W W

W
% mass loss 100%0 3

0

where W0 is the initial weight of dry microspheres excluding
the cryoprotectant and W3 is the weight of the microspheres
after filtration and drying (subtracting the weight of the nylon
membrane).
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2.14. BODIPY Uptake and Laser Scanning Confocal
Microscopy. SLAR microspheres were incubated as described
in the release study. At days 1, 3, 7, 14, 21, 28, 42, and 56
during in vitro release, the release media were removed and
replaced with fresh buffer at each time point. Before confocal
microscopy analysis, microspheres at the time points above
were incubated in a solution of BODIPY FL (5 μg/mL) in
PBST buffer at 37 °C for 7 days under mild agitation. BODIPY
distribution in degrading microspheres and subsequent image
analysis was determined as previously described.15 Micro-
spheres were imaged using a Nikon A1 spectral confocal
microscope (Nikon, Tokyo, Japan) to observe dye distribution
and microsphere morphology. The excitation wavelength was
set to 488 nm, and the detected emission wavelength was 525
nm (i.e., the setting mode for FTIC analysis). The pinhole size
was set on 1.2 AU, scan speed was 1.1 pixel dwell, and frame
size was 512 × 512. Images were acquired at 60×
magnification.
2.15. Porosity. A mercury intrusion porosimeter was used

to determine the porosity of microparticles (AutoPore V
Series, Micromeritics, Norcross, GA, USA). The penetrometer
was loaded with 200−300 mg of microspheres (3cc powder
penetrometer) to make the final stem volume 25−80%. The
measurements were taken over low and high pressures varying
from 0.5 psia to 61,000 psia (equilibration of 10 s at each
pressure). The porosity was determined by the ratio between
the intrusion volume and the bulk volume.
2.16. Determination of the Acid Content. The acid

content was determined by organic phase titration.9 First,
PLGA was extracted from SLAR. Approximately 100 mg of
particles was washed with cold ddH2O to remove mannitol and
collected into a glass centrifuge tube, and then methylene
chloride (1 mL) was added to dissolve microspheres. The
mixture was vortexed for 30 min. After centrifugation at 4000g
for 5 min, the entire media was collected and filtered through a
0.22 μm PTFE syringe filter into a glass bottle. The bottle was
left uncapped to allow methylene chloride to evaporate. After
drying, the content was reconstituted in tetrahydrofuran/
acetone 1:1 mixture (5 mL). Adding phenolphthalein
methanol solution (0.1 wt %) as an indicator, the solution
was immediately titrated with 0.01 M methanolic potassium
hydroxide to a stable pink end point. The acid content of
PLGA was calculated as follows

[ ]

=
[ ] × ×

[ ]
N

acid content mg KOH/g PLGA
(volume of sample mL ) ( ) (Mw )

(weight of PLGA g )
NaOH NaOH

3. RESULTS AND DISCUSSION
3.1. Physicochemical Properties of Sandostatin LAR.

To characterize the stability and the amount of peptide in
microspheres, the peptide was analyzed by UPLC after two-
phase extraction and by nitrogen analysis. As shown in Table 1,
octreotide loading in SLAR by both methods was close (4.57−
4.76%) and comparable to the value listed in the package insert
(4.6%). The particle size distribution of SLAR was narrow with
a volume-median diameter of 57 ± 0.5 μm (mean ± SEM, n =
3) [d (v, 0.5)]. Ten percent of the volume distribution was
below 34.4 ± 0.2 μm (mean ± SEM, n = 3) [d (v, 0.1)] and
90% of the volume distribution was below 102.6 ± 0.5 μm
(mean ± SEM, n = 3) [d (v, 0.9)]. These results were
supported by the SEM micrographs. GPC analysis provided a

weight averaged of 46.5 ± 0.4 kDa and a polydispersity of 1.75
± 0.02 for the PLGA in the product. The L/G ratio in the
polymer was found to be 55.3:44.7 by 1H NMR. Gas
chromatography analysis revealed two residual solvents in
SLAR: methylene chloride (0.12 ± 0.01%) and heptane (1.74
± 0.03%), consistent with microencapsulation by coacerva-
tion.16,17

3.2. Peptide−Polymer Interactions, Peptide Stability
and Release, and Polymer Erosion Behavior under
Physiological Conditions in Vitro. It was previously shown
that during encapsulation, storage, and release, octreotide
interacts with linear PLGA acid end groups and acylation
products are formed, primarily at the primary amino groups of
the peptide.10 To understand first whether peptide instability
occurs in SLAR, we first conducted a long-term in vitro release
study while monitoring for additional peptide species on the
UPLC chromatogram. PLGA microspheres from SLAR were
incubated in PBST (pH 7.4) at 37 °C over 56 days. As seen in
Figure 1, SLAR microspheres exhibited a very low initial burst
release over the first day before increasing gradually after the
first 2 weeks. The low release during the first 2 weeks is
consistent with the need of patients to remain on the
immediate release formulation for the first 2 weeks of SLAR
treatment.8 From 2 to 4 weeks, a gradual but steady increase in
release occurred before a very large release from 4 to 6 weeks.
Then, there was a gradual tapering off by 6−8 weeks.
As the parent peptide began releasing during the active-

release period, a large amount of octreotide degradation
products was also observed in the release media (Figure 1).
These products were similarly observed directly in the polymer
matrix after the extraction of the peptide from microspheres
(Figure 2). As shown in Figure 2, the degradation begins
immediately after incubation as recorded by drops of the
parent peptide and a growth of impurities in the first day
extract. Calculations were made considering theoretical
octreotide loading as 100%. The amount of total peptide

Table 1. Characterization of Physical−Chemical Properties
of SLAR

property measurement measured value expected valuea

drug loading, % extraction/UPLC N
analysis

4.76 ± 0.11,
4.57 ± 0.08

4.65

mannitol
content, %

UPLC 16.0 ± 0.5 17

moisture
content, %

Karl Fischer
titration

0.34 ± 0.08 N. R.

residual
CH2Cl2, %

head space GC 0.12 ± 0.01 N. R.

residual
heptane, %

head space GC 1.74 ± 0.03 N. R.

total residual
solvent, %

TGA 2.11 ± 0.08 N. R.

Mw, kDa GPC 46.5 ± 0.4 52.06,18

Mn, kDa GPC 26.6 ± 0.4 N. R.
polydispersity GPC 1.75 ± 0.02 N. R.
L/G ratio 1NMR 55.3:44.7 55:456

porosity, % Hg porosimetry 47 N. R.
size
distribution

laser diffraction D (0.1): 34.4,
D (0.5): 57.8,
D (0.9): 102.6

D (0.1): 20,
D (0.5): 50,
D (0.9): 1006

Tg, °C DSC 45.64 ± 0.06
acid value,
μmol/g
polymer

titration 181 N. R.

aN.R. = not reported.
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extracted remained steady at around 100% of the peptide
loading until day 14 and then began to decrease. This trend
correlates with accelerated octreotide in release media after 14
days (Figure 1). To characterize the molecular weights of those
additional peaks on the chromatogram, a MS detector was
used. Figure 3 displays a representative LC−MS chromato-
gram of octreotide and degradation products extracted from
microspheres after 7 days of incubation. The peak of octreotide
appeared at 0.9 min and additional peaks were obtained in the
spectrum at the later retention times.
As expected by the extensive literature of octreotide in linear

PLGA systems, the peptide impurities were classified by LC−
MS to be acylated adducts (i.e., all molecular weights of the 15
peaks could be assigned as acyl additions by 1−3 lactic and
glycolic units of the PLGA), presumed to occur primarily at
the amino groups at the N-terminus and lysine side chain.10

The masses of the acylation products recorded by the LC−MS
detector are listed in Table S1. These peptide adducts were
consistent with MW additions of a single lactic, single glycolic,
sodium and lactic, two glycolic, and single lactic and single

glycolic acids. It is noted that in addition to the two expected
more pronounced different sets (0.8−1.2 and 2−2.7 min) of
peaks were identified as having glycolic and lactic acid
additions attributable to the two primary amino groups of
the peptide.10 There was a third position (2.0−2.3 min) on the
chromatogram, which may have been caused by one of the
hydroxyl side chains of the peptide (e.g., from thr-ol C-terminal
amino acid residue).19

In Figure 4, we describe our hypothesis of how the peptide
interacts with the PLGA polymer in SLAR and becomes
acylated. Within the formulation, there exist both linear and
star polymer chains with only the former possessing carboxylic
acid end groups to form a salt with the cationic peptide. With
time, new linear chains and new carboxylic groups are formed
from every hydrolytic event on the parent star or linear
polymer. Once the acetate counterion of the peptide is
hydrated upon rapid water entry in the polymer, a fast proton
transfer from linear PLGA carboxylic acid end groups is
expected based on the higher pKa of acetic acid and the
electron-withdrawing ester adjacent to the PLGA acid end
group.21 At the same time, the permanently cationic peptide
will reasonably associate with the new anionic sites of the
polymer. As we have learned recently, octreotide when forming
such a salt can enter the polymer phase of low molecular
weight linear acid-capped PLGAs.22 The much more stable
leuprolide is also capable of this salt formation-polymer phase
entry,22 which has been previously linked to several desirable
effects such as increased encapsulation efficiency by the solvent
evaporation and a higher Tg in the polymer.23,24 This peptide
absorption means that the peptide will become in very close
proximity to either another region of the polymer chain or in
fact other polymer chains within the polymer phase. As such,
the second primary amino group (either deprotonated in the
polymer phase or associated with a second PLGA-carboxylate
chain) is free to attack the intact ester bond of PLGA (in the
latter case upon proton exchange with hydronium ion or newly
formed carboxylic acid from the polymer). The unstable
tetrahedral intermediate will then lose water to liberate the
acylated peptide and smaller linear PLGA chain.
As seen below, the peptide−PLGA interactions may also

play an important role in octreotide release from SLAR. With
the beginning of the active release phase, the amount of
acylated products proceeded continuously until the end of the
incubation. The two-phase extraction method used to estimate
the octreotide content in microspheres normally included 2 h
of vortexing to extract peptide from the organic layer to the
water layer. This method allows extraction of 100% of
octreotide from SLAR microspheres at time 0. After 1 day of
incubation, the total peptide released was only 0.5% (Figure
5A), although the amount of total octreotide extracted by the
two-hour extraction method reached only 89% (Figure 5B). By
extension of the extraction time up to 24 h, it was possible to
extract around 100% of total peptide after 1 day of incubation.
The longer two-phase extraction method was used for the rest
of the release study. Failure to extract the peptide completely
after 1 day of incubation using the same extraction method as
was used for time 0 suggests significant interactions between
the peptide and the polymer. Note that the star polymer in
SLAR contains significant acid (acid content 181 μmol acid/1
g polymer, Table 1), which indicates the presence of significant
linear chains and/or free monomers in this polymer. As
glucose hydroxyls form the ester-capped ends of the PLGA
chains in the star polymer, there is no conceivable way for

Figure 1. In vitro release kinetics of octreotide and its degradation
products from SLAR microspheres determined in the release media.
Microspheres were incubated in PBST pH 7.4 at 37 °C with mild
agitation. The released peptide is depicted as parent octreotide (•),
degradation products (▲), and total peptide (parent octreotide and
degradation products) (◦). Symbols represent mean ± S.E.M (n = 3).

Figure 2. Octreotide and its degradation products extracted from
SLAR microspheres during in vitro release. Microspheres were
incubated in PBST pH 7.4 at 37 °C with mild agitation. The
recovered peptide is depicted as parent octreotide (•), degradation
products (▲) and total peptide (parent octreotide and degradation
products) (◦). The recovered peptide was normalized by the peptide
content determined at time 0. Symbols represent mean ± S.E.M. (n =
3).
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acids to be present in the polymer chain unless the acid
originates from a linear polymer chain. It is possible that some
of the acid measured in the polymer could be from acetic acid

(max acetate in SLAR = 117 μmol acid/1 g polymer for the
upper limit of 1.4−2.5 acetate/octreotide mol equivalent
specification25) from the reaction of the acetate peptide

Figure 3. Total ion current plot identifying parent peptide and acylation sites of octreotide extracted from SLAR microspheres incubated 28 days in
PBST pH 7.4 at 37 °C. Peaks were identified separately by mass.

Figure 4. Proposed mechanism of octreotide acylation by PLGA-Glu star based on refs 10 and 20.
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counterion with the more acidic acid of a linear PLGA chain.21

Because the 24 h extraction allowed complete extraction of the
peptide, it is reasonable to speculate that either the salt
between octreotide and linear PLGA chains (or less likely
other noncovalent bonds between the peptide and the
polymer) were broken. The result of recovering all the peptide
in a nonacylated form confirms the likelihood that the initial
peptide−polymer interactions present in the SLAR micro-
spheres are noncovalent. However, the possibility of some
hydrolysis of covalent peptide−polymer attachments cannot be
ruled out, which would require hydrolysis of a covalent bond
during the extended extraction period. In Figure 6, the kinetics
of the mass balance between increase in total peptide released
and decline in total peptide extracted is displayed. It can be
seen that the total of octreotide extracted and released was
close to 100% at every time point supporting the completeness
of peptide extraction and the independence of the extinction
coefficient of peptide impurities at the detection wavelength
(280 nm).
Polymer degradation plays a key role in the polymer erosion

and release of drugs. To study the Mw kinetics, SLAR
microspheres were incubated in PBST (pH 7.4) at 37 °C (the
same conditions as were applied in the release study). Mw was
examined at the same time points when the samples were
subjected to release analysis. After 14 days of release, Mw of
the polymer approached a very low level (<17 kDa) (Figure

7A) and the active release phase began. Beyond this time
point, the polymer degradation rate sharply increased, followed
by enhanced release of octreotide into the release media.
The physical−chemical behavior of PLGA is well described

in the pharmaceutical literature.24,25 The change in polymer
chain geometry in the form of a glucose-centered star gives rise
to increased water uptake and increased polymer chain
mobility.20−22 Degradation of the polymer occurs after its
rapid hydration.30 It is important to estimate the water uptake
by PLGA microspheres in order to study the erosion behavior
and potential influence on drug release and stability.
Hydrolysis of the polymer is dominated by water in the
polymer phase and release is sometimes triggered by changes
in osmotic pressure inside the pores of the microspheres. The
water uptake was calculated and corrected for estimated
interparticle water when dry microspheres were suspended in
cold buffer and immediately filtered, and the weight of wet and
dry microspheres on the membrane was measured. After day
14, the water uptake exceeded 15% and started to increase
dramatically reaching 50% by day 28 (Figure 7B). These data
correlate with the beginning of the active phase of release and
can be explained by increasing the pore size during degradation
of the polymer.26−29

Mass loss was measured in order to study the potential
release mechanism of erosion. Degradation of the polymer
enhances the pore size of the microspheres by creation of
osmotically active low molecular weight monomers and
oligomers, which are slowly liberated into the release media.
Increased pore size of the microspheres causes release of
peptide molecules into release buffer from the polymer matrix.
Under ideal erosion control, this liberation of peptides is
expected to happen at a similar rate as polymer erosion. Mass
loss of SLAR microspheres increased after day 7 of release,
which is correlated with molecular weight decline and water
uptake increase after 1 week (Figure 7C). Figure 8 illustrates a
relationship between mass loss and release. The release rate
was initially slower than the rate of erosion (i.e., data falling
below the release = erosion line). This unexpected effect can
be explained by the healing of newly created pores during
degradation of the polymer before the peptide has had a
chance to desorb from the polymer.11 See later discussion with
leuprolide as the inhibitor of peptide−polymer interactions.
Octreotide−polymer interactions were also examined by

competitive binding to leuprolide. Previously, our group

Figure 5. Recovery of octreotide extracted from SLAR by UPLC as a
function of time of extraction (2 or 24 h) using microspheres without
incubation (A) or after 24 h of incubation in PBST pH 7.4 at 37 °C
(B) (normalized by octreotide loading at time 0). * No acylated
peptide was detected before incubation. Data represent mean ± SEM,
n = 3.

Figure 6. Mass balance of total peptide released (dark gray) and
extracted (light gray) during in vitro release evaluation of SLAR
microspheres. Data represent mean ± SEM, n = 3.
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demonstrated that octreotide and leuprolide bind to low
molecular weight linear acid-capped PLGA with a similar
binding constant and stoichiometry.22 Ester-capped PLGA
binding to octreotide is expected to increase after degradation
of the polymer, which causes steadily more acid end groups.10

However, if acid-terminated linear chains are present initially,
then one could expect peptide−PLGA interactions even at
early time points. For example, a significant level of acid (acid
number 181 μmol/1 g polymer, Table 1) was observed, as
described before, indicative of the presence of linear PLGA
chains in the formulation. We studied the release of octreotide
in a modest concentration of leuprolide (4 mg/mL in PBST

pH 7.4) to examine the effect of octreotide binding to the
polymer on octreotide release. At every time point, the release
medium was replaced by fresh leuprolide solution and analyzed
for octreotide content by UPLC. We observed that octreotide
was released initially much faster (Figure 9), consistent with

the hypothesis that noncovalently octreotide bound to star
polymer was easily displaced by the PLGA-binding competitor,
leuprolide. The release of octreotides in the presence of
leuprolide was continuous and increased rapidly after 7 days of
incubation. A reasonable explanation for this difference was
not only PLGA−peptide interactions but also that pores are
known to close spontaneously owing to polymer healing.15

Thus, if the peptide is bound to the PLGA, then the time scale
of opening of percolating pore networks before pore closure
may be too short during early stages of release. In support of
this hypothesis, we plotted the drug release versus mass loss
kinetics, as shown in Figure 10, but this time both in the
presence and absence of leuprolide. Note that because the
presence of leuprolide in the release media interfered with
acylated peaks of octreotide, the release of the parent peptide
was plotted after normalization for the release of the parent
drug after day 56. Mass loss was similarly normalized by the
value at day 56. As expected from the similar kinetics of parent
and total peptide (Figure 1), the leuprolide-free release-mass

Figure 7. Kinetics of erosion behavior of SLAR in PBST pH 7.4 at 37
°C, including (A) Mw decline, (B) water uptake, and (C) mass loss.
Symbols represent mean ± S.E.M (n = 3).

Figure 8. Relationship between cumulative release of total octreotide
and mass loss of SLAR incubated in PBST pH 7.4 at 37 °C. Dotted
lines indicate an ideal erosion-mediated release, y = x, as a reference.
Symbols represent mean ± S.E.M (n = 3).

Figure 9. Cumulative release of native octreotide during incubation in
PBST pH 7.4 at 37 °C in the presence (◦) or absence (•) of 4 mg/
mL adsorption competitor leuprolide. Symbols represent mean ±
S.E.M (n = 3).

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00619
Mol. Pharmaceutics 2020, 17, 4141−4151

4148

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00619?fig=fig9&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://dx.doi.org/10.1021/acs.molpharmaceut.0c00619?ref=pdf


loss curve (Figure 10) was very similarly s-shaped as was
observed in Figure 8, owing to the strong interaction of
octreotide with linear PLGA chains inhibiting peptide release.
However, when the release of octreotide in the leuprolide-
containing media was plotted versus mass loss (Figure 10),
strikingly an ideal erosion behavior was observed (i.e., release
roughly equals mass loss). In other words, these data are
consistent with the idea that when leuprolide is present, the
peptide−polymer interaction effect on release is nullified and
the release kinetics of octreotide defaults to the mass loss
(erosion control) mechanism. Therefore, the peptide−polymer
interactions appear to play a role in not only peptide acylation
but also peptide release from SLAR.
To understand how the above release behavior was tied to

changes in the polymer, the evolution of porosity of the
polymer matrix was first characterized following BODIPY
uptake by using confocal imaging (Figure 11). During the
release study, the samples were taken out at each time point,

dried, and incubated for 3 days with BODIPY dye at 37 °C.
BODIPY dye diffused throughout the microspheres15 and was
observed by laser fluorescence confocal microscopy. Green
regions of strongly partitioned BODIPY in the images
designate polymer microstructure deep within the polymer
matrix owing to the dyes favorable PLGA partitioning. Black
spots represent aqueous pores and pore interconnections in
the particle. After 7 days of release study and 3 days of
incubation in BODIPY, the inner pores of microspheres
become larger. After 14 days of release, these pores start to
interconnect with one another and thus break through the
polymer matrix. This provides strong evidence of an important
osmotic role in octreotide release from the SLAR. Also shown
in these images is the tendency of polymer healing, as indicated
by few interconnected pores on the surface of the micro-
spheres.11,31 Note that from separate studies of annealing in-
house octreotide-loaded glucose star PLGA formulations, we
observe that the glucose polymer appears to heal pores faster
than either ester end-capped or acid-capped PLGAs.32

The external morphology of SLAR microspheres during the
release study was also monitored by SEM. Pores appeared on
the surface, shown at magnifications 9, 4.6, 2.7 kx (Figures 12
and S1 and S2). The pores were small until day 3 of
incubation. At day 7, the surface of microspheres started
changing. Large pores appeared at day 14 and the porosity
increased drastically. After 1 month, release channels formed
between pores and osmotic breakage pores were also evident
in these electron micrographs. After day 42, it was impossible
to find separate microspheres as the microspheres were broken
and stuck together. These images clearly indicate that 2 weeks
was a critical time point for the release of octreotide from
PLGA microspheres, before which the polymer matrix was too
nonporous for peptide release, consistent with the release and
mass loss lag phase (Figures 12 and S1 and S2).

4. SUMMARY

As formulators and FDA seek to understand the important
distinguishing characteristics of SLAR, the findings described
above bring additional clarity to this formulation and are
significant in several ways, namely: (a) reverse engineering of

Figure 10. Relationship between cumulative release of the parent
octreotide (normalized by release at day 56) in the presence (◦) or
absence (•) of 4 mg/mL adsorption competitor leuprolide and mass
loss (normalized by mass loss at day 56) of SLAR incubated in PBST
pH 7.4 at 37 °C. Dotted lines indicate an ideal erosion-mediated
release, y = x, as a reference. Symbols represent mean ± S.E.M (n =
3).

Figure 11. Confocal microscopy images of octreotide-loaded PLGA microspheres incubated in release media PBST pH 7.4 at the designated times
(noted in each panel) and then further incubating with 5 μg/mL BODIPY dye in the same media for 3 days.
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the novel LAR was conducted with a full list of assays, product
composition, and quantitative attributes; (b) methods for
quantitative extraction of octreotide from the polymer were
developed that are not compromised by peptide−polymer
interactions; (c) the broad distribution of encapsulated
octreotide adducts recovered from the glucose star polymer
during in vitro release were identified by UPLC/MS; (d)
degradation and release kinetics was quantified with full mass
balance, providing a plausible explanation for the reduced
bioavailability of the LAR in humans relative to the soluble
injected drug; (e) imaging of the unique microspheres was
accomplished in dry and wet states by scanning electron and
confocal imaging showing the clear effects of swelling on the
development of interconnected pore networks; and (f) the key
role of polymer−peptide interactions on peptide release,
reasonably expected between octreotide and linear PLGA
chains, which was even slower than the mass loss of the
polymer; this interaction was implicated by release experiments
in the presence and absence of a peptide inhibitor for
octreotide−PLGA interactions. These findings may also be
useful for analysis of future PLGA depots for other peptides
and proteins.
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Figure 12. Scanning electron micrographs of SLAR microspheres incubated in PBST pH 7.4 over 56 days. Numbers in figures refer to days of
incubation. Magnification was 9kx.
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