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ABSTRACT: Poly(lactide-co-glycolide) (PLGA)-based microparticle formulations have
been a mainstay of long-acting injectable drug delivery applications for decades. Despite a
long history of use, tools and techniques to analyze and understand these formulations are
still under development. Recently, a new characterization method was introduced known
as the surface analysis after sequential semisolvent impact using sequential semisolvent
vapors. The vapor-based technique is named, for convenience, surface analysis of
(semisolvent) vapor impact (SAVI). In the SAVI method, discretely controlled quantities
of selected organic semisolvents in the vapor phase were applied to PLGA microparticles
to track particle morphological changes by laser scanning confocal microscopy.
Subsequently, the morphological images were analyzed to calculate mean peak height
(Sa), core height (Sk), kurtosis (Sku), dale void volume (Vvv), the density of peaks (Spd), maximum height (Hm), and the shape ratio
(Rs). Here, the SAVI method was applied to naltrexone-loaded microparticles manufactured internally and Vivitrol, a commercial
formulation. SAVI analysis of these microparticles indicated that the two primary mechanisms controlling the naltrexone release
were the formation of discrete, self-crystallized portions of naltrexone within the PLGA structure and the degradation of PLGA
chains through nucleophilic substitution. The relatively higher amounts of naltrexone crystals resulted in prolonged release than
lower amounts of crystals. Data from gel permeation chromatography, differential scanning calorimetry, and in vitro release
measurements all point to the importance of naltrexone crystal formation. This study highlights the utility of SAVI for gaining further
insights into the microstructure of PLGA formulations and using SAVI data to support research, product development, and quality
control applications for microparticle formulations of pharmaceuticals.
KEYWORDS: PLGA, surface analysis, semisolvent, solvent vapor, long-acting depot, microparticles

1. INTRODUCTION
Poly(lactide-co-glycolide) (PLGA) is a biodegradable polymer
widely used in long-acting injectable (LAI) formulations.1−3
The drug release mechanisms of PLGA formulations constitute
a complicated set of features, including diffusion- and erosionmediated release, which can be affected by the distribution of
the drug, microstructure of the polymer matrix, and
interactions among the drug, polymer, and biological fluids.
For this reason, each LAI formulation behaves uniquely
depending on the drug, PLGA, and its application. As an
illustrative example, in the delivery of octreotide from
Sandostatin LAR, octreotide’s cationic components interacted
strongly with anionic carboxylate groups of PLGA. These
interactions were affected by the composition, structure, and
end-cap chemistry of PLGA (e.g., the difference between
linear, acid-endcap PLGA, and star-shaped glucose-PLGA).4
Similarly, Wan et al. demonstrated marked differences in the
release of risperidone from the same grades of PLGA obtained
from various manufacturers.5 The minor differences in
molecular weight and sequencing from different manufacturers
resulted in drastic effects on the microstructural arrangement
© 2022 American Chemical Society

of formulated microparticles, leading to distinctly different
risperidone release profiles. Additionally, the molecular weight
distribution of polydispersed PLGA, which is not measured
correctly by traditional inherent viscosity measurements,
impacts the release of leuprolide from LAI formulations.6
The various properties of PLGA and the manufacturing
techniques affect the performance outcome of the microparticle formulations.7−9 These interwoven factors (molecular
weight and PLGA microstructure) that lead to differences in
drug release profiles are poorly understood. Overall, there is a
need for further characterization of the drug release properties
of LAI microparticles and the associated polymer composition
and microstructural arrangement.
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Table 1. Formulation Parameters for Indicated Manufactured Formulations
formulation #
1. PLGA-75
2. PLGA-75
3. PLGA-75
4. PLGA-75
5. PLGA-75
6. PLGA-75
7. PLGA-75
8. PLGA-85
9. PLGA-85
10. Vivitrol

L
L
L
L
L
L
L
L
L

blank (75 L = 75% Lactide)
simple method
EtOH wash (24 h PVA/8 h EtOH)
EtOH wash (4 h PVA/8 h EtOH)
EtOH wash (4 h PVA/24 h EtOH)
ILH 25 g
ILH 250 g
ILH 25 g
ILH 250 g

polymer (source)

solvents (V/V ratio) PLGA (% w/v solids)

PLGA-75 L (Evonik, RG755S)
PLGA-75 L (Evonik, RG755S)
PLGA-75 L (Evonik, RG755S)
PLGA-75 L (Evonik, RG755S)
PLGA-75 L (Evonik, RG755S)
PLGA-75 L (Evonik RG756S)
PLGA-75 L (Evonik RG756S)
PLGA-85 L (Lactel B6006-2)
PLGA-85 L (Lactel B6006-2)
commercial formulation

Naltrexone is a full opioid-receptor antagonist which is
nonaddictive and nonnarcotic.10−12 Naltrexone is widely used
to treat opioid addiction due to its advantages over other
treatment options consisting of less potent opioids, such as
buprenorphine and methadone. The hallmark symptom of
addiction is a loss of self-control by the addicted. Hence, a key
challenge in addiction treatment is ensuring patient compliance (e.g., taking medication at the desired intervals to
maintain a steady-state drug concentration in the blood). An
LAI formulation offers significant advantages in reducing
patient compliance issues. However, the high cost of Vivitrol, a
1-month naltrexone LAI system with $900 ∼ $1300/dose,
presents a significant bottleneck for broader patient access to
this valuable treatment.13 From April 2020 to April 2021, over
100,000 drug overdose deaths occurred, and most were driven
by opioid overdose.14 In addition to direct overdose deaths,
the societal problems related to crime and violence compound
this problem, making the development and marketing of more
affordable treatment options, such as naltrexone-LAI formulations, paramount. The process of LAI formulation
development, however, is not trivial and requires careful
formulation design.15,16
Our previous research focused on using optical laser
scanning (OLS) microscopy to evaluate the surface characteristics of PLGA microparticles both in the dry state and after
exposure to selected semisolvents with various PLGA
solubilities depending on the lactide:glycolide (L:G)
ratio.17,18 OLS can capture a large area encompassing dozens
of microparticles allowing evaluation of the average behavior
and the variations in particle behavior for heterogeneous
formulations.
Initially, PLGA microparticles were sequentially exposed to
semisolvents in the liquid phase to study morphological
changes. The process of analyzing the impact of exposing
semisolvents is named “surface analysis after sequential
semisolvent impact (SASSI)”. The SASSI method demonstrated the feasibility of observing differences in particle
morphological behavior when exposed to different semisolvents. However, even relatively low-solvating semisolvent
liquids resulted in rapid dissolution of the PLGAs, making
formulation differences challenging to observe unless operating
at very low temperatures. This created other problems due to
humidity and dew formation. Liquid solvents also present
shear forces that can move particles around, making the
observation of the same microparticles difficult. More
importantly, particles had to be dried under vacuum before
applying the successive solvent after applying each semisolvent.
This led to a significant time requirement, sometimes as long

DCM
DCM/ACE 9:1
BZA/DCM 7:3
BZA/DCM 7:3
BZA/DCM 7:3
BZA/DCM 8.4:1.6
BZA/DCM 8.4:1.6
BZA/DCM 8.4:1.6
BZA/DCM 8.4:1.6

18%
16%
39%
39%
39%
26%
26%
26%
26%

naltrexone (% w/w
PLGA)
0%
30%
35%
35%
35%
40%
40%
40%
40%

as weeks. These drawbacks were overcome by a new approach
based on semisolvent vapors.19 The vapor-based SASSI
technique is named “surface analysis of semisolvent vapor
impact (SAVI).” The SAVI method allows rapid and routine
analysis of PLGA microparticles without complicating factors
caused by liquid solvents. This study utilized the SAVI method
to investigate the microstructural properties of naltrexoneloaded PLGA microparticles. The SAVI method was used to
probe structural changes of naltrexone microparticles during in
vitro release testing.

2. MATERIALS AND METHODS
2.1. Materials. Lactide and glycolide dimers were
purchased from Ortec. Dichloromethane (DCM), ethyl
isobutyrate (EI) lactic acid, toluene (TOL), poly(vinyl
alcohol) (PVA) (Mowiol 4-88), 2-pentanone (2PE), phosphate-buffered saline (PBS), PBS with 0.05% Tween 20
(PBST), propyl acetate (PA), triethylammonium acetate
(TEAA), deuterated chloroform (CDCl3, silver stabilized),
and stannous octanoate (SnOct, purified by vacuum distillation
at 200−250 °C and −31 inHg) were purchased from Sigma
Aldrich. Benzyl alcohol (BZA), acetone (ACE), methanol
(MeOH), hexane (HEX, purified by distillation (65−85 °C)),
tetrahydrofuran (THF), and 20 mL glass vials were purchased
from Fisher Scientific. Naltrexone (free base) (Spectrum
Chemical Mfg. Corp), ethanol (EtOH, Decon Laboratories),
and calcium sulfate (Drierite, W.A. Hammond company) were
used as received. PLGA for this study was commercially
sourced from Evonik (Essen, Germany) and Lactel (Birmingham, Alabama).
2.2. Polymer Analysis. PLGA polymers were purchased,
manufactured, and extracted from existing formulations for
assays according to previously described methods.20,21 Briefly,
samples were dissolved in CDCl3 (∼5−20 mg/mL), and their
NMR spectra were collected by the Purdue Interdepartmental
NMR Facility (PINMRF, pinmrf.purdue.edu).17 The mole
fraction of lactide (ML) was determined by the equation ML =
PL/(PL + (PG/2)), where PL is the peak integration of the
proton signal at 5.2 ppm of the H1 of lactide and PG is the peak
integration of the signal at 4.8 ppm for H2 of glycolide. Rcms
(comonomer sequencing) was evaluated from 13C NMR data
collected at 125 MHz by carbonyl shift corresponding to the
equation (Rcms = IG‑L/IG‑G), where IG‑L is the peak integrated at
166.44 ppm corresponding to the glycolide carbon adjacent to
lactide and the IG‑G peak integration at 166.36 ppm
corresponding to glycolide carbon adjacent to glycolide.17 An
increased Rcms value indicated a more uniformly distributed
PLGA with less glycolide block formation. Sometimes, Rcms
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values were converted to Rc (=1/Rcms) to represent the G-G
blockiness of PLGA polymers.20,21 Gel-permeation chromatography was conducted using traditional external molecular
weight standards (GPC-ES) and multiangle light scattering in
GPC with quaternary detection (GPC-4D). Briefly, GPC-ES
was conducted using a Waters Breeze-2 system with a THF
mobile phase at 1 mL/min across three columns at 35 °C and
refractive index detection. The system was calibrated using a
commercially available 10-point polystyrene calibration standard (Agilent). GPC-4D was conducted using an Agilent 1260
Infinity II high-performance liquid chromatography (HPLC)
instrument connected to Dawn Heleos II (MALLS) with
Dynapro Nanostar (DLS) attached via an optical cable,
Optilab T-rEX (RI detector), and Viscostar III viscometer
operated using Astra 7 software (Wyatt). A mobile phase of 0.6
mL/min ACE flowed over a linear gradient column (Tosoh
Bioscience LLC, TSKgel GMHHR-L, 7.8 mm × 30 cm), and
universal calibration was obtained from the MALLS detector
signal.
2.3. Preparation of Microparticles. Blank and naltrexone-loaded microparticles were prepared by a single emulsion
method. Briefly, PLGA and naltrexone were dissolved in an
organic solvent or a mixture of organic solvents at the
concentrations described in Table 1. These were emulsified in
an aqueous phase followed by hardening and drying
conditions. The manufacturing conditions were purposefully
varied to evaluate the effect of manufacturing differences on
the obtained particle properties.
For the “simple” method, organic solutions containing drug
and PLGA were added through an 18 Gauge needle into 4 L of
0.5% (w/v) PVA agitated with a 1/3 off-set paddle rotating at
1000 rpm and stirred for 5 h. The particles were collected on a
7 μm nylon mesh, rinsed with deionized water, washed three
times in a centrifuge tube with deionized water, and
centrifuged (2000 rpm/1 min). The collected particles were
dried over calcium sulfate at reduced pressure (75 Torr) for
2−3 days and then passed through an #80 mesh (<177 μm) to
remove large particles. No washing or postprocessing steps
were applied.
For the “ethanol wash (EtOH wash)” method, PLGA and
naltrexone were co-dissolved in a mixture of DCM and BZA
with care taken to reduce the contact time between naltrexone
and PLGA since the naltrexone can catalyze degradation of
PLGA.15 The organic phase was combined with ∼5× excess of
1% PVA and homogenized for 1 min at 7000 rpm (model T25, IKA). Subsequently, the emulsion was added to ∼38×
excess volume of chilled 1% PVA and stirred at 4 °C for the
time indicated in Table 1. The emulsion was screened to
obtain particles between 7 and 177 μm in size. The particles
were then resuspended in 25% ethanol solution and stirred for
the time indicated in Table 1 before drying in a vacuum
desiccator for 2−3 days. Note that the time spent in specific
steps varied across the batches as indicated. For simple and
ethanol methods (#1−5 in Table 1), the same polymer
(PLGA-75 L, i.e., PLGA 75% lactide or PLGA 75:25 (Evonik,
RG755S, lot# D151200583)) was utilized. Before use, this lot
was confirmed to have an L:G ratio of 75:25 by 1H NMR and a
number average molecular weight (Mn) of 51,168 or a weight
average molecular weight (Mw) of 72,176 Da by GPC-ES.
The “in-line homogenization (ILH)” method was applied as
previously reported.15 Briefly, for the ILH batches, an in-line
mixing assembly was fit onto a Silverson L5M-A homogenizer
to convert it into an in-line homogenizer. The continuous

Article

phase (1% PVA in ultrapure water) and the dispersed phase
(PLGA and naltrexone dissolved in a mixture of DCM and
BZA) were pumped through a Cole-Parmer gear pump and
syringe pump at 300 and 100 mL/min, respectively, with a
target batch size of ∼25 or ∼250 g. The two phases were
pumped into the homogenizer via a tube-in-tube design to
minimize premixing before homogenization. Homogenization
was performed at 1800 rpm with a medium emulsor screen.
Upon exiting the homogenizer, the seed emulsion flowed
directly into the extraction vessel loaded with 15.2 L of water
at 4 °C and hardened for 4 h. The hardened microparticles
were collected and dewatered on a 25 μm sieve mesh.
Microparticles were further hardened in a vacuum oven for 18
h and washed with 8 L of 25% ethanolic solution at 22 °C for 8
h. Postextraction, microparticles were collected between 25
and 150 μm, de-watered, and dried under vacuum for 48 h.
In addition to the manufactured batches described above, a
sample of commercially available naltrexone formulation,
Vivitrol (Alkermes), was also evaluated.
2.4. In Vitro Release. In vitro drug release testing was
performed according to previously described methods for
drug-loaded samples.22 For Formulations 2−5 and Vivitrol,
release testing was done in flat-bottom screw-top Erlenmeyer
flasks. Microparticles (25 mg) were dispersed in 40 mL of
PBST and incubated with 100 rpm orbital agitation at 37 °C
(Southwest Science, IncuShaker). These particles were
observed to settle to the bottom of the flasks. At prespecified
time points, 30 mL of particle-free PBST supernatant was
withdrawn and replaced with 30 mL of fresh PBST. The %
naltrexone release was adjusted to compensate for the 10 mL
of media, which remained with the settled particles at each
time point.
HPLC was performed using an Agilent model 1260 with a
diode array detector (high sensitivity) to measure drug release
from each sample of Formulations 2−5. The drug loading of
microparticles was determined by dissolving ∼5−50 mg of
particles with 1 mL of dioxane in a 20 mL vial. Subsequently, 9
mL of HPLC mobile phase was added to the solution, and the
suspension was filtered through a 0.2 μm PVDF syringe filter
before the HPLC analysis. The mobile phase (10 mM
phosphate buffer pH 6.6/MeOH = 35:65) was flowed at 1
mL/min across the C18 column (ACE, C18-PFP 100 Å 3 μm
4.6 × 150 mm (ACE-1110-1546)) with UV monitoring at 210
nm.
Formulations 6−9 were assayed for in vitro release. In brief,
approximately 5 mg of microparticles was introduced into a
stoppered 50 mL Erlenmeyer flask containing 20 mL of pH 7.4
PBST and 0.0625% (w/v) sodium ascorbate, which was placed
in a 37.0 °C (±0.3 °C) glycerol bath at 30 rpm in a shaking
incubator. At preselected time points, 1 mL aliquots were
taken and replaced with 1 mL of fresh release medium. The
naltrexone content in the buffer was analyzed via HPLC.
The naltrexone content in Formulations 6−9 was
quantitated using an Agilent 1260 HPLC system with a UV
absorbance detector set to 210 nm. The conditions for HPLC
were a mobile phase of 65:35 methanol/potassium phosphate
buffer, pH 6.6; 1.0 mL/min flow rate; autosampler temperature
at room temperature; column temperature of 30 °C; detection
at 210 nm (UV); total run time of 7 min; injection volume of
10 μL (in vitro release); column of Zorbax SB-C18 150 × 4.6
mm, 5 μm; and approximate retention time of naltrexone at 4.8
min.
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2.5. Extraction and Characterization of PLGAs. The
PLGA polymers from microparticle batches were extracted and
assayed as previously described.20 Briefly, 15 mg of each
microparticle batch was dissolved in 1 mL of DCM and passed
through a 0.45 μm PVDF syringe filter into 10 mL of ethanol
in a 15 mL glass centrifuge tube. The precipitate was
centrifuged at 3300 rpm/10 min, followed by decantation of
ethanol. The collected PLGA was then dried under a heated
vacuum (−31 inHg, 50−60 °C).
2.6. Differential Scanning Calorimetry (DSC). The
prepared microparticle batches were tested using a MDSC
Q2000 (TA Instruments) in aluminum pans under 50 mL/min
argon flush. For Formulations 1−5, modulated DSC (2−5 mg)
was performed on samples with ±1 °C every 30 s modulation
and a ramp rate of 3 °C/min from −80 to 200 °C. The first
test was done on dry particles from each manufactured batch,
and the same microparticles were tested again after soaking for
30 min in PBS at 37 °C (particles were still damp when
tested).
2.7. Surface Analysis of Semisolvent Vapor Impact
(SAVI). Optical laser scanning confocal microscopy was
performed using a 3D measuring laser microscope OLS5000
(Olympus, LEXT series) equipped with a motorized stage. A
custom-made temperature-controlled platform (Lystron connected to ThermoNeslab digital-one recirculating chiller) had
a laminar-flow gas diffuser mounted onto it. The gas diffuser
was connected to a temperature-controlled solvent vapor
source consisting of a series of septa-capped vials and an argon
gas source. Each solvent, in turn, was equilibrated to a
controlled temperature with an argon carrier gas bubbled
through via a 4-in. 18 Gauge needle. The outlet (pressurized
head-space) was connected by a 1-in. 18 Gauge needle
connected by PTFE tubing to feed into the diffuser to allow
the vapor to flow across the particles under controlled
conditions.
The conditions used were 10 min exposure to each solvent
with the solvent heated to 40 °C, the particles heated to 30 °C,
and an argon flow of 40 cc/min. By controlling these
conditions, the solvent vapors were applied at a consistent
dose of 95 ± 18 mg, as described in Table 2.

criteria was that individual microparticles need to be separated
from others to minimize interference by overlapping microparticles. Before exposure, each microparticle was scanned for
the full depth of the Z-axis (from the surface of a glass slide to
the top of a microparticle), and semisolvent vapors were
applied sequentially. After exposure to each semisolvent vapor,
the scan was repeated to collect morphological data on the
microparticle (Figure 1).

Figure 1. Schematic description of semisolvent vapor exposure.

The collected 3D scans were processed using LEXT software
(Olympus) to autocorrect the scans initially (e.g., filling in
blank regions caused by particle self-shadowing and removing
noise). Profilometry data were collected based on a triplicate of
the region of interest (ROI) placed over the top of the particle
to minimize variations caused by user input regarding where to
define the edge of a microparticle. The form factor was applied
to limit the contribution of the spherical shape of the particle.
A short cut-off filter of 1 μm (S-filter) and a long cut-off filter
of 50 μm (L-filter) with a “spline” setting were applied to
remove features close to the machine’s resolution and close to
the size of the particle, respectively. The average of the data
from the triplicate ROI was taken and treated as a single data
point. Dimensional aspects of the particles were collected by
setting a volume threshold measurement with a vertical (Z)
cut-off to match the height of the glass surface and collecting
the surface area, area, height, and volume of the particle
protruding above the glass.
2.8. SAVI Test of Microparticles Exposed to Buffer
and Subsequent Degradation. The changes occurring to
the particles during drug release and degradation were
measured by SAVI analysis. The analysis was conducted on
microparticles of Formulations 1, 3, 4, or 5, or a sample of
Vivitrol as collected at predetermined time points during
incubation in a release medium. A solution of 0.154 M TEAA
and 0.05% w/v polysorbate 20 was prepared (TEAA-T20, pH
= 7.0) to provide a release medium free from interference of
salts. The drug release kinetics were determined in PBS as it is
the buffer most widely used for in vitro release assays. Our
initial work used PBS for the SAVI analysis; however, upon
drying, the substantial quantities of nonvolatile salt components in PBS obscured imaging of the particles. Additionally,
recovering particles from large volumes was not trivial. For this
reason, for the SAVI method, PBS was exchanged for a
triammonium acetate buffer that could maintain a near neutral
pH ∼ 7 and had equal osmolarity. Each formulation had 20 mg
of microparticles loaded into the upper chamber of a dialysis
microfuge tube (Whatman, Cat# 6835-1101, 100 kDa MWCO
polysulfone membrane). The tube was filled with 1.9 mL of
TEAA-T20 divided across both upper and lower chambers in a
2 mL microfuge tube such that both chambers were fully
immersed. The tubes were incubated upright at 37 °C with

Table 2. Semisolvents Used for the SAVI Analysis19
application
order
1.
2.
3.
4.

EI
TOL
2PE
PA

L10mg/mLa
85%
78%
69%
63%

boiling
point
112
110
101
102

°C
°C
°C
°C

vapor pressure
40
22
27
25

Torr
Torr
Torr
Torr

(34
(20
(20
(20

°C)
°C)
°C)
°C)

Article

mass volatilizedb
(n = 3)
86 ± 1 mg
78 ± 3 mg
97 ± 9 mg
113 ± 4 mg

a

L10mg/mL is the minimum lactide content necessary for a solvent to
dissolve a 10 mg/mL concentration of PLGA at a fixed molecular
weight of 80 ± 20 kDa. For example, a solvent with an 85% L10mg/mL
value would easily dissolve PLGA 85:15 but has difficulty dissolving
PLGA 70:30. bMass volatilized indicates the quantity evaporated
(determined gravimetrically) with 40 cc/min argon flow in a 40 °C
incubator for 10 min.

Dry microparticles (≤1 mg) were passed through a 327 μm
sieve (InterNet Company, Cat# ES-3300) to disperse evenly
and were applied onto a grid microscope slide (RPI
corporation). A series of dispersed particles were selected,
and their locations were programmed into the software to find
the same microparticles again later. One of the key selection
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Table 3. Characterization of PLGA Polymers Extracted from Indicated Formulations
formulation #

L% (1H
NMR)

Mn
(Da)

Mw
(Da)

PDIa

solvation radius
(nm)

intrinsic viscosity (mL/
g)

naltrexone loading
(%)

EEb
(%)

1. PLGA-75 L blank
2. PLGA-75 L simple method
3. PLGA-75 L EtOH wash
4. PLGA-75 L EtOH wash
5. PLGA-75 L EtOH wash
6. PLGA-75 L ILH 25 g
7. PLGA-75 L ILH 250 g
8. PLGA-85 L ILH 25 g
9. PLGA-85 L ILH 250 g
10. Vivitrol

75.2
75.4
74.9
74.8
75.6
75.6
74.9
84.2
85.6
75.6

33,941
32,134
21,846
26,516
21,825
44,193
43,057
38,807
50,011
36,560

41,799
39,079
28,127
33,282
27,510
54,582
53,970
48,404
60,771
46,249

1.23
1.22
1.60
1.26
1.26
1.24
1.25
1.25
1.22
1.27

3.4
2.5
1.6
1.7
1.6
1.5
1.4
2.7
1.6
1.4

40.14
38.46
31.60
32.75
30.54
40.82
40.12
42.84
42.29
43.20

N/A
3.3
26.1
29.9
30.7
35.5
35.5
33.7
35.9
33.7

N/A
11%
75%
85%
88%
89%
89%
84%
90%
N/A

a

PDI, Polydispersity index = Mw/Mn. Evonik RG755S used in Formulations 1−5: Mw/Mn = 72,176/51,168 = 1.41. Evonik RG756S used in
Formulations 6 and 7: Mw/Mn = 78,113/62,316 = 1.25. Lactel B6006-2 used in Formulations 8 and 9: Mw/Mn = 79,689/66,038 = 1.21. bEE,
encapsulation efficiency.

Figure 2. In vitro naltrexone cumulative drug release from formulations. The numbers indicate formulation numbers in Table 3.

desiccator, and tested by GPC-ES to evaluate PLGA molecular
weight after drug release.
2.9. Statistics. Statistical comparisons were conducted
using an unpaired t-test (GraphPad). Significance was defined
as p-values of <0.05, <0.01, and <0.0001 denoted as *, **, and
***, respectively.

100 rpm orbital agitation in a shaking incubator (Southwest
Science, Incu-Shaker Mini). At each time point, 100 μL of
microparticle slurry was removed from the upper chamber
(pipette tip used to stir up particles if they had settled) and
added to the top of a grid slide (RPI, SKU: 160244). A ∼2 cm2
piece of wire mesh (InterNet, 327 μm) was placed on top of
the slurry on the slide to provide a surface for the solution to
follow and aid in particle spread across the grid slide. The
microparticle-coated slides were dried in a vacuum desiccator
over calcium sulfate for 1−3 days to remove water and other
volatiles. Subsequently, these slides were tested by the SAVI
test as described above.
Drug monitoring was conducted to estimate the release of
naltrexone from each sample. The contents of the lower
chamber from the split microfuge tube (1.1 mL of buffer) were
removed and combined with 0.4 mL of acetonitrile. This
solution was measured by UV−vis at 282 nm and compared to
a calibration curve prepared in TEAA/ACN buffer to
determine naltrexone content. For UV−vis absorption analysis,
a longer wavelength peak was selected for monitoring to avoid
noise caused by PLGA degradation products which primarily
absorb in the 200−250 nm range. The total volume of
removed buffer (1.2 mL) was refreshed, and the samples
returned to incubation for the next time point. The naltrexone
released from the sample microparticles at each time point was
considered a monitoring estimate rather than a quantifiable
release. At the 4-week conclusion of the study, the remaining
particles from each sample were collected, dried in a vacuum

3. RESULTS
3.1. Characterization of PLGA Microparticles. PLGAs
extracted from microparticles were characterized to determine
their properties by NMR and GPC. The results are
summarized in Table 3. Of note, the PLGA molecular weights
of Formulations 3, 4, and 5 were smaller than those of
Formulations 1 and 2, indicating some degradation during
microparticle preparation, most likely during the EtOH
washing step, which was absent in Formulations 1 and 2.
The higher molecular weights of Formulations 6, 7, 8, and 9
are due to the larger molecular weight of raw materials (Evonik
Resomer RG 756S with an inherent viscosity of 0.7−1.0 dL/g,
compared to 0.50−0.70 dL/g for Resomer RG 755S used in
Formulations 1−5). The formulations were also assayed for
naltrexone content and in vitro release kinetics. In general,
Formulations 2, 3, and 4 had lower naltrexone loading than
Formulations 6, 7, 8, and 9, indicating that the microparticle
preparation method affected the drug loading.
The impacts of different manufacturing methods on drug
release were pronounced, as shown in Figure 2. Formulation 2
had such a low drug loading that its practical application as a
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drug product was questionable. Formulations 3, 4, and 5 were
made by a conventional emulsion method, and their drug
release was complete in less than a month. Vivitrol also showed
a similar release profile over a month. On the other hand,
Formulations 6, 7, 8, and 9 prepared by ILH had an average
naltrexone loading of ∼34%. For Formulations 8 and 9, the
drug release was extended to 2 months. Additionally, the
encapsulation efficiency varied according to the manufacturing
method. For Formulation 2, the simple method utilizing
relatively poor solvents for NTX provided low encapsulation.
Use of BZA/DCM mixtures provided for entrapment in the
70−90% range depending on manufacturing conditions with
ILH providing slightly improved entrapment relative to simple
washing methods. This highlights the importance of
manufacturing methods to product performance. The data
indicate that the microparticle manufacturing conditions
(including formulation and manufacturing parameters and
post-treatment conditions) led to differences in drug loading
and release kinetics.
Each formulation was also tested for the glass transition
temperature (Tg) in a dry state and after soaking in PBS for 30
min with testing done while the formulation was still partially
damp (Table 4). Selected batches were analyzed both fresh

many morphological changes have been made and whether
they are statistically significant. More importantly, qualitative
and subjective descriptions based on a few microparticles may
not represent the overall formulation. Thus, image analysis
programs have been used to quantify morphological changes.
However, selecting the parameters that can accurately describe
the morphological changes depends on the observed changes.
For quantitative analysis, the obtained images were
evaluated by profilometry and dimensional analysis. The
morphological parameters used in this study include
profilometric arithmetic mean height (average height variation,
Sa, in μm), maximum profilometric height difference (Sz, μm),
core height (Sk, height variance of main bulk of material, μm),
kurtosis (Sku, a measure of the sharpness of profile height
change, i.e., unevenness of the peaks and valleys, unitless), dale
void volume (Vvv, volume of pit regions, μm3/μm2), core
material volume (Vmc, volume of material in the bulk of
surface, μm3/μm2), and the density of peaks (Spd, number of
peaks/mm2). In addition, maximum height (Hm, top of a
microparticle from the glass surface, μm) and the shape ratio
(Rs, total surface area of a microparticle divided by the flat area
in contact with the glass surface, unitless) were used to
describe the flattening of microparticles after exposure to
semisolvent vapors. The Rs value decreased as the microparticle collapsed and spread on the surface, as the glass
contact area increased while the spherical surface area
decreased. These parameters are described in Figure 3 to aid
understanding of the parameters.
Example images from each sample of Formulations 1∼10 are
shown in Figure 4. Formulation 1 in Figure 4 shows
considerable changes in the peak height and surface area
after exposure to TOL vapor and even more changes after
subsequent exposure to 2PE and PA. This sequence was
chosen to plasticize the PLGAs with higher lactide contents
first and subsequently impact the PLGAs with lower lactide
contents. Such changes can be quantitated by the profilometric
and dimensional analysis data. Many parameters, specifically Sa,
Sz, Sk, and Vmc, decreased by TOL vapor treatment, with
associated decreases in the average peak height, maximum
height difference, core height, and core material volume. The
maximum height (Hm) also decreased substantially, indicating
the collapse of microparticles. The decrease in the shape ratio
(Rs) from 4.4 ± 0.41 to 1.4 ± 0.14 after TOL exposure was
attributed to the spreading of collapsed microparticles.
Microparticles undergo similar processes of collapsing followed
by spreading as they are exposed to semisolvent vapors. Still,
the size of the transition depends mainly on the type of PLGA
used.
In Formulation 3, microparticles collapsed and spread when
exposed to semisolvent vapors. The increase in the sharpness
of the surface roughness after exposures to semisolvent vapors
was associated with continuous increases in Sku values from
2.08 ± 0.9 of dry microparticles to 7.95 ± 4.8, 9.23 ± 15.1,
12.42 ± 20.6, and 13.93 ± 25.0 after sequential exposure to EI,
TOL, 2PE, and PA, respectively. The same trend was found in
Formulation 5.
The profilometric and dimensional analysis data of
Formulations 6 and 7 were similar to those of Formulations
8 and 9. Thus, the ILH manufacturing of the same
microparticles in two different quantities, 25 and 250 g, did
not materially alter the microparticle properties. These data
also indicated that the microparticle made of PLGA 75:25 (i.e.,
Formulations 6 and 7) and PLGA 85:15 (i.e., Formulations 8

Table 4. Glass Transition Temperatures of Indicated
Particles
Tg (°C)
formulation

(dry)

(PBS
soaked)

(aged,
dry)

(aged, PBS
soaked)

1. PLGA-75 L blank
2. 75 L simple
method
3. 75 L EtOH wash
4. 75 L EtOH wash
5. 75 L EtOH wash
6. 75 L ILH 25 g
7. 75 L ILH 250 g
8. 85 L ILH 25 g
9. 85 L ILH 250 g
10. Vivitrol

32.1
51.2

24.8
35.9

36.4
52.5

31.5
25.7

51.3

47.8

50.5
54.6
41.7
39.9
49.9
51.2
48.5
51.6

29.0
24.3
25.2
27.5
25.9
28.3
24.9
27.0

Article

and again after at least 9 months in storage at −20 °C. The
nucleophilic capacity of naltrexone also presented itself
through other studies. A comparison of DSC measurements
between freshly made particles and the particles stored at −20
°C highlights this. The minimal change was observed for dry
DSC due to storage conditions. However, DSC conducted
with the samples slightly dampened with PBS displayed a
striking contrast in terms of the overall age of the particles. In
addition, the samples loaded with naltrexone displayed a
substantial decrease in Tg. For example, the wet Tg of
Formulation 3 decreased from 47.8 to 29.0 °C after being
stored at −20 °C for >9 months (Table 4). The decrease
highlights the dynamic nature of naltrexone microparticle
formulations. This observation of changes over time in storage
also points to potential problems in comparative testing results
between freshly manufactured and aged formulations.
3.2. SAVI Analysis. For SAVI analysis, microparticles of all
formulations were imaged before and after exposure to
sequential semisolvent vapors. While visual observations
show discernible differences, such differences are only
qualitative and subjective. This leads to the question of how
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Figure 3. Schematic description of selected morphological parameters. The example data are for a microparticle of Formulation 2 after 2PE
exposure. (A) Areal material ratio displaying Sk, Vmc, and Vvv parameters. (B) Dimensional profile displaying Hm and Rs parameters. (C) Roughness
profile displaying filter correction, Sa, Sz, Spd, and Sku.

and 9) responded similarly to sequential exposures to
semisolvents. However, the significant differences in the
naltrexone release profiles, as shown in Figure 2B, indicate
that the drug release from microparticles prepared by the same
manufacturing method may primarily depend on the PLGA
L:G ratio used; i.e., naltrexone release from microparticles
prepared with PLGA 75:25 was much faster than microparticles prepared with PLGA 85:15.
A comparison of Formulation 6 and Vivitrol showed the
usefulness of performing quantitative analysis. The two
formulations consisted of PLGA 75:25 and naltrexone but
were made with two distinct manufacturing methods. As
shown in Figure 2, both released naltrexone for 1 month. The
difference in morphological changes after sequential exposures
to semisolvent vapors was visually apparent. Such differences
were observed with exposure to EI. Notable changes showed
that the average height (Sa) decreased, and the surface became
more heterogeneous, i.e., increased kurtosis (Sku). After further
exposure to TOL, 2PE, and PA, the differences increased.
While quantitative profilometric and dimensional analyses
were helpful for this application, visual observations continued
to be essential in examining surface morphology. A drug
loaded into microparticles may be present in amorphous or
crystalline form, and the drug distribution could be unique to
each formulation. For example, Figure 5 shows the laser
intensity images of Formulations 1, 4, and 9 and Vivitrol. For
naltrexone-loaded microparticles, a drug-containing core and
cubic crystals of self-crystalized naltrexone were observed after

the formulations were exposed to semisolvents, which removed
the surface PLGA layers to expose underlying naltrexone
crystals. Different naltrexone crystal distributions in Figure 5
highlight the differences in the manufacturing processes.
In SAVI analysis, each semisolvent sequentially plasticizes
PLGA and alters the surrounding polymer structure while
affecting the drug inside only to the extent that the drug can
interact with the solvent. When in the crystalline state,
naltrexone exhibited minimal interaction with the applied
semisolvents. The core of crystalline naltrexone can be
observed, and separated crystals of naltrexone typically have
a cubic appearance (Figure 5). By profilometry, differences in
the presence of the naltrexone core could be observed with
various parameters, such as the difference in core height (Sk),
which represents the variance in the bulk of the height (i.e., a
large portion of the naltrexone core protruding from the
relatively flatter PLGA of the particles). It was shown by
significant increases in the Sk value of Formulation 9 after
exposure to TOL and 2PE (11.58 ± 5.0 and 12.28 ± 6.9,
respectively) in comparison to 5.90 ± 5.1 and 9.12 ± 9.5 of
Vivitrol. Comparison of Formulations 4 and 9 indicated an
advantage as the ILH manufacturing formed a crystalline core.
This led to greater Sk during late-stage semisolvent exposure
relative to the overall flatter crystalline core for the microparticles produced via ethanol wash.
For the washed samples, the time spent on each step played
a role in the rate of collapse. The samples which spent
extended periods in the washing step (Formulation 3 vs
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Figure 4. Example images from indicated samples collected at 50× magnification under SAVI analysis. Each formulation is accompanied by
profilometric and dimensional measurements under indicated solvent conditions. Data presented as average ± standard deviation, number of
particles assayed (N) listed for each formulation.

Figure 5. Laser intensity images of confocal laser microscopy of selected formulations after sequential exposure to four semisolvents, with PA as the
last semisolvent. The scale bar indicates 50 μm.

Formulation 4, 24 h vs 4 h stirring in PVA) displayed a rapid
collapse as shown by a decrease in the shape ratio due to the
reduced particle height (Figure 6A). The decrease corresponded with the reduced molecular weight of the 24 h stirred
formulation (21,846 Da, Mn) versus the 4 h stirred formulation

(26,516 Da, Mn). Similarly, 24 h ethanol-bath exposure
(Formulation 5) exhibited reduced molecular weight and
quicker collapse. Despite this, Formulation 3 exhibited a
slightly reduced drug release at early time points and reduced
drug loading relative to Formulations 4 and 5, which behaved
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Figure 6. Comparison of indicated parameters across indicated solvents as obtained from the SAVI method. (A) Comparison of the shape ratios for
formulations manufactured by stirring for 24 h (Formulation 3) and formulations stirred for 4 h (Formulation 4). Significant differences (p <
0.0001***) across all semisolvents used. (B) Comparison of the core height (Sk) for formulations made by either the EtOH wash method
(Formulation 4) or ILH method (Formulation 7). Significant differences (p < 0.0001***) between formulations after exposure to EI, 2PE, and PA.

similarly in vitro. The conjoined result was attributed to less
naltrexone loading due to the loss of surface naltrexone during
washing with the PVA solution and the nucleophilic attraction
of the naltrexone to the PLGA. Figure 6B compares the core
height (Sk) of Formulations 4 and 7. Both formulations were
post-washed in ethanol for 8 h, but the difference in
manufacturing processes resulted in different responses to
semisolvent vapors.
3.3. SAVI Analysis of Microparticles during Buffer
Exposure and Degradation Testing. Formulations 1, 3, 4,
and 5 and Vivitrol were selected to limit the number of
samples and associated profilometric and dimensional data in
this study. Several formulations were further evaluated by
testing their behavior during buffer exposure. The samples
were imaged by LEXT microscopy and tested by SAVI at each
time point (Figure 7). The microstructure of the particles was
a dynamic entity that changed during drug release testing.
Notably, naltrexone-loaded microparticles exhibited an observable collapse during incubation. The particles softened and
collapsed to form clumps or mechanically failed in other ways.
The observed change resulted in pronounced reductions in
several parameters, including the shape ratio for the
naltrexone-loaded samples (all of them), which exhibited
significantly (p < 0.0001) reduced Rs relative to the blank
formulation (Formulation 1) at weeks 3 and 4 due to the
collapse of the microparticles.
The imaging results correlated well with the results of GPC
analysis, which indicated a reduction in molecular weight (i.e.,
the number average molecular weight (Mn) of 30 kDa for
Formulation 1 (blank, unloaded) versus Mn < 3 kDa for all
naltrexone-loaded formulations) (Table 5). After buffer
exposure, the residual material collected from each sample
was tested by GPC-ES to obtain Mn, Mw, and PDI. GPC-ES
was utilized to test the smaller quantity of samples with fewer
purity constraints than GPC-4D. As GPC-ES utilizes
polystyrene external standards, there are some differences in
the exact value it provides relative to GPC-4D, which utilizes
universal calibration. Despite this, the changes in polymer
molecular weight are drastic enough to be clear. The
naltrexone-loaded samples had notably lower molecular
weight, attributed to polymer degradation. This correlated
with the release results, which generally indicated the more
rapid release of NTX toward later time points in TEAA buffer,
potentially due to self-catalyzed degradation.

The structures revealed by SAVI can be informative in
understanding the internal structure of microparticles.
Exposure to semisolvents removed the surface PLGA layers,
exposing the inner structures of the microparticles. After 1 day
of incubation, Vivitrol exhibited the presence of some
crystalline naltrexone within the microparticle after solvent
exposure, while Formulations 3, 4, and 5 showed minimal
crystalline naltrexone. The difference between Formulations
3−5 and Vivitrol was most notable in peak sharpness as
measured by profilometry. The prevalence of square and
rectangular, blocky naltrexone crystals in the structure reduced
the peak sharpness (e.g., kurtosis, Sku) in Vivitrol relative to
Formulation 4 for samples collected on Day 1. The difference
in Sku was statistically significant for late-stage solvents 2PE (p
< 0.05) and PA (p < 0.01), as 2PE and PA solvents allowed
increased access to laser scanning of naltrexone crystals by
dissolving the bulk of the polymer (Figure 8). The preservation
of naltrexone crystals during the early incubation stage
corresponded to the release behavior, as Vivitrol exhibited a
reduction in burst release of naltrexone. In contrast,
Formulations 3−5 exhibited higher release in the early period
in PBS. By tracking the crystalline nature of naltrexone, SAVI
offers better discrimination of the formulations manufactured
by different methods.

4. DISCUSSION
Analysis of PLGA-based LAI formulations has been challenging. PLGA polymers possess different properties depending on
their characteristics, such as Mw, L:G ratios, G-G blockiness,
and molecular structure.17,18,23,24 A common practice of mixing
different PLGAs to modulate the drug release rate makes the
analysis more complicated. Furthermore, the properties of
PLGA microparticles that are compositionally the same may
change if different microparticle manufacturing processes are
used. While the drug release kinetics may be the most crucial
property to examine, evaluation of the in vivo pharmacokinetics (PK) is challenging due to the prolonged in vivo
application time (i.e., days to months) and complex in vivo
conditions. In vitro, real-time, or accelerated drug release
kinetic studies can be used as an indicator of potential
differences in microparticle formulations.25,26 However, even if
the in vitro drug release kinetics in some conditions may be the
same, there is no assurance that the formulation will have the
desired in vivo PK profiles. One way of adding assurance of the
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Figure 7. Example SAVI images collected during drug release testing from indicated formulations at predetermined time points.

similarity in PK profiles is to examine the formulation
structures, e.g., microstructures of PLGA microparticles and
their changes and relaxation of PLGA polymers over time.

As shown in Table 4, one unexpected observation in this
study was the changes in Tg of the aged microparticles. Tg
remained the same after aging in the dry state but changed
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that such degradation may occur even in the dry state during
storage. The extent, kinetics, and conditions of such
degradation are not fully understood. Because of the
microstructural changes over time, the ultimate question is
whether such changes would affect the drug release kinetics
and, thus, the PK profiles. To date, such methods have not
been available. Thus, an analysis of the structural aspects of
each formulation for comparison would provide insight into
connecting structures and properties to function. To fully
elucidate the driving parameters of change in Tg due to
manufacturing and storage will require a separate systematic
study and has not been addressed in the current study.
Semisolvents have been effective in separating PLGA
polymers based on their L:G ratio and molecular weight.
Previous studies utilized semisolvents in the liquid form.17,18
However, the semisolvent liquids presented many difficulties
when applied to microparticles for morphological analysis.
Most importantly, applying semisolvent liquids moved microparticles on a microscope slide; thus, the same microparticles
could not be easily examined. This study found that the
semisolvent in the vapor phase can be effectively used to
analyze the PLGA compositions of microparticles. The SAVI
method allowed monitoring of structural changes of the same
microparticles after sequential exposure of several semisolvents.
There are dozens of parameters for the morphological
characterization of scanning images obtained. The selection of
proper parameters depends on the nature of the analysis. In
our study, nine parameters were more than adequate for
analyzing the surface morphology of PLGA microparticles.
Several trends were observed with a relationship between
profilometric measurements and particle behavior. Notably,
two parameters, max height (Hm) and the shape ratio (Rs),
were related to the collapse of microparticles under exposure
to semisolvent vapors. Max height and the shape ratio gave a
measurable indication of when a particle was strongly
plasticized by the solvent and spread out on the glass surface.
Figure 9A,B shows that Rs decreases as the surface area
increases; i.e., the microparticles spread out. The arithmetic
mean height (Sa) indicated the overall heterogeneity of the
surface as to whether the surface was smooth or rough (Figure
9C,D). Similarly, the dale void volume (Vvv) gave a general
indication of the presence of pits and pores on the surface. The
peak density (Spd) indicates the overall surface roughness
distribution with heterogeneous surfaces, broadly distributed
(in the X and Y axis directions). Vivitrol has lower peak density
values than more condensed structures of Formulation 7
(Figure 9E,F).
Several limitations of the profilometry affected the measurements. Because the instrument did not measure the bottom

Table 5. Molecular Weight Changes after 4 Weeks of
Incubation in TEAA-T20 at 37 °Ca
sample
Formulation
Formulation
Formulation
Formulation
Vivitrol

1
3
4
5

Mw (Da)

Mw (Da)

Mn (Da)

Mn (Da)

t=0
41,799
28,127
33,282
27,510
46,249

t = 4 weeks

t=0

t = 4 weeks

PDI

48,994
3673
3556
3816
5933

33,941
21,846
26,516
21,825
36,560

30,089
2341
2299
2539
2995

1.63
1.57
1.55
1.50
1.98

Article

a

The molecular weights at t = 0 and t = 4 weeks were measured using
GPC-4D and GPC-ES, respectively.

Figure 8. Change in kurtosis (Sku) upon solvent vapor exposure for
Vivitrol and Formulation 4 for samples collected after 1 day of in vitro
drug release. 2PE and PA showed statistically significant differences of
p-value <0.05 and <0.01, respectively.

after microparticles were wetted by PBS before DSC
measurements. Many parameters can affect the behavior of
Tg in a formulation. The enhanced chain mobility enabled by
briefly hydrating the particles may make some of these
parameters more prominent by improving overall chain
mobility. In general, change in Tg has been related to the
reorientation of PLGA polymers in microparticles as they
relate to each other and other molecules (i.e., active
pharmaceutical ingredients).27,28 The Tg may also change
due to the restructuring of other components in the
microparticles, e.g., crystallization of amorphous drugs. Microparticles made of the same composition might undergo
different structural changes during the manufacturing process
if different manufacturing methods were used to prepare them.
Furthermore, some drugs, such as naltrexone and risperidone,
known to interact with PLGA polymers by nucleophilic
induction of hydrolysis, may further introduce complicated
changes to PLGA polymers by having a direct effect on the
polymer. The decrease in Tg observed in this study suggests

Figure 9. (A−F) Example scan images presented with color-coded height (scale on the right). (Yellow scale bar = 50 μm).
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half of microparticles on the slide surface due to the selfshadowing of the laser, those spaces are filled in by software,
leading to the apparent “waterfall” imagery of the particle sides.
Profilometry was also dependent on the scale of the surface
measured. As particles collapse, the measured arithmetic
average height (Sa) and related height variance parameters
decrease due to the entire particle flattening regardless of the
image’s apparent roughness. Similarly, dale volumes and other
parameters decreased merely because the flattened particle
offered little height where the pore could penetrate for a
measurable quantity. These imaging limitations must be
considered before conclusions regarding the particle morphology results and their relation to microstructure can be drawn.
The limitations led to first observing the morphological
changes visually before profilometer quantitation. Most
importantly, the data presented here should be considered in
a comparative sense as information was primarily gleaned from
comparing the behavior of the various formulations to one
another and against a blank control. Overall, broad generalizations should also be avoided, such as assuming the value of a
single parameter as indicative of a microparticle’s overall
quality.
During formation, every microparticle experiences different
conditions, from the droplet formation in an emulsion phase
through solvent extraction to the drying and postprocessing
steps. Because of this, there is a certain element of randomness
to all microparticles in conventionally manufactured commercial batches, and testing methods describe the average behavior
of the microparticles. This randomness is often ignored since
conventional testing (e.g., in vitro release, encapsulation
efficiency, and polymer extraction and analysis) naturally
pulls samples of a vast number of microparticles present. The
SAVI analysis focuses on each particle individually. Under this
level of scrutiny, the actual deviations of particle behavior on a
particle-by-particle basis become apparent, with extremely
broad standard deviations around the average behavior of these
particles. In this study, a significant variance was observed, one
of the limitations of any methodology relying on the
interrogation of individual microparticles. Despite the large
standard deviations, the changes in the microparticle properties
in response to semisolvent treatments are distinct enough to
compare different sets of microparticles.
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5. CONCLUSIONS
Applying the SAVI technique to analyzing naltrexone-loaded
microparticles (in their native state and during in vitro release)
allowed elucidation of the factors critical to the particle
microstructure and their impact on drug release. One driving
factor for the microparticle behavior was the capacity for
nucleophilic naltrexone to catalyze the degradation of PLGA
ester bonds.15 Another driving factor was the capacity of
naltrexone to self-crystalize during the manufacturing process,
in particular, the drying process and the presence of residual
solvents. Naltrexone has multiple crystalline structures, which
depend on the solvents used and the amount of residual
solvents from which the drug precipitates, as well as the
presence of hydration (monohydrate form) or counterions
(HCl).29,30 The formation of self-crystalized or semicrystalline
naltrexone contributes to a reduced attraction to the aqueous
environment and reduced interaction with the polymer,
leading to less degradation and slower release. Overall, the
SAVI analysis can be helpful in research and quality-control
applications, where quantitative comparison is critical.
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