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ABSTRACT

Purpose Opioids have been the main factor for drug over-
dose deaths in the United States. Current naloxone delivery
systems are effective in mitigating the opioid effects only for
hours. Naloxone-loaded poly(lactide-co-glycolide) (PLGA)
microparticles were prepared as quick- and long-acting nal-
oxone delivery systems to extend the naloxone effect as an
opioid antidote.

Methods The naloxone-PLGA microparticles were made us-
ing an emulsification solvent extraction approach with differ-
ent formulation and processing parameters. Two PLGA poly-
mers with the lactide:glycolide (L:G) ratios of 50:50 and 75:25
were used, and the drugloading was varied from 21% to 51%.
Two different microparticles of different sizes with the average
diameters of 23 pm and 50 pm were produced using two
homogenization-sieving conditions. All the microparticles
were critically characterized, and three of them were evaluat-
ed with B-arrestin recruitment assays.

Results The naloxone encapsulation efficiency (EE) was in
the range of 70-85%. The EE was enhanced when the theo-
retical naloxone loading was increased from 30% to 60%, the
L:G ratio was changed from 50:50 to 75:25, and the average
size of the particles was reduced from 50 pm to 23 pm. The
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in vitro naloxone release duration ranged from 4 to 35 days.
Reducing the average size of the microparticles from 50 pm to
23 um helped eliminate the lag phase and obtain the steady-
state drug release profile. The cellular pharmacodynamics of
three selected formulations were evaluated by applying
DAMGO, a synthetic opioid peptide agonist to a p-opioid
receptor, to recruit f-arrestin 2.

Conclusions Naloxone released from the three selected for-
mulations could inhibit DAMGO-induced p-arrestin 2 re-
cruitment. This indicates that the proposed naloxone delivery
system is adequate for opioid reversal during the naloxone
release duration.

KEY WORDS B-arrestin 2 inhibition - DAMGO - drug
loading - encapsulation efficiency - naloxone - opioid overdose -
PLGA microparticles - zero-order release

INTRODUCTION

Opioid-involved overdose has been the main reason for drug
overdose death for more than two decades (1). The number of
drug overdose deaths in 2019 was 70,630, and over 70% of
them involved an opioid (2). This is mainly due to the in-
creased use of synthetic opioids, such as tramadol and fen-
tanyl, either prescribed or illicitly obtained (1). In 2020, the
COVID-19 pandemic disrupted the daily life of all people in
the United States. It significantly affected substance use disor-
der. The total drug overdose deaths jumped to over 85,000 in
the 12 months ending in August 2020, which shows a 20%
increase in drug overdose deaths than in 2019. The number of
drug overdose-involved deaths equals over 20% of the total
number of COVID-19 deaths (377,883) in the United States
in 2020 (3-5). Two main strategies have been utilized to com-
bat opioid overdoses so far, including (i) abuse-deterrent for-
mulations (ADFs) and (ii) antagonist-based formulations or
devices (6). In ADFs, different approaches are used to make
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the extraction and abuse of opioids more challenging such as
physical/chemical barriers and agonist/antagonist combina-
tions (7-9). On the other hand, opioid antagonists (naloxone,
nalmefene, and naltrexone) are used to block opioid receptors
in the central nervous system (CNS) with higher affinities than
agonists preventing the body from responding to opioids (6,
10).

Although several ADFs have been approved by the US
Food and Drug Administration (FDA), like OxyContin® and
Hysingla®™ ER, their efficacy is limited. They can be easily
cracked, and each ADF has inadequate deterrent properties
(6). Opioid antagonists, on the other hand, have shown more
promise for opioid use disorders, and there are a few FDA-
approved products, such as Evzio® (naloxone auto-injector)
and Vivitrol® (naltrexone for extended-release injectable sus-
pension) (11, 12). Among opioid antagonists, naloxone is com-
monly used to reverse acute opioid overdose, thereby treating
related respiratory depression and overdose deaths. Naloxone
1s effective for all opioid drugs, such as heroin, oxycodone, and
fentanyl, and has a fast onset of action (13). While naloxone
binds to all three opioid receptors (i, k, and y), its binding to
p-receptor is the strongest. The FDA has approved several
formulations of naloxone that can be administered via differ-
ent routes, including intravenous (IV), intramuscular (IM),
subcutaneous (SQ), and intranasal (IN) (14, 15). The FDA
has approved three formulations: (i) injectable, (ii) auto-
injectable (Evzio®), and (iii) prepackaged nasal spray
(Narcan®) (16). However, the half-life of naloxone is only 1—
1.5 h, which is shorter than that of many opioid agonists (17).
If a person has taken a large dose or used long-acting opioid
formulations, there is a risk of insufficient response or re-
narcotization after administering a single dose of naloxone.
A quick- and long-acting delivery system providing an ade-
quate amount of naloxone for an extended timeframe is nec-
essary to address this issue.

Long-acting injectable formulations based on poly(lactide-
co-glycolide) (or poly(lactic-co-glycolic acid), PLGA) have ex-
tended the drug release duration to months (6, 18). PLGA has
been the polymer of choice, as it has been used in products
approved by the FDA. Naloxone hydrochloride was loaded
into PLGA microparticles by a water/oil/water (W/O/W)
double emulsion method with a 2-8% drug loading for a 2-
week release (19). In another study, naloxone-initiated, ring-
opening polymerization of L-lactide was used to prepare nal-
oxone nanoparticles (Nal-cNPs) with a drug loading of 7%
and linear n witro release kinetics for 50 days (20). An i viwo
rodent model of neuropathic pain showed that the Nal-cNPs
could block the effects of high dose (10 mg/kg) acute mor-
phine for up to 4 days. The drug loading was below 10% in
both studies. PLA degrades very slowly, resulting in the long
lifetime of the polymer in the body (21, 22). In this study,
naloxone base was used to prepare PLGA microparticles by
an O/W solvent extraction approach. For the cellular
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pharmacodynamic study, naloxone HCI was used to dissolve
in the cell culture medium. The formulation and processing
parameters were varied to prepare naloxone-PLGA micro-
particles with the drug loading of 21%—-51% and the drug
release for 4-35 days. The efficacy of naloxone was evaluated
by challenging culture cells with an p-opioid receptor agonist.

MATERIALS AND METHOD
Materials

Two PLGA copolymers (ester end-capped), the molecular
weight and L:G ratio of 120 kDa and 50:50,and 180 kDa
and 75:25, were purchased from Lactel® Absorbable
Polymers (Birmingham, Alabama). Naloxone was provided
by Tecoland Corporation. Dichloromethane (DCM), aceto-
nitrile, ethylene glycol, potassium phosphate monobasic, and
sodium azide were obtained from Fisher Scientific Co. (Fair
Lawn, NJ, USA). Poly(vinyl alcohol) (PVA) 40-88 (molecular
weight ~ 205,000 g/mol) was purchased from Millipore
Sigma (Darmstadt, Germany). Phosphate buffered saline with
Tween 20 (PBST) (pH 7.4), Sodium L-ascorbate, and nalox-
one hydrochloride were provided by Sigma Aldrich (St. Lous,
MO,).

CHO-K1-human p opioid receptor PathHunter B-arrestin
2 cells were purchased from DiscoverX. F12 media, Fetal
bovine serum (FBS), geneticin, hygromycin, and Gibco
OptiMEM were provided by Fisher Scientific (Hampton,
NH). (25)-2-[[2-[[(2R)-2-[[(2S)-2-Amino-3-(4-hydroxyphe-
nyl)propanoyl]amino] propanoyl] amino]acetyl]-methyla-
mino|-N-(2-hydroxyethyl)-3-phenylpropanamide (DAMGO)
was purchased from Tocris Bioscience (Bio-techne
Corporation, Minneapolis, MN, USA).

Naloxone-PLGA Microparticle Formulations

Naloxone-PLGA microparticles were made with four differ-
ent theoretical drug loading percentages (T-DL%) (30%,
40%, 50%, and 60%) for each of the two PLGAs. T-DL
was defined as the weight of naloxone divided by the total
weight of the naloxone and PLGA in the initial oil phase
formulations. The actual drug loading percentage (A-DL%)
is based on the naloxone amount encapsulated in the pre-
pared microparticles. Table I lists four formulations made of
two different PLGAs. Dichloromethane (DCM) was used to
prepare the oil phase solution by dissolving naloxone and
PLGA. The PLGA concentration in DCM was kept constant
at 3% (w/w). This concentration was the maximum PLGA
concentration where PLGA and naloxone (with the T-DL
range of 30-60%) were soluble in the oil phase.
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Table | Formulation Components Used to Make Naloxone-PLGA Microparticles Using 0.5 g PLGAin 16.17 g DCM

Formulation L:G Ratio PLGA MW (kDa) Naloxone (g) PLGA:Naloxone Ratio T-DL (%)
A50 50:50 120 0.21 0.7:0.3 30

B50 50:50 120 0.33 0.6:0.4 40

C50 50:50 120 0.50 0.5:0.5 50

D50 50:50 120 0.75 0.4:0.6 60

A75 75:25 180 0.21 0.7:0.3 30

B75 75:25 180 033 0.6:0.4 40

C75 75:25 180 0.50 0.5:0.5 50

D75 75:25 180 0.75 0.4:0.6 60

Preparation of Naloxone-Loaded PLGA Microparticles

An oil in water (O/W) emulsion was made using a homoge-
nizer (IKA Ultra Turrex T25). The water phase consists of 1%
(w/v) PVA, an emulsifier, and deionized water (DW). Each
formulation in Table I was added to 100 mL of the water
phase at room temperature (23.4°C) and homogenized for
30 s. Two homogenization conditions were used. The stator
diameter-speed of 10 mm-5000 RPM and 25 mm-3000 RPM
produced relatively larger (L) and smaller (S) microparticles,
respectively. The microparticle size (L or S) was added to the
formulation labels, e.g., A50-L or A50-S. The larger stator
diameter produced smaller microparticles, despite lower
RPM. The formed emulsion was transferred to the aqueous
extraction media (2 L of DW at 4°C) and agitated using a
magnetic stirrer for 8 h. After the extraction process, the
resulting microparticles were collected using a 25 pm and a
10 pm sieve for the large and small microparticles. Therefore,
the two processing parameters used in this study were stator
diameter-speed of the homogenizer-sieve size of 10 mm-5000
RPM-25 pm and 25 mm-3000 RPM-10 pm to make large (L)
and small (S) microparticles. The collected microparticles
were transferred to a vacuum oven for 40 h at room temper-
ature to dry and remove the residual organic solvent. The
dried microparticles were passed through a 150 pm sieve to
prevent the aggregation of the microparticles.

Size Measurement of the Microparticles

The size distribution was measured using a CILAS 1190 par-
ticle size analyzer and described by the D values (D10, D50,
and D90). The D values are the metrics commonly used to
evaluate the size distribution of the microparticles. D10, D50,
and D90 describe the diameters of the particles that intercept
10%, 50%, and 90% of the cumulative volume of micropar-
ticles, respectively. The span of the size distribution was cal-
culated using Span = (Dg-D1)/Dj5¢. This parameter demon-
strates the size distribution width of the microparticles normal-
ized to the Ds(. The smaller span value indicates narrower

size distribution of the microparticles. The size distribution of
the microparticles was measured after sieving and drying the
microparticles.

Surface and Cross-Sectional Morphology
of the Microparticles

The surface and cross-sectional morphologies of the micro-
particles were evaluated using scanning electron microscopic
(SEM) images obtained by a Tescan Vega 3 microscope. The
dry microparticles were mounted on carbon taped aluminum
stubs and kept at —80°C for 3 h. Then, the particles were cut
in the horizontal direction (parallel to the stub surface) with a
razor blade. Low temperature helped make the particles brit-
tle and did not allow the particles to deform during the cutting
process. The changes in the surface morphology of the micro-
particles during the i vitro drug release were also investigated.

Drug Loading (DL%) and Encapsulation Efficiency
(EE%), and In Vitro Naloxone Release

High-performance liquid chromatography (HPLC) (Agilent
1260 Infinity) with a UV absorbance detector set at 210 nm
was used to measure the naloxone loading in the micropar-
ticles and in vitro naloxone release. The mobile phase consisted of
acetonitrile:10 mM phosphate buffer monobasic, pH = 6.6
(50:50, %v/v), and its flow rate was set at 1 mL/min. As the
stationary phase, a Zorbax® SB-C18 column (150 X 4.6 mm,
5 um; Agilent Technologies) was used. The column tempera-
ture was maintained at 35°C. The average retention time for
naloxone was 3.4 min when a 20 pL. sample was injected. The
tests were performed in triplicate, and for each data point, the
data was reported as the mean =+ standard deviation (SD).
Approximately 5 mg of the naloxone-PLGA microparticles
were weighed and dissolved in 5 mL of acetonitrile and diluted
10 times with the mobile phase for measuring the A-DL%0 and
EE%. For naloxone release, about 5 mg of weighed micro-
particles were added to a 20 mL release medium in a 50 mL
volumetric flask. The release medium was made of PBST
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(10 mM, pH 7.4) which contained 0.0625% (w/v) sodium
ascorbate and 0.02% (w/v) sodium azide (23). The flasks were
moved to an ethylene glycol-bath (Thermo Scientific
Precision Shaking Water Bath SWB 27) with a shaking speed
of 40 RPM at 37 = 0.1°C. At timed intervals, 1 mL of release
medium was withdrawn and replaced with fresh medium.

The in vitro naloxone release profiles were further analyzed
to calculate the initial drug release rate (I-DRR) by measuring
the line slope of a linear curve fitting of the first three data
points of the cumulative drug release. The I-DRR was de-
scribed as mg naloxone released per day when 1 mg of
naloxone-PLGA was used, i.e., mg naloxone/day/mg par-
ticles. The steady-state drug release rate (SS-DRR) was calcu-
lated at the midpoint of the drug release duration by having
three data points (24). The unit of SS-DRR is the same as that
of I-DDR. The drug release time duration was determined
when the cumulative drug release reached a plateau.

In Vitro Cellular Pharmacodynamics
of the Naloxone-PLGA Drug Delivery Systems

CHO-K1-human p opioid receptor PathHunter p-arrestin 2
cells that stably express the p-opioid receptor and f-arrestin 2
(RRID:CVCL_KY68, DiscoverX, Fremont, CA, USA) were
maintained in F12 media supplemented with 10% FBS and
800 pg/mL geneticin and 300 pg/mL hygromycin. All cell
lines were maintained in T'75 flasks at 37°C and 5% COs. -
arrestin recruitment assays were performed using CHO-K1-
human p-opioid receptor PathHunter p-arrestin 2 cells
(DiscoverX) (25). Controls and samples were run at a mini-
mum as biological triplicate using technical duplicates. Three
different naloxone-PLGA microparticles formulations were
selected (Formulations B50-L, B50-S, and D50-L), and the
naloxone samples released from the microparticles in the
in vitro drug release test were collected on days 1, 2, 4, 6, 10,
and 28 for Formulations B50-L and on days 1, 2, 4 and 6 for
Formulations B50-S and Formulations D50-L. The reason for
collecting more samples from Formulation B50-L was the
longer naloxone release duration than Formulations B50-S
and D50-L. Due to the potential presence of residual DCM
in naloxone-PLGA microparticles, samples collected on Day 1
from the release media of each formulation were diluted 1:1 in
OptMEM buffer to minimize cellular toxicity. The samples
were then serially diluted in seven ten-fold steps to produce a
dose-response curve. The collected samples were diluted with
the release media. For example, to calculate the naloxone
amount released at Day 2 (Cnix-day ), the naloxone concen-
tration value at day 1 (C nrx.day 1) Was subtracted from the
cumulative concentration value of the naloxone at days 1-2
(CNILX-cumulative-days 1-2)- Because the samples were not collect-
ed every day, the amount of naloxone released was estimated
from the curve fitting.
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For an opioid introduction and reversal study, naloxone
samples released from Formulations B50-L, D50-L, and
B50-S were combined with a 1 pM working concentration
of DAMGO in OptMEM. Naloxone HCI was tested with
DAMGO in a dilution series starting at 100 pM. In addition
to the samples from naloxone-PLGA microparticles, two con-
trol groups were tested. All samples were tested in three inde-
pendent experiments. In Control group 1, free naloxone HCI
(without incorporating into PLGA microparticles) was tested
in the presence and absence of 1 pM DAMGO. In Control
group 2, PLGA microparticles without naloxone were pre-
pared. Similar to the naloxone-PLGA microparticles, the
PLGA microparticles were tested using m vitro drug release
test conditions. The samples from Days 1 and 4 were tested
in a dilution series to investigate their effects on p-arrestin 2
recruitment.

Concentrations of the naloxone samples released from
Formulations B50-L, D50-L,, and B50-S were transformed
to the log concentrations. All data were analyzed using
GraphPad 9 (GraphPad Prism software, La Jolla, CA) by a
3-parameter non-linear fit and the generated pIC50 and
pECS50 values, which are the negative log of the half-
maximal inhibitory concentration of naloxone (ICj5p) and ef-
fective concentration of DAMGO (EC50), respectively.
Composite figures consisted of one curve averaged from three
independent assays. Data from each independent signaling
assay was normalized to a positive control before being aver-
aged and added to the composite figure.

RESULTS

The surface and cross-section morphologies of Formulations
B50-L, B75-L, CG50-L, and B50-S (Table I) are shown in
Fig. 1. For all formulations, the surface of microparticles had
a combination of wrinkled and smooth surfaces. This is likely
due to the high MW (120 kDa and 180 kDa) at a low concen-
tration (3%) of PLGAs used. Some microparticles may have
relatively lower PLGA concentration to produce a highly
wrinkled surface, while others may have relatively higher poly-
mer density (and thus, viscosity), resulting in a smoother sur-
face (26). When the PLGA L:G ratio increased from 50:50 to
75:25 (Fig. 1-a and b), the crater-like porous structures formed
(red arrow). Solvent molecules might have been assembled in
local regions to form oil droplets which were eventually re-
moved from the surface. When the theoretical drug loading
was increased from 40% to 50%, no significant difference was
observed in the morphology of the microparticles (Fig. 1-a and
c), as the PLGA concentration remained the same.
Additionally, the change of the stator diameter-speed of the
homogenizer-sieve size from 10 mm-5000 RPM-25 pm to
25 mm-3000 RPM-10 um resulted in smaller microparticles
by increasing the shear force at the interface and breaking the
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Effect of Homogenization Stator Diameter

Effect of Drug Loading

Effect of I‘.,:G Ratio

B50-L, 40% T-DL, 10 mm

B75-L,40% T-DL. 10 mm  C50-L, 50% T-DL, 10 mm

B50-S, 40% T-DL, 25 mm
\J 7 ;

Fig. I SEM images of the naloxone-PLGA microparticles made with different PLGA L:G ratios, drug loadings, and homogenization speeds-sieve sizes. (a;-dy)
Surface morphology and (az-d) cross-section of the particles. (aj-az) Microparticles made with Formulation B50-L (Table 1), (by-bz) Formulation B75-L,
(€y-c) Formulation C50-L, and (d,-d) Formulation BS0-S. (a;-d) Scale bar = 50 um. (ap-d,) Scale bar = 10 um.

oil phase into smaller droplets (Fig. 1-a and d). The cross-
sections of the naloxone-PLGA microparticles made with
the different formulation- and processing-parameters were
similar and solid with minimum observable porosity, probably
due to the low concentration (3%) of PLGA and naloxone
(below 5%), which allowed continuous dispersion of polymers
in the core region (as-dy in Fig. 1) (18).

Figure 2 shows the size distributions of the naloxone-PLGA
microparticles with different theoretical drug loadings (30%—
60%), L:G ratios (50:50 and 75:25), and stator diameter-
speed-sieve size of 10 mm-5000 RPM-25 pm and 25 mm-
3000 RPM-10 pm. D-Values (D1, Dsg, Dgg) and span are
provided in Table II, which provides a better understanding
of the importance of different parameters on the size distribu-
tion of the resulting particles. Figure 2-a and Table II show
that the size of the microparticles was decreased when the
naloxone drug loading was lower. The D90 of the micropar-
ticles with the T-DL of 30% reduced by 15.3% compared to
the microparticles with the T-DL of 60%. This is understand-
able, as the total weight was reduced when the naloxone con-
centration was lower. The microscopic images of the micro-
particles for Formulations A50-L (T-DL = 30%) and D50-L
(T-DL = 60%) are shown in Fig. 2 (d) and (e), respectively.
However, because most of the particles have the size of 50—
60 pm (Fig. 2 (a)), the difference between the size of the micro-
particles is not significant. The L:G ratio of the PLGA had no
significant influence on the size distribution of the micropar-
ticles (Fig. 2-b and Table II). Figure 2-c demonstrates the

strong effect of the homogenization-sieving conditions, partic-
ularly stator diameter, on the size distribution of the particles,
even for the same formulation. For example, the Dy, D5,
and Dgg of Formulation B50 were decreased by 61.7%,
54.7%, and 49.5%, respectively, by changing the stator
diameter-speed-sieving conditions of 10 mm-5000 RPM-
25 pm to 25 mm-3000 RPM-10 pm.

The encapsulation efficiency (EE) of naloxone and the ac-
tual drug loading (A-DL) in the microparticles made with
PLGA 50:50 and 75:25 are shown in Fig. 3 as a function of
theoretical drug loading (T-DL%). The particles character-
ized for Fig. 3 were made with the homogenization condition
of 10 mm-5000 RPM. Table III provides a complete list of A-
DL and EE values for all of the microparticles made in this
study with both of the stator diameter-speed-sieve size values
of 10 mm-5000 RPM-25 um and 25 mm-3000 RPM-10 pm.
As shown in Fig. 3, the EE was improved significantly by
increasing the T-DL for both PLGAs. For instance, the in-
crease of the T-DL from 30% to 60% enhanced the EE by
11%. A linear relationship between the T-DL and A-DL was
also observed in Fig. 3. Table III shows that the EE and A-DL
improved slightly by about 3% when the homogenizer stator
diameter-speed-sieve size was 25 mm-3000 RPM-10 pm com-
pared with 10 mm-5000 RPM-25 um.

Figure 4 shows the wn vitro cumulative release profiles in
percentage (%) (Fig. 4-a;, by, and ¢;) and the actual amount
(mg) of released naloxone (Fig. 4-a9, by, and cy) per mg of
naloxone-PLGA microparticles. The parameters varied were
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Fig.2 Size distribution of the naloxone-PLGA microparticles made with different drug loadings (@), PLGA L:G ratios (b), and homogenization conditions (c). The
microscopic images of the microparticles for Formulations AS0-L (d) and D50-L (e). The Same scale bar applies to both of the images.

the naloxone loading ranging from 21.08% to 48.54% (a; and
ay), the L:G ratio of 50:50 and 75:25 (b, and by), and homog-
enizer stator diameter-speed-sieve size of 10 mm-5000 RPM-
25 pm and 25 mm-3000 RPM-10 pm (c; and co). Table IV
lists the parameters of the i vitro drug release profiles from the
microparticles: the initial drug release rate (I-DRR) and
steady-state drug release rate (SS-DRR), their ratios (I-

DRR/SS-DRR), drug release duration (in days), and the
zero-order kinetics models.

When the A-DL increased from 21.08% to 39.44%, the
drug release duration was the same for 28 days, and the
steady-state naloxone release rate slightly increased from
0.009 mg naloxone/day/mg particles to 0.013 mg
naloxone/day-mg particles (Fig. 4, a; and a,). While the drug

Table Il  Size Distribution of the Naloxone-PLGA Microparticles Made with Different Formulations and Homogenization Conditions

Formulation  Theoretical DL (%)  L:Gratio  Stator diameter (mm)-speed (RPM)-sieve size (um) ~ DI0 (um) D50 (um) D90 (um)  Span
A50-L 30 50:50 |0-5000-25 32.99 50.64 74.11 0.81
B50-L 40 50:50 10-5000-25 32.70 51.76 78.25 0.88
B50-S 40 50:50 25-3000-10 12.51 23.45 39.52 [.15
C50-L 50 50:50 |0-5000-25 34.04 53.79 80.52 0.86
C50-S 50 50:50 25-3000-10 13.34 25.06 41.24 [0
D50-L 60 50:50 10-5000-25 3431 56.62 87.54 0.94
A75-L 30 75:25 10-5000-25 30.64 50.39 76.94 0.92
B75-L 40 75:25 10-5000-25 30.54 48.10 72.59 0.87
B75-S 40 75:25 25-3000-10 [3.11 23.89 3927 1.09
C75-L 50 75:25 10-5000-25 31.88 5119 75.38 0.85
C75-S 50 75:25 25-3000-10 13.13 24.14 3943 1.09
D75-L 60 75:25 10-5000-25 33.04 5322 79.81 0.88
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Fig.3 Encapsulation efficiency (EE%) of naloxone and actual drug loading (A-
DL%) in the PLGA microparticles made with different theoretical drug load-
ings (T-DL%) and PLGA L:G ratios. For all of the particles, the homogenizer
stator diameter-speed-sieve size was 10 mm-5000 RPM-25 um. All of the
values were reported as mean = standard deviation (SD). Some of the stan-
dard deviations were smaller than the size of the symbols.

release kinetics of the microparticles with the A-DL in the
21.08-39.44% range were similar, the 48.54% A-DL acceler-
ated the drug release rate and reduced the release duration to
10 days with the 220% increased steady-state release rate of
0.032 mg naloxone/day/mg particles. Iig. 4 (b, and bs) show
that the increase of the lactide content (i.e., change of the L:G
ratio from 50:50 to 75:25) resulted in a longer drug release
duration. When the T-DL was 60%, the increase of the L:G
ratio from 50:50 (Formulation D50-L) to 75:25 (Formulation
D75-L) increased the A-DL by only 2.56% (from 48.54% to
51.10%) but reduced the I-DRR and SS-DRR by 37% and
69%, respectively, resulting in longer duration from 10 days to

35 days. For the T-DL of 30%, however, the I-IDRR and SS-
DRR did not change significantly when the L:G ratio was
changed (Table IV-Formulations A50 and A75). In this case,
the extension of the drug release was possibly due to the 10-
day lag phase for Formulation A75 between days 4-14 (Fig. 4
(b; and by)). When the homogenizer stator diameter-speed-
sieve size was changed from 10 mm-5000 RPM-25 pm to
25 mm-3000 RPM-10 pm, the naloxone release rate became
faster. For example, in Formulation C50, the drug release
duration was reduced from 28 days to 4 days, and the SS-
DRR was increased by 8.2 fold from 0.013 mg naloxone/day-
mg particles to 0.107 mg naloxone/day-mg particles. This is
most likely due to the smaller microparticle sizes.

Figure 5 shows the SEM images of the microparticles of
Formulations B50-L, B75-L, D50-L, and B50-S, at Days 0
(before the n vitro test), 2, 4, 10, 14, 21, and 28. In
Formulation B50-L, the wrinkles on the surface of the micro-
particles increased until Day 10, indicating microparticle
swelling and the drug release through the swelling skin layer,
like a reservoir system. As PLGA degrades, the formed acidic
oligomers lowered the pH and increased the osmotic pressure,
causing further swelling on Day 14. The continued PLGA
degradation and increased osmotic pressure eventually rup-
tured the membrane (27-29), as observed around Day 21.
Similar behavior was observed for Formulation B50-S, but
the morphology change occurred faster than Formulation
B50-L due to their smaller sizes. On Day 2, the microparticles
exhibited irregular shapes with crater-like pores, and many of
them appeared as deflated balls (30). The microparticles
swelled to large sizes at Day 4 and degraded and disintegrated
at Day 10. Formulation B75-L had a smooth surface at Day 2,
and the continued swelling resulted in the shallow wrinkled
surface at Day 4 and large crater-like holes sine Days 10. The
microparticles started to collapse on Day 21 due to swelling-

Table Il Theoretical DL (%), Actual DL (%), and EE (%) = SD of Naloxone in the Microparticles Generated with Different Formulations and
Homogenization Conditions
Stator diameter (mm)-speed (RPM)-sieve size (um) T-DL (%) A-DL (%) EE (%)

AS50-L 10-5000-25 30 21.08=0.31 70.27+1.04
B50-L 10-5000-25 40 30.99+0.20 77.49+0.50
B50-S 25-3000-10 40 31.28=0.10 78.19+0.24
C50-L 10-5000-25 50 39.44+0.12 78.89+0.24
C50-S 25-3000-10 50 41.07+0.56 82.14=1.12
D50-L 10-5000-25 60 48.54+0.16 80.90+0.26
A75-L 10-5000-25 30 22.27+0.04 74.23+0.14
B75-L 10-5000-25 40 30.86=0.17 77.14+043
B75-S 25-3000-10 40 33.22=+0.15 83.06=0.38
C75-L 10-5000-25 50 41.10+0.22 82.21 =0.44
C75-S 25-3000-10 50 41.19+0.53 8239+ 1.06
D75-L 10-5000-25 60 51.10=0.14 85.17+0.24
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Fig. 4 Effects of the drug loading (A-DL) (a, and a;), L:G ratio (b; and b,), and homogenization conditions (¢, and ¢;) on the in vitro cumulative naloxone release
from the microparticles. The naloxone release kinetics is shown in % (a;, by, and ¢;) and the absolute amount (ay, b, and ¢,) per mg of naloxone-PLGA particles.
The homogenizer stator diameter-speed-sieve size was either fixed at |0 mm-5000 RPM-25 um (a and b) or varied from 10 mm-5000 RPM-25 um to 25 mm-
3000 RPM-10 um (c). All of the data were reported as mean = SD. The standard deviations were smaller than the size of the symbols.

shrinking, thermal expansion, and mechanical stress (26, 31).
Formulation D50-L has about 50% (48.5% w/w) naloxone
loading, and the drug release was faster than other formula-
tions with lower drug loading. The swelling was not as pro-
nounced as Formulation B50-L, probably due to the faster
release of naloxone and other components from the micro-
particles. No significant changes in the surface morphology
were observed during Days 2—14. The microparticles started
to disintegrate on Day 21.

DAMGO is a p-opioid receptor-selective agonist which
efficaciously recruits f-arrestin 2 when activating human p-
opioid receptors (pECs50=6.9+ 0.1, =6, Fig. 6-a). p-
arrestin 2 is critical for developing tolerance to opioids (25).
Naloxone by itself does not recruit B-arrestin 2, but inhibits
1 uM (ECgy) DAMGO-induced B-arrestin 2 recruitment
(pIC50=8.8%£0.3, n=7, Fig. 6-a) (Control group 1).
Additionally, the samples from bare PLGA microparticles
without naloxone (Control group 2) did not induce f-
arrestin 2 recruitment (data not shown). Naloxone release
from Formulations B50-L, D50-L, and B50-S were monitored
over time. Except for the samples collected on Day 28
(Formulations B50-L) and Day 6 (Formulations D50-L and
B50-S), Panels B-D of Fig. 6 show that the average pICsq for
the samples was 8.2 £ 0.1 (n=11) (Table V). The pICs, for
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Formulations B50-L at Day 28, Formulations D50-L at Day 6
and Formulations B50-S at Day 6 were 9.6 £ 0.4 (n = 3) (Fig. 6
(b)), 9.2+ 0.5 (n=4) (Fig. 6-c), and 8.9 £ 0.3 (n = 4) (Fig. 6-d),
respectively.

Naloxone released from all three formulations was bi-
ologically active as it potently blocked p-arrestin 2 recruit-
ment by the p-opioid receptor agonist DAMGO. The
potency for naloxone in these samples was slightly lower
than that of the control, naloxone hydrochloride (pICj;q
8.8 vs. 8.2). There could be two explanations for this dif-
ference: either the buffer used for the formulations had a
negative quenching impact on the readout, or the nalox-
one being released lacked 100% integrity, leading to an
overestimation of the concentration. Less naloxone is re-
leased from the formulations as time passes, making it
harder to measure the naloxone being released accurately.
The higher pICj;y determined for Formulations B50-L at
Day 28 and Formulations D50-L and Formulations B50-S
at Day 6 may be explained by the increased error in
calculating the naloxone concentration for those days that
increases the variability when creating the dilution series
for these samples. This is supported by the observation of
large standard errors of the mean for these sample pICsg
values.
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Table IV The In Vitro Naloxone Release from the PLGA microparticles characterized by the drug loading (A-DL), Initial Drug Release Rate (I-DRR), Steady-
State Drug Release Rate (SS-DRR)), Drug Release Duration (DRD)

ADL (%) I-DRR” SS-DRR IRR/SSRR™ DRD (Days) Zero-order kinetics™

AS50-L 21.08+031 0.010 0.009 111 28 Q=0.009 t+0.003R*=0.9942
B50-L 30.99+0.20 0.016 0.010 1.60 28 Q=0.012t+0.014R*=0.9902
B50-S 31.28+0.10 0.065 0.039 1.67 6 Q=0.058 t+0.019R*=0.966

C50-L 39.44+0.12 0.026 0013 2.00 28 Q=0.017 t+0.024R*=0.9807
C50-S 41.07+0.56 0.113 0.107 1.06 4 Q=0.113 t+0.005R*=0.987|
D50-L 48.54+0.16 0.081 0.032 2.53 10 Q=0.045 t+0.053R*=0.9028
A75-L 22.27+0.04 0.007 0.010 0.70 35 Q=0.006 t - 0.003R*=0.9678
B75-L 30.86+0.17 0.012 0.003 4.00 35 Q=0.008 t+0.022R*=0.9466
B75-S 33.22+0.15 0.045 0.030 1.50 8 Q=0.029t+0.019R*=0.9617
C75-L 41.10+0.22 0.022 0.010 2.20 35 Q=00I11t+0.035R*=09316
C75-S 41.19+0.53 0.083 0.105 0.79 4 Q=0.083 t-0.02I1R*=0975I
D75-L 51.10=0.14 0.051 0.010 5.10 35 Q=0.021 t+0.050R*=0.9085

" The initial drug release rate (I-DRR in mg naloxone/day/mg particles) was calculated by linear curve fitting of the first three data points of the cumulative drug
release (Fig. 4, a;-¢;) and measuring the line slope. The unit of IRR was mg naloxone/day-mg particles

T The steady-state drug release rate (SS-DRR-mg naloxone/day-mg particles) was calculated at 50% of the total drug release time duration (24) (Fig. 4, a,-c,)

“The ratio between IRR and SSRR

" ¥ The drug release duration was obtained when the cumulative drug release reached a plateau

#i Q: Cumulative naloxone released from particles (mg naloxone/mg particles); t: day; R* : Coefficient of determination

DISCUSSION

Naloxone-PLGA microparticles were designed as quick- and
long-acting drug delivery systems that can be used for treating
an opioid overdose with a wide range of properties in terms of
size, drug loading, Initial drug release rate (I-DRR), steady-
state drug release rate (SS-DRR), and drug release duration.
Most of the formulations provided zero-order naloxone re-
lease with no lag phase, and they are suitable to start the
opioid reversal with minimum lag time (i.e., quick-acting).
The drug release can last for 4-35 days (long-acting), depend-
ing on the formulation and processing parameters. The drug
loading ranged from 21% to 51%. The high drug-loaded
formulations reduce the number of microparticles necessary
to provide therapeutic levels. This also reduces the amount of
PLGA introduced to the body, although PLGAs have been
used in various commercial products with proven safety (32).

As shown in Fig. 1, the surface morphology of the
naloxone-PLGA microparticles was not affected by the nalox-
one loading in the microparticles when it was changed from
40% (Fig. l-a, Formulation B50-L) to 50% (Fig. 1-c,
Formulation C50-L). The surface morphology is affected by
the interfacial tension (IFT) between the oil and water phases
and the microparticle size (33). The particle sizes of
Formulations B50-L. and C50-L were very similar (Fig. 2-a
and Table II). As the theoretical drug loading (T-DL) is in-
creased by 10% from 40% to 50%, the PLGA w/
w percentage (of the weights of both PLGA and naloxone)

decreases by 10% from 50% to 40% (Table I). This change
might not have been significant enough to alter the surface
morphology. When PLGA 50:50 was changed to 75:25 at the
same T-DL, carter-type large pores were formed (Fig. 1-b,).
Some regions of a microparticle might have been solidified
more slowly than the rest of the surface, resulting in weaker
sections that broke away to form large crater-like pores (34).
The increase of the shear force at the interface between the oil
and water phases decreased the size of the oil phase droplets
(Formulation B50-S in Fig. 2-c). Because the smaller particles
have higher surface-to-volume ratios, the solvent extraction
was fast, forming an irregular shape at the low PLGA concen-
tration of only 3% (Fig. 1-d).

The size distribution of the naloxone-PLGA microparticles
was only slightly influenced by the drug loading (Fig. 2-a). The
size of the microparticles can be significantly affected by the
total concentration of the PLGA-drug (18). When higher nal-
oxone loading was used at the same PLGA quantity, the total
concentration of the naloxone-PLGA was increased, resulting
in a slightly larger particle size. The increase in size, however,
was not drastic because the PLGA concentration was relative-
ly low at 3%. Under this condition, the change in the PLGA
type from 50:50-120 kDa to 75:25-180 kDa did not change
the size distribution of the particles (Fig. 2-b) since their intrin-
sic viscosity was similar at 0.95-1.20 dLL/g and 0.80-1.20
dL/g (35). However, the homogenizer stator diameter-
speed-sieve size altered the size of the microparticles signifi-
cantly (Fig. 2-c) by changing the interfacial shear force
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Fig. 5 SEM Images of the
naloxone-PLGA microparticles with
the Formulations B50-L, B75-L,
D50-L, and B50-S during the in vitro
drug release test at Day O (before
the in vitro test), 2, 10, 14, 21, and
28. The Same scale bar applies to all
SEM images.

Day 21 Day 14 Day 10 Day 4 Day 2 Day 0

Day 28

between the oil and water phases and removing the micro-
particles with diameters of less than 25 pm and 10 pm.

The encapsulation efficiency (EE) and actual drug loading
(A-DL) are two essential properties of PLGA microparticles. If
a T-DL is below 10%, the EE is usually enhanced (36-39).
Maximizing the A-DL is critical in practical applications of
microparticles to reduce the volume of administered formula-
tion for the same drug amount. The A-DL ranged from 21%
to 51% in this study by adjusting the T-DL (Table III). The
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EE is also known to increase as the concentration of PLGA/
drug increases (18, 36, 37, 40, 41). As shown in Fig. 3, the EE
increased as the drug loading increased at the same PLGA
concentration in DCM (0.5 g PLGA in 16.17 g DCM in
Table I). As the naloxone amount is increased, the total
PLGA/drug is also increased. The factors that increase the
solidification rate of PLGA in the oil phase are known to
enhance the EE (32). Thus, the higher PLGA/drug concen-
tration accelerates the skin formation reducing the drug loss. It
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1s also likely that the portion of the naloxone that dissolves in
the water phase becomes lower as the T-DL is increased,
resulting in higher A-DL. The increase of PLGA L:G ratio
from 50:50 to 75:25 showed improved EE (Fig. 3). The EEs of
other drugs, e.g., vincristine sulfate and quercetin, were also
enhanced when the L:G ratio increased from 50:50 to 70:30
(38). Also, the change of the homogenizer condition affected
the average diameter of the microparticles by almost 50%
(49.4 pm vs. 23.30 um). The smaller size made the solvent
extraction faster, accelerating the shell formation (18, 37) with
an improved EE (Formulation B75 in Table III). The use of
PLGAs 50:50 and 75:25 resulted in polymer degradation in
the range of 10-20 wecks, as compared to PLGA 85:15 or

Log[Form-B50-S, M]

100:0 (1.e., poly(lactic acid) (PLA)) with the known degradation
time of 40-50 weeks (42, 43).

When a certain therapeutic amount of naloxone is injected,
formulations with higher T-DL will result in less naloxone loss
and PLGA use. For example, the formulations A50-L and
C50-L gave the same naloxone release duration (30 days-
Fig. 4) but different T-DL values of 30% and 50%, respec-
tively. When the EE and A-DL of those formulations are
considered, the naloxone loss and needed PLGA for formula-
tion A50-L 1s 1.55 and 2.4 times more than C50-L, respec-
tively, when 1 mg of naloxone is needed. Making micropar-
ticles with higher drug loading can cause more drug loss dur-
ing particle generation (depending on the EE). For instance,
the naloxone loss for formulation C50-Lis 1.2 times more, but

Table V  PICsq = SEM of Naloxone Released from Different Naloxone-PLGA Formulations Over Time

Day | 2 4 6 10 28
B50-L 8.2=0.1 8.3=0.1 83=0.1 8702 8.2=+0.1 9.5+0.1
B50-S 7.9+0.1 83+0.2 79=+0.1 9.1+0.2

D50-L 8.0=0.1 7.9=0.1 83=+0.1 8.9=0.1
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the needed PLGA is 1.3 times less than A50-L when 1 mg of
naloxone-PLGA particles 1s needed. However, suppose the
formulation C50-L is used. In that case, less dosage of the
naloxone-PLGA microparticles will be needed, which reduces
the amount of PLGA that should be injected as a carrier of the
drug. Thus, using formulation C50-L is desirable in reducing
the PLGA amount.

Linear drug release profiles were obtained for the micro-
particles made with PLGA L:G ratio of 50:50 and the high
drug loading range of 21%—41% without blending different
particles (44), mixing different ratios of organic solvents (45),
and suspending the particles into gels (46—48) (Fig. 4 and
Table IV). In this work, initial and steady-state drug release
rates ([-DRR and SS-DRR) and the ratio of LlDRR/SS-DRR
were calculated for all the formulations (Table IV). The ratio
can quantitatively examine the closeness of I-DRR and SS-
DRR. A ratio value closer to 1 indicates that the drug release
profile is linear with no lag phase. The ratios of L DRR/SS-
DRR in Table IV were mostly below 2, indicating that the
initial drug release rates were less than 2 times the steady-state
drug release rates. When the A-DL was increased from 21%
to 41%, the I-DRR/SS-DRR ratio increased from 1.11 to 2,
and the R-squared reduced from 0.9942 to 0.9807. Similar
behavior was observed when the actual palonosetron hydro-
chloride loading increased from 1.4% to 2.03% (49). Table IV
indicates that LlDRR/SS-DRR ratios of half of the formula-
tions made of PLGA 75:25 are higher than 2, implying devi-
ation from linear release kinetics. As the L:G ratio changes
from 50:50 to 75:25, the degradation may become slower
and allow further swelling. This may reduce the drug release
rate as the diffusion path length becomes longer (Formulation
A75-Lin Fig. 4-b). Three approaches have been found effec-
tive in removing the lag phase: (1) Increase the drug loading,
extending the diffusion control mechanism over the erosion
control phase. For example, when the drug loading was in-
creased from 22.3% to 51.1%, the lag phase disappeared. (ii)
Reduce the molecular weight of PLGA (18), and (ii1) Replace
ester-capped PLGA with those capped with acid- or hydroxyl
groups (44).

The leading cause of death by fatal opioid overdose is res-
piratory arrest. The naloxone released from microparticles in
this study could inhibit f-arrestin 2 recruitment induced by
DAMGO, a p-opioid receptor agonist. Thus, it is expected to
prevent a signaling cascade potentially involved in opioid-
mediated respiratory depression (25, 50). The cellular phar-
macodynamics assay data support the therapeutic relevance
of the prepared naloxone microparticles. The PLGA micro-
particle formulation with quick- and long-acting naloxone re-
lease will help maintain the therapeutically effective naloxone
level in the blood to overcome the limitation of naloxone with
the half-life of only 1-1.5 h. The exact release duration that is
clinically useful can be easily controlled by adjusting formula-
tion and processing parameters. For all PLGA microparticle
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formulations, understanding the factors affecting the drug re-
lease kinetics is critical, and this study presents some parame-
ters important to controlling the naloxone release kinetics.

This study needs to continue to understand better the fea-
sibility of using the naloxone-PLGA system as an advanced
approach to treat opioid overdose. The  viwo pharmacokinet-
ic properties need to be examined to refine the current for-
mulation further. The functionality of the naloxone-PLGA
microparticles needs to be compared with the commercial
products such as (Evzio®) and nasal spray (Narcan®), which
are naloxone HCL solution formulations with no carriers to
extend the drug availability in the body. An initial fast drug
release right after injection is critical for opioid overdose re-
versal with naloxone. Also, the i vitro results alone are not
necessarily a good representation of the dissolution/
absorption of the drug i vivo due to the complicated biological
systems (51, 52). Developing an in vitro-in vivo correlation
(IVIVC) will help to predict how a drug will work in the body
(53, 54).
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