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ARTICLE INFO ABSTRACT

Keywords: We present a long-acting (LA) biodegradable polymeric solid implant (PSI) fabricated using a new process
SOlifl implants combining in-situ phase inversion and compression. This robust process allows fabrication of solid implants that
In-sltu' ' can have different shapes and sizes, accommodate high drug payloads, and provide sustained drug release over
l():l(::;rle?s]:;mn several months. Herein the integrase inhibitor dolutegravir (DTG) was used to develop PSIs for HIV prevention.

PSIs were fabricated using a three-step process by (a) phase inversion of DTG-loaded polymer solution to form an
initial in-situ forming implant in an aqueous solution, (b) micronization of dried DTG-loaded solid implants, and
(c) compression of the micronized DTG-loaded solid implants to form the PSI. High drug loading (up to 85 wt%)
was achieved in the PSIs. DTG exhibited minimum burst release in the first 24 h (<6%) and sustained release
kinetics over 6 months. The release kinetics of DTG can be fine-tuned by varying drug-loading concentration, the
ratio of polymer (poly(lactic-co-glycolic acid), PLGA) to solvent (N-methyl-2-pyrrolidone, NMP) and polymer
(PLGA) molecular weight in the precursor solution. The physical/chemical properties of DTG were retained post-
storage under accelerated storage conditions (40 °C/75% relative humidity) for 6 months. The versatility of this

Long-acting drug delivery
Poly(lactic-co-glycolic acid)
HIV prevention

technology makes it an attractive drug delivery platform for HIV prevention applications.

1. Introduction

Long-acting (LA) drug delivery technologies have attracted much
attention over the past decades for their application in diverse areas of
medicine such as contraception (Affandi et al., 1987; Uhm et al., 2016;
Mansour, 2010), anticancer therapy (Goldspiel and Kohler, 1991; Elstad
and Fowers, 2009), antipsychotic treatment (Kaplan et al., 2013; Dam-
merman et al., 2018), ocular disease (Macoul and Pavan-Langston,
1975; Haghjou et al., 2011; Iyer et al, 2019) pain management
(Barnwal et al., 2017; Nickel et al., 2012) and many other chronic dis-
eases (Pons-Faudoa et al., 2019; Wang et al., 2020) owing to their ability
to improve patient adherence and treatment outcomes. LA drug delivery
technologies offer benefits over traditional systemic administration by
providing sustained drug release over weeks, months or years and
achieving a therapeutic effect at lower drug concentrations compared to
oral dosage forms, which can eliminate the risk of unwanted side-effects
(Dash and Cudworth II, 1998; Rajgor et al., 2011). Many commercial LA
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drug delivery technologies are in clinical use such as levonorgestrel
(Norplant®, Estring®, Jadelle®) and etonogestrel (Implanon®, Nex-
planon®) implants for contraception (Affandi et al., 1987; Uhm et al.,
2016; Mansour, 2010), naltrexone injectables (Vivitrol®) and bupre-
norphine implants (Probuphine®) for treatment of opioid abuse
(Barnwal et al., 2017; Kjome and Moeller, 2011). These LA drug delivery
technologies are widely accepted, and over the years their use has
increased substantially in many countries, including the United States
(Branum and Jones, 2015; Alderks, 2013). However, there continues to
be a need for LA drug delivery technologies specifically tailored to
achieve optimal therapeutic doses over extended periods of time for
multiple medical application, including HIV treatment and prevention
for which there are a limited number of LA technologies currently
available (Spreen et al., 2013; Spreen et al., 2014).

Various LA technologies are in preclinical and clinical development
for HIV treatment and prevention, such as nano-based injectable for-
mulations (Baert et al., 2009; Landovitz et al., 2016), subcutaneous
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refillable nanofluidic devices (Chua et al., 2018; Pons-Faudoa et al.,
2020), and topical delivery systems such as gels (Date et al., 2012;
Grammen et al., 2014; Garcia-Lerma and Heneine, 2012), vaginal films
(Guthrie et al., 2018; Bunge et al., 2016) and intravaginal rings (Devlin
et al., 2013; Fetherston et al., 2013; Glaubius et al., 2019). These tech-
nologies have been shown to provide sustained delivery of drug(s) over
several weeks with some reaching durations of up to 4 months. Poly-
meric solid implants hold great promise for the development of LA drug
delivery systems owing to the ability to formulate high drug payloads in
a single implant, which can potentially allow for sustained-release du-
rations that last beyond six months. Currently, the majority of available
polymeric solid implants are produced using non-biodegradable poly-
mers such as silicones, poly(urethanes), poly(acrylates) and poly
(ethylene vinyl acetate) (Mansour, 2010; Barnwal et al., 2017; Shastri,
2003). As such, surgical removal of these non-biodegradable implants is
required at the end of the implant treatment duration. To date, clinically
used biodegradable solid implants are limited to ocular applications and
are made with poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid)
(PLA), or hydroxypropyl methylcellulose (HPMC) (Haller et al., 2009;
Lee and Chee, 2005). LA biodegradable solid implants being developed
for HIV prevention or treatment are in the early stages of development,
and a few products are investigated, including tenofovir alafenamide
(TAF)-polycaprolactone (PCL) thin-film device (Schlesinger et al., 2016)
and MK-8591 eluting PLA and PCL implants (Barrett et al., 2018). These
solid implants are manufactured by hot-melt extrusion, solvent-casting,
or compression molding, which require high temperatures and shear
forces to fabricate the solid implant (Schlesinger et al., 2016; Barrett
et al., 2018; Zajc et al., 2005; Dinunzio et al., 2010).

Recently, we developed an in-situ forming implant (ISFI) injectable
formulations for LA delivery of dolutegravir (DTG) (Kovarova et al.,
2018; Benhabbour et al., 2019). These formulations provided sustained
delivery of DTG for up to 9 months and in vivo efficacy against high dose
vaginal HIV challenges in a pre-clinical humanized mouse model
(Kovarova et al., 2018; Benhabbour et al., 2019). In this study, adapting
from the recently developed ISFIs, we developed a new and unique
process to engineer polymeric solid implants (PSIs) to further improve
drug loading capacity to achieve clinically translatable doses within a
single administration. We report the use of phase inversion and
compression techniques to fabricate a PLGA PSI that can offer high drug
loading and ultra-LA release of DTG. The compression technique pro-
vides the ability to achieve high drug loadings in a small compact solid
implant in addition to the ability to control the size, shape, and me-
chanical properties of the final PSI. The fabrication process of these PSIs
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involves a stepwise process of (a) phase inversion of a DTG-loaded ISFI
formulation to form an initial in-situ forming solid implant in an
aqueous medium, (b) micronization of dried DTG-loaded solid implants,
and (c) compression of micronized DTG-PLGA solid powder (Fig. 1).
Using this novel tree-step fabrication approach, the resulting PSIs are
solvent-free and consist of only the polymer (PLGA) and drug (DTG)
loaded at high concentrations (up to 85 wt%) to allow for translatable
doses in a single compact PSI. No additional excipients were required in
order to compress or stabilize the solid implant. Drug loading and
release kinetics can be modulated by varying formulation composition
(e.g., polymer, solvent), drug loading, implant size/shape, and the
applied compression force. This new fabrication process of PLGA-based
solid implants represents a promising platform for various other poly-
mers and drugs for sustained drug delivery.

2. Materials and methods
2.1. Materials

50:50 Poly(DL-lactide-co-glycolide) was purchased from LACTEL
(Birmingham, AL; Cat. No. B6010—1P, MW 27 kDa). N-methyl-2-pyr-
rolidone (NMP, <USP>) was received from ASHLAND (Wilmington, DE,
Product Code 851263, 100% NMP). Dolutegravir (DTG) was purchased
from Selleckchem (Houston, TX; S2667-DTG, S7303-RPV). Solutol-HS
15, phosphate-buffered saline (0.01 M PBS, pH 7.4), HPLC grade
Acetonitrile were purchased from Sigma Aldrich (St. Louis, MO).

2.2. Preparation of ISFI formulations

In-situ forming implant (ISFI) formulations were prepared using a
previously described procedure (Benhabbour et al., 2019). Briefly, a
placebo formulation was prepared by adding PLGA (50:50, 27 kDa) to
NMP at various weight ratios and allowing PLGA to dissolve in NMP by
continuous mixing at room temperature. Next, dolutegravir (DTG) was
added to the PLGA/NMP placebo solution and allowed to stir at 37 °C
overnight to completely dissolve DTG and form a homogenous
formulation.

To investigate the effect of PLGA/NMP weight ratio on percent drug
loading capacity in ISFIs, placebo formulations were prepared with 1:2,
1:4,1:6, 1:8 and 1:10 w/w ratios of PLGA/NMP. DTG was added to each
placebo solution at a near saturation concentration in the formulation
(110, 170, 200, 220 and 250 mg/g DTG, respectively). To further
enhance the solubility of DTG in the formulation, dimethyl sulfoxide
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Fig. 1. Schematic illustration of the optimized fabrication process of polymeric solid implants (PSIs) and parameters that can be used to modulate drug loading
capacity and drug release kinetics in the PSIs.
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(DMSO) and Gelucire 44/14 were used as co-solvents with NMP at 9:1
w/w NMP/DMSO and 9:1 w/w NMP/Gelucire 44/14 respectively. For-
mulations containing co-solvents were prepared by mixing the co-
solvent solution with PLGA at a weight ratio of 1:6 PLGA/solvent.
This weight ratio was determined to provide the highest drug loading
while still allowing solid implant formation upon injection into an
aqueous medium.

2.3. Preparation of PSIs by phase inversion

Polymeric solid implants (PSIs) prepared by phase inversion were
formed by either direct injection of an ISFI formulation into PBS, or
injection of an ISFI formulation into a microdialysis membrane followed
by incubation in PBS (Supplementary Fig. 1). To investigate the effect of
shape and surface area of PSIs on drug release kinetics, three shapes of
PSIs, including cube, cuboid and sphere were prepared using a 1:2 w/w
PLGA:NMP ISFI formulation and a constant drug concentration (100
mg/g DTG). Briefly, to form a cubic and cuboid PS]I, the ISFI solution (30
pL, 30 £+ 2.5 mg) was injected into a microdialysis membrane with a
molecular weight cut-off (MWCO) of 10 kDa (Supplementary Fig. 1A, C,
D). The dialysis membranes were subsequently incubated in PBS at 37 °C
for 24 h which was determined to be the optimum time to allow diffu-
sion of NMP and formation of stable solid PSIs within the dialysis
membranes. To form a spherical PSI, the ISFI solution (30 pL, 29 + 0.5
mg) was injected directly into PBS and incubated for 24 h at 37 °C
(Supplementary Fig. 1B). The PSIs were then collected and dried using a
rotary evaporator for 1 h to remove all residual water prior to investi-
gating implant microstructure and drug release kinetics. It was deter-
mined that drying times longer than 1 h did not result in change in PSI
mass. Spherical PSIs were used to optimize drug loading in the final PSI
and investigate the effects of PLGA/NMP ratio (1:2, 1:4, 1:6, 1:8 and
1:10 w/w ratios of PLGA/NMP) on implant formation, drug entrapment
efficiency, implant microstructure and drug release kinetics.

To further investigate the effect of co-solvent (1:6 w/w PLGA:NMP,
1:6 w/w PLGA: (NMP/DMSO, 9:1 w/w), and 1:6 w/w PLGA: (NMP/
Gelucire 44/14, 9:1 w/w)) on drug entrapment efficiency and drug
release kinetics, PSIs were formed via phase inversion upon injection of
an ISFI formulation (25 pL, 20 + 3 mg) into PBS (2 mL) at 37 °C. After a
24 h incubation at 37 °C, PSIs were collected and dried using a rotary
evaporator and tested for in vitro drug release kinetics.

2.4. Preparation of PSIs by a combination of phase inversion and
compression

2.4.1. General procedure for fabrication of PSIs

To fabricate a small compact PSI with high drug payloads, a three-
step fabrication process was developed using a combination of phase
inversion and compression (Fig. 1). First, DTG-loaded solid implants
were formed in-situ by phase inversion upon injection of the formulation
solution in PBS at an optimized ratio of ISFI/PBS (25 pL:2 mL). After
incubation in PBS at 37 °C for 24 h, the solid implants were collected and
dried using a rotary evaporator for 1 h to remove all residual water.
Dried implants were subsequently micronized using a mortar and pestle
to obtain a fine powder of DTG and PLGA as a homogenous mix. To
ensure uniformity and homogeneity of DTG distribution within the
micronized DTG-PLGA powder, samples (1-2 mg, n = 4) were collected
from four different areas in the solid mix and dissolved in acetonitrile,
and drug concentration was quantified by HPLC analysis. The micron-
ized DTG-PLGA powder was considered homogenous when the standard
deviation of the average concentration in all 4 samples analyzed was
<5%. The micronized DTG-PLGA powder was subsequently compressed
using a single punch press tablet machine (Carver Hand Press model
3851). Briefly, 20 mg of micronized DTG-PLGA powder was loaded into
a 5 mm diameter cylindrical tool and pressed at 1.274 US.ton/cm? for
10 s at room temperature. The final tablet formed contained PLGA and
DTG with no additional additives or stabilizers.
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2.4.2. Effect of PLGA MW

To assess the effects of PLGA molecular weight (MW) on drug release
kinetics, PSIs were fabricated using different MWs of PLGA (11, 27 and
54 kDa). A placebo formulation was prepared with 1:6 w/w PLGA/sol-
vent using a co-solvent solution of 9:1 w/w NMP/DMSO. DTG was
added to the placebo solution at a near saturation concentration of 250
mg/g and allowed to stir at 37 °C overnight to fully dissolve the drug.
The initial drug-loaded solid implants were formed, dried, micronized,
and the resulting powder was compressed into 5-mm diameter PSIs
using the aforementioned procedure. The resulting PSIs were tested to
assess the effect of PLGA MW on the in vitro release kinetics of DTG.

2.4.3. Effect of drug loading

To assess the effect of DTG loading on drug release kinetics, PSIs
were fabricated with five different concentrations of DTG. A placebo
formulation was prepared with 1:6 w/w PLGA/solvent using a co-
solvent solution of 9:1 w/w NMP/DMSO. DTG was added to the pla-
cebo solution at a concentration of 62.5, 125, 250, 300 and 600 mg/g
and allowed to stir at 37 °C overnight to fully dissolve the drug. The
initial drug-loaded solid implants were formed, dried, micronized, and
compressed into 5-mm diameter PSIs using the procedure described
above. The resulting PSIs containing different percent DTG loading
(22.5, 45, 55, 65 and 85 wt%) were evaluated to determine the effect of
DTG loading in a PSI on the in vitro release kinetics.

2.4.4. Effect of compression force

To assess the effect of compression force used in the fabrication
process on the mechanical properties and microstructure of the resulting
PSIs and drug release kinetics, PSIs were fabricated using three different
compression forces. First, a placebo formulation was prepared with 1:6
w/w PLGA/solvent using a co-solvent solution of 9:1 w/w NMP/DMSO.
DTG was added to the placebo solution at a near saturation concentra-
tion of 250 mg/g and allowed to stir at 37 °C overnight to fully dissolve
the drug. The initial drug-loaded solid implants were formed by phase
inversion, dried, and micronized using the aforementioned procedure.
The micronized homogenous DTG-PLGA power (75 mg) was loaded into
a 10-mm cylindrical tool and compressed at different compression forces
of 0.5, 1, and 1.5 US.ton (equivalent to 0.657, 1.274, 1.911 US.ton/cmZ,
respectively) to produce the final PSIs. The resulting 10-mm diameter
PSIs were evaluated to compare their mechanical properties, micro-
structure and DTG release kinetics in vitro.

2.4.5. Effect of drug incorporation process

DTG was formulated in the PSIs using either a pre-loading process
whereby DTG was added in the placebo solution formulation, as
described above, or using a post-loading process whereby DTG was
added to a preformed micronized polymer powder. The effect of DTG
loading process on in vitro drug release kinetics was investigated. In the
pre-loading process, DTG was added to a placebo solution (1:6 w/w
PLGA/(NMP/DMSO, 9:1 w/w)) at a near saturation concentration of
250 mg/g, and 5-mm diameter PSI (60% w/w DTG) was fabricated using
the aforementioned procedure. In the post-loading process, a micronized
PLGA powder was first prepared by generating solid implants via in-situ
phase inversion of a 1:6 w/w PLGA/(NMP/DMSO, 9:1 w/w) placebo
solution precursor. The solid implants were subsequently dried and
micronized as described above. DTG was added to the pre-formed
micronized PLGA powder to achieve the same concentration of DTG
(60% w/w) obtained in the pre-loaded PSIs, and the drug/polymer solid
mix was used to produce a 5-mm diameter PSI.

2.5. Drug loading capacity

To optimize percent drug loading within PSIs, the saturation con-
centrations of DTG in ISFI formulations containing 1:2, 1:4, 1:6, 1:8 and
1:10 w/w PLGA:NMP, as well as 1:6 w/w PLGA: (9:1 NMP/co-solvent),
were determined. DTG (30 mg) was added to individual vials containing
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100 mg of PLGA:NMP or PLGA/(NMP:DMSO 9:1). The solution was
mixed thoroughly using a combination of vortex mixing and short
heating cycles (~40 °C) for a few minutes (3-5 min), and was stirred for
an additional 24 h at 37 °C to allow DTG to fully dissolve in the
formulation. Samples were subsequently centrifuged for 30 min at
13,000 rpm (Eppendorf Centrifuge 5417C, USA) to remove the excess
undissolved drug. Sample aliquots (1 mg, n = 4) were collected from the
drug saturated supernatant and dissolved in acetonitrile (ACN) to
quantify DTG concentration by HPLC analysis.

Reverse-phase HPLC analyses were carried out with a Finnigan
Surveyor HPLC system (Thermo Finnigan, San Jose, California, USA)
equipped with a Photodiode Array (PDA) Plus Detector, auto-sampler,
and LC Pump Plus. The stationary phase utilized for the analysis was
an Inertsil ODS-3 column (4 pm, 4.6 A ~ 150 mm, [GL Sciences, Tor-
rance, CA]) maintained at 40 °C. Chromatographic separation was
achieved by gradient elution using a mobile phase consisting of 0.1%
trifluoroacetic acid in water and ACN (H,O/ACN 95:5 v/v). The flow
rate was 1.0 mL/min and the total run time was 25 min for each 25 pL
injection.

2.6. Drug entrapment efficiency

Drug entrapment efficiency was determined as the maximum drug
entrapped in solid implants formed in the initial step of PSI fabrication
by phase inversion. The entrapment efficiency was used to assess
formulation parameters that result in optimized drug loading in the final
PSI. DTG ISFI formulations were prepared with 1:2,1:4, 1:6 1:8 and 1:10
w/w PLGA/NMP, as well as 1:6 w/w PLGA/(NMP/co-solvent, 9:1 w/w)
and near saturation concentrations of DTG (Cjpaded) in each formulation
(110 mg/g, 170 mg/g, 200 mg/g, 220 mg/g, 260 mg/g, 250 mg/g (co-
solvent, DMSO) and 230 mg/g (co-solvent, Gelucire44/14) respec-
tively). Sample aliquots (20-25 pL) from each ISFI formulation were
injected into 2 mL PBS and incubated at 37 °C for 24 h to quantify
percent DTG entrapment in the solid implants. Sample aliquots (1 mL)
from the release medium were collected 24 h post-incubation and DTG
concentration was quantified by HPLC analysis to determine the ‘free’
drug released during the phase inversion step (Cgee) in the process of
solid implant formation. Percent DTG entrapment in the solid implants
was calculated using the equation below. All experiments were per-
formed in quadruplicate.

Cloaded — Cfree

%DTG entrapment = T Cloaded x 100

2.7. Scanning electron microscopy (SEM) imaging

To investigate drug distribution and microstructure of DTG PSIs
prepared by phase inversion, PSIs were prepared with varying w/w ra-
tios of PLGA/NMP (1:2, 1:4, 1:6 and 1:8 w/w PLGA/NMP) and varying
concentration of DTG (100 and 110 mg/g, 170 mg/g, 200 mg/g and 220
mg/g respectively). To investigate drug distribution, microstructure and
physical state of drugs after the micronization step, micronized DTG-
PLGA powders were prepared from 1:6 w/w PLGA/(NMP/DMSO, 9:1)
(250 mg/g DTG) ISFI solutions using the method described above. The
resulting DTG PSIs and micronized DTG-PLGA powders were mounted
on an aluminum stub using carbon tape, and sputter coated with 5 nm of
gold-palladium alloy (60:40) (Hummer X Sputter Coater, Anatech USA,
Union City, CA). The coated samples were imaged using a scanning
electron microscope with an acceleration voltage of 5 kV, 30 pm aper-
ture, and average working distance of 15 mm (Zeiss Supra 25, Carl Zeiss
Microscopy, LLC, Thornwood, NY). SEM imaging analysis was also
carried out to investigate the effect of compression force on the micro-
structure of PSIs. PSIs generated with varying compression forces using
1:6 w/w PLGA/(NMP/DMSO, 9:1) formulation with the methods
described above were flash-frozen in liquid nitrogen and lyophilized for
24 h prior to SEM imaging analysis.
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2.8. Thermogravimetric analysis

To assess the physical state of DTG and PLGA in PSIs, differential
scanning calorimetry (DSC) analyses of pure drug (DTG), optimized
placebo PSIs, and optimized DTG PSIs were carried out using a differ-
ential scanning calorimeter (TA Q200, USA). Prior to DSC analysis,
decomposition temperature (Tq) of DTG was determined using a ther-
mogravimetric analyzer (TGA, TA Q500, USA). Briefly, pure DTG was
weighed (10 mg), sealed in an aluminum pan, and placed into a ther-
mogravimetric analyzer. The DTG sample was heated from 0 to 600 °C at
a ramp-up rate of 10 °C/min under inert nitrogen gas introduced at a
flow rate of 20 mL/min.

For DSC analysis, samples (3-5 mg DTG, 5-10 mg DTG or placebo
PSIs) were weighed, hermetically sealed in an aluminum pan and sub-
sequently placed in a differential scanning calorimeter. For each mea-
surement, samples were heated from 0 to 250 °C at a rate of 10 °C/min
under nitrogen (20 mL/min flow rate). The DSC thermograms were used
to determine the peak glass transition temperature (Tg) of PLGA, melting
point (Ty,) of DTG, and the physical state of DTG in PSIs (i.e. crystalline
or amorphous).

2.9. Mechanical properties of PSIs

To evaluate the mechanical properties of PSIs prepared with varying
compression forces, a three-point bending test was performed on a
RSAIII micro-strain analyzer (TA Instruments, USA) fitted with three-
point bending geometries. For each measurement, a 10-mm diameter
PSI tablet was placed on the lower 3-point bending tool, and the sample
was then tested with a 35 N load cell at a strain rate of 0.05 mm/s until a
fracture was observed within the tablet.

2.10. In vitro release studies

To investigate the ability to fine-tune drug loading, drug release ki-
netics, and achieve ultra-long-acting drug release (>3 months) using
PSIs, in vitro release studies were carried out with various DTG PSIs
prepared by phase inversion only or by a combination of phase inversion
and compression. For the DTG PSIs prepared by phase inversion only,
DTG release kinetics were assessed by incubating DTG PSIs into 200 mL
of release medium (0.01 M PBS with 2% Solutol HS, pH 7.4) under sink
conditions at 37 °C for up to 6 months. Sink conditions were defined as
DTG concentration at or below 1/5 of its maximum solubility (i.e. <
0.12 mg/mL DTG) in PBS/Solutol at 37 °C. Sample aliquots (1 mL) were
collected at various time points and replaced with fresh release medium.
The release medium was completely removed and replaced with fresh
medium every week to maintain sink conditions. DTG concentration in
release samples was quantified by HPLC analysis. Cumulative drug
release was normalized to the total concentration of drug in the implant
determined by HPLC analysis. All experiments were performed in qua-
druplicates. For DTG PSIs prepared by the combination of phase inver-
sion and compression, DTG release kinetics were assessed by incubating
5-mm or 10-mm diameter DTG PSIs (20 mg + 0.2 mg or 75 mg + 0.5 mg
respectively) in 200 or 500 mL of release medium (0.01 M PBS pH 7.4
with 2% Solutol HS) at 37 °C for up to 6 months under sink conditions.
Sample aliquots (1 mL) were collected, and DTG concentration was
quantified by HPLC analysis. All experiments were performed in
triplicates.

2.11. Accelerated stability studies

DTG PSIs (65 wt% DTG) were selected based on their optimal DTG
release kinetics to assess their long-term stability under accelerated
storage conditions. The DTG PSIs were stored in a desiccator for 6
months at 40 °C/75% relative humidity (RH) in a Fisher Scientific Iso-
temp Incubator (Pittsburgh, PA). PSIs (n = 3) were collected at various
time intervals (0, 14 days, 1, 3, and 6 months) and analyzed by HPLC for
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drug content and presence of any degradation products. Zero-time
samples were used as controls (i.e. 100% DTG concentration).

2.12. In vitro HIV-1 inhibition

TZM-bl cells (NIH AIDS Research and Reference Reagent Program,
catalog number 8129, passage number 2-6) were cultured in TZM-bl
medium containing Dulbecco’s Modified Eagle Medium (Sigma) sup-
plemented with 10% fetal bovine serum, 25 mM HEPES, 500 units/ml
penicillin, 50 pg/ml streptomycin and 2 mM 1-glutamine (Cellgro) at
37 °C, 10% COy. For HIV-1 inhibition assay, TZM-bl cells at a density of
1 x 10° cells per well in TZM-bl medium were plated in 96-well plates.
After 24 h of incubation, the medium was removed, replaced with 100 pl
of 1:100 dilutions of DTG, and incubated for 30 min at 37 °C, 10% CO».
Cells were subsequently infected with HIV-1;r.csg by adding 100 pl of
TZM-bl medium containing 40 pg/ml of DEAE-dextran and 3 x 10° TCIU
of HIV-1;g_csr per well. After 48 h of incubation, luciferase activity of
TZM-bl cells infected with HIV-1 was quantified using One-Glo lucif-
erase assay. Briefly, the medium was removed and the luciferase sub-
strate One-Glo reagent (Promega, Madison, WI) supplemented with
0.2%Triton X-100 was added to allow for the measurement of luciferase
activity and to inactivate virus. Luciferase was measured with a Spec-
traMax M3 Spectrometer (Molecular Devices, Sunnyvale, CA) and the
results normalized to the luciferase activity of cells infected with HIV in
the absence of DTG and expressed as a percentage of decrease in lucif-
erase activity. Luciferase activity was measured in 3 independent ex-
periments, each dilution measured in quadruplets. The effective drug
concentrations required to inhibit virus replication by 50% (IC50) was
calculated by fitting data to a sigmoid dose-response curve with a var-
iable slope using GraphPad Prism.

2.13. Preparation of HIV-1 g csF stocks for infection

293 T cells were cultured at 37 °C, 10% CO in Dulbecco’s Modified
Eagle Medium supplemented with 10% fetal bovine serum, 25 mM
HEPES, 500 units/ml penicillin, 50 pg/ml streptomycin and 2 mM t-
glutamine. Cells were regularly checked for morphology by microscope.
Viral stock of HIV-1 g csp was generated by transfecting proviral DNA
(Keele et al., 2008; Koyanagi et al., 1987; Ochsenbauer et al., 2012;
Permar et al., 2013; Salazar-Gonzalez et al., 2009) into 293 T cells
(American Tissue Culture Collection, catalog number CRL-3216, passage
<10) using Lipofectamine 2000 (Invitrogen). Viral particles were
collected from the tissue culture medium, pre-cleared by centrifugation
(3000 RPM for 20 min at 4 °C). Tissue culture infectious units (TCID)/ml
of HIV was determined by titration on TZM-bl cells. The infected TZM-bl
cells were visualized with staining solution (4 pM potassium ferrocya-
nide, 4 pM potassium ferricyanide, 2 pM magnesium chloride, 0.4 mg/
ml X-gal) (Kovarova et al., 2015; Wahl et al., 2012).

2.14. Statistical analysis

Data were represented as means + standard deviation (SD) and
analyzed with GraphPad Prism (version 6.01) via the one-way analysis
of variance (ANOVA). The confidence levels were set as 95% (p* < 0.05)
and 99% (p** < 0.01).

3. Results
3.1. Characterization of PSIs prepared by phase inversion

3.1.1. Effect of implant shape and surface area on DTG release kinetics
Surface area of solid implants can influence the in vitro and in vivo
release kinetics of drugs from the implants (Goyanes et al., 2015). This
study aimed to investigate if the surface area of PSI impacts the release
kinetics of DTG. We used the PSI fabricated by phase inversion of ISFI as
a prototype to understand this impact. Herein, three implant shapes
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(cuboid, cube, and sphere) were prepared to investigate the effect of
implant surface area on drug release kinetics. The specific surface areas
(SSA, SA/V) determined for the cuboid, cubic, and spherical PSIs were
3.99, 2.49 and 0.74 mm®/mg, respectively (Fig. 2A). PSIs with higher
SSA (cuboid and cube) showed higher burst after 24 h (20% cuboid and
18% cube, p < 0.01) and faster release kinetics of DTG (p < 0.0001)
compared to significantly lower burst (2%) and slower release kinetics
obtained with spherical implants (Fig. 2B). At later time points (>49
days), the swelling properties of PSIs had a significant impact on the
release kinetics of DTG. After ~35 days incubation in PBS at 37 °C, the
cuboid and cube implants had a significant increase (20% d35-d63, p <
0.05) in percent DTG release due to swelling (Fig. 2C). The spherical
implants showed a significant increase (75% d49-d105, p < 0.0001) in
DTG percent release after ~9 weeks of incubation in PBS at 37 °C
(Fig. 2B, C). SEM imaging analyses of DTG PSIs post-incubation for 8, 12,
and 16 weeks were carried out as a corroborative method to investigate
the effect of PSI microstructure on drug release from PSIs overtime. The
images showed a depleted amount of DTG overtime in each PSI shape
(Fig. 2D). At 8 weeks, PSIs with higher SSA (cuboid and cube) showed
less DTG content compared to the spherical PSIs. No DTG was detected
in the cuboid and cubic PSIs after 12 and 16 weeks indicating the
completion of drug release, which was in agreement with the release
data determined by HPLC analysis (Fig. 2B).

3.1.2. Effect of PLGA:NMP weight ratio on drug loading and release
kinetics

High drug loading in the initial ISFI formulation combined with high
percent drug entrapment during the phase inversion step results in high
drug loading in the final PSI. Results showed that DTG concentration in
the initial ISFI formulations increased with increasing solvent ratio and
was highest in 1:10 w/w PLGA:NMP (~280 mg/mL). The lowest DTG
concentration (~124 mg/mL) was obtained with the 1:2 w/w PLGA/
NMP ISFI formulation (Fig. 3A).

The formation of initial solid implants by in-situ phase inversion is a
required and important step to successfully generate PSIs with high
percent drug loading. Solid implants were successfully formed as stable
spheres with ISFI formulations containing 1:2, 1:4, 1:6 and 1:8 w/w
PLGA:NMP after incubation in PBS for 24 h at 37 °C. With higher solvent
content (1:10 w/w PLGA/NMP) solid spherical implants were not able to
form upon injection of the ISFI formulation in PBS and incubation for 24
h at 37 °C (Fig. 3B).

Drug entrapment efficiency was determined with ISFI formulations
that resulted in stable spherical solid implants (1:2, 1:4, 1:6, and 1:8 w/
w PLGA:NMP) to determine the maximum DTG concentration that can
be formulated in a PSI. The percent DTG entrapment in solid implants
was determined by quantifying DTG released into PBS during the phase
inversion step. For the four ISFI formulations tested, DTG percent
entrapment was >90% and increased with increasing the amount of
NMP in the formulation (Fig. 3A).

The drug distribution and microstructure of solid implants can in-
fluence drug release kinetics in vitro and in vivo (Benhabbour et al.,
2019; Fu and Kao, 2010). SEM imaging analysis of spherical DTG PSIs
showed that DTG exhibited a different distribution in PSIs generated
from ISFI formulations containing different ratios of PLGA:NMP
(Fig. 3C). ISFI formulations containing the lowest amount of NMP (1:2
w/w PLGA/NMP) resulted in PSIs with DTG uniformly distributed
throughout the dense polymer matrix implant (Fig. 3C). On the other
hand, ISFI formulations containing higher amounts of NMP (1:4, 1:6 and
1:8 w/w PLGA:NMP) resulted in PSIs with DTG mainly distributed
within the core of the implant, which can potentially be attributed to a
faster phase inversion with higher amounts of NMP in the formulation
(Fig. 3C).

To further investigate the effect of drug distribution in spherical PSIs
and their microstructure on drug release kinetics, in vitro release studies
were carried out over six months. Results shown in Fig. 3 demonstrate
that spherical PSIs generated from ISFI formulations containing the
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A Dimension: 1.7 x 1.7 x 10 mm Dimension: 3 x 3 x 3 mm Dimension: 4 mm (diameter)
Solidified weight: 30 £ 2.62mg  Solidified weight: 30 + 2.58 mg  Solidified weight: 29 + 0.35 mg
Specific surface area: Specific surface area: Specific surface area:
3.99+0.070 mm?/mg 2.49 + 0.104 mm2/mg 0.74 £ 0.001 mm2/mg
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Fig. 2. Effect of implant surface area on drug release kinetics. A) Implant dimensions, weight, and specific surface area for three different shapes (cuboid, cube, and
sphere). The specific surface area was quantified using PSI weight and dimensions (mm?/mg, n = 4); B) In vitro release kinetics of DTG from PSIs with different
shapes incubated at 37 °C for 140 days. All implants (~30 g, n = 4) contained ~10 wt% DTG. Graph inset represents the release kinetics of DTG during the initial 2
weeks; C) Images of the DTG PSIs before and after completion the release studies. An increase in the specific surface area was observed for all implant shapes; D) SEM
images representing cross-section images of the DTG PSIs with various shapes post-incubation in PBS at 37 °C for 8, 12, and 16 weeks. The white * symbols represent
DTG in the DTG PSIs.

lowest amount of NMP (1:2 w/w PLGA/NMP) resulted in the lowest DTG in the highest DTG/PLGA loading (65 wt% DTG) and exhibited the
loading (20 wt% DTG) and exhibited the slowest release kinetics (~5% fastest release kinetics (100% by week 4, Fig. 3D). The average DTG
at week 4). On the other hand, spherical PSIs generated from ISFI for- release rate within the first 42 days was calculated using the slopes of the
mulations with the highest NMP content (1:8 w/w PLGA/NMP) resulted linear equations generated from data points within the first 42 days and
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DTG loading capacity in ISFI

ISFI formulation
wiw (mg/g)

wiv (mg/mL)

DTG PLGA/DTG

DTG release rate at

DTG burstat DTG burst at

entrapment in PSI

inPSI (%)  (oww) 2%

zero order kinetics

24h (va) (ug/day)

1:2 PLGAINMP  112.94 + 2.97
1:4 PLGAINMP  174.83+4.16
1:6 PLGA:NMP  210.81 + 2.90
1:8 PLGAINMP  217.87 £ 6.22
1:10 PLGA:NMP 256.81 + 9.80

124.24 + 3.26
192.32 + 4.57
231.89+3.19
239.66 + 6.84
282.48+10.78

89.87 £1.58 79.64:0.29 1.88+0.16
91.51+£1.13 59.34+£0.30 4.98+0.70
92.31+£0.50 45.65+0.13 8.46+2.02

37.35+£3.10 0.80 (R?=0.9910)
188.14+35.08 12.72 (R? = 0.9856)
378.57£92.48 55.34 (R?=0.9734)

95.96 + 0.28 34.70 £ 0.07 18.46 +6.07 1054.94 + 345.96 309.76 (R2= 0.9506)
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Fig. 3. Effect of PLGA:NMP weight ratio in initial ISFI formulations (1:2, 1:4, 1:6, 1:8, and 1:10 w/w PLGA/NMP) on: A) Loading and percent entrapment of DTG in
PSIs, and in vitro release kinetics of DTG at 37 °C for 180 days (n = 4). B) Structures of PSIs formed by direct injection of ISFI solutions (n = 4) in PBS at 37 °C. C) SEM
images representing cross-sections of DTG PSIs generated from initial ISFI formulations containing various PLGA/NMP ratios (1:2, 1:4, 1:6 and 1:8 w/w PLGA/NMP).
D) In vitro release kinetics of DTG PSIs containing varying DTG:PLGA ratios (20%, 40%, 55% and 65% w/w DTG/PLGA prepared from the 1:2, 1:4, 1:6 and 1:8 w/w
PLGA/NMP ISFIs, respectively). Inset represents the release kinetics within the first 7 days. All error bars represent standard deviation for n = 4.
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estimated at 0.80, 12.72, 55.34, and 309.76 pg/day for the PSIs pre-
pared using 1:2, 1:4, 1:6, and 1:8 w/w ratio PLGA:NMP formulations
respectively (Fig. 3A). Drug distribution and microstructure analyses of
DTG PSIs post-incubation for 4, 8, 12, and 16 weeks were used as a
corroborative method to correlate the effect of DTG distribution within
the PSI and DTG physical state (crystalline vs amorphous) to its in vitro
release kinetics. The results demonstrated a decrease in DTG content due
to release from the implant and a decrease in polymer content due to
degradation over 4-16 weeks for PSIs prepared with 1:2, 1:4 and 1:6 w/
w ratio PLGA:NMP formulations. In comparison, no DTG was present in
PSIs prepared with 1:8 w/w PLGA/NMP after 4 weeks incubation
(Supplementary Fig. 2, 3), which is in agreement with the release data
determined by HPLC analysis (Fig. 3D). Based on the sustained release
kinetics (>6 months) and release rate ~ 55 pg/day, the 1:6 w/w PLGA/
NMP ratio was selected as the optimal formulation to generate PSIs with
high drug payloads that can translate to effective concentrations (4 x
PAIC90) known as a benchmark requirement to inhibit HIV infection
(Adams et al., 2013; Radzio et al., 2015; Andrews et al., 2014).

3.1.3. Effect of co-solvent on drug loading and release kinetics
Drug solubility in an ISFI formulation can be improved using a co-
solvent system. Dimethyl sulfoxide (DMSO) and Gelucire (44/14)
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(Gel) were investigated as co-solvents with NMP and showed a signifi-
cant increase in DTG solubility compared to NMP only. With DMSO as a
co-solvent (9:1 w/w NMP/DMSO) the solubility of DTG significantly
increased from ~231.89 mg/mL (1:6 w/w PLGA:NMP) to ~276.64 mg/
mL (1:6 w/w PLGA/(NMP/DMSO 9:1 w/w), p < 0.0001). With Gelucire
(44/14) (Gel), the solubility of DTG increased from ~231.89 mg/mL
(1:6 w/w PLGA:NMP) to ~259.59 mg/mL (1:6 w/w PLGA/ (NMP/Gel
9:1 w/w), p = 0.0004) (Fig. 4A). Spherical PSIs generated with ISFI
formulations containing NMP only or a co-solvent system exhibited high
percent entrapment of DTG (>96%) (Fig. 4A). Based on the solubility
data, DMSO was selected as a co-solvent to investigate in vitro release
kinetics of DTG from PSIs with higher DTG content. As shown in Fig. 4B,
C spherical PSIs generated with 1:6 w/w PLGA:NMP and 1:6 w/w PLGA/
(NMP/DMSO 9:1) formulations resulted in 59.67 wt% and 64.14 wt%
DTG respectively. Both spherical PSIs exhibited minimum initial burst
release of DTG in the first 24 h (~5% DTG). The average DTG release
rate within the first 42 days calculated from the zero order linear slope
was ~63 and 73 pg/day with no significant difference (p > 0.05) for
DTG PSIs prepared from the 1:6 PLGA/NMP and 1:6 PLGA/(NMP:
DMSO) formulations respectively. Collectively, this data showed that
using DMSO as a co-solvent significantly improved DTG loading in PSIs
without altering in vitro drug release kinetics.

A
. DTG loading capacity in ISFI DTG entrapment DTG/PLGA ratio
ISFI formulation : 5 : &
wiw (mg/g) wlv (mg/mL) in PSI (%) in PSI (wWt%)
1:6 PLGA:NMP 210.81£290 231.89+3.19 96.68 £ 0.39 59.66 + 0.10
1:6 PLGA/(NMP/DMSO, 9:1) 25190 £8.20 276.64 +9.02 98.19£0.17 64.14 £ 0.04
1:6 PLGA/(NMP/Gelucire44/14, 9:1) 235.99 +557 259.59+6.13  97.88+0.18 61.74 £ 0.00

B 100
-~

1:6 PLGAINMP

% Cumulative release of DTG

- 1:6 PLGAINMP/DMSO

0 L) L) L) L) L) L) ] L) T L)
0 14 28 42 56 70 84 98 112 126 140 154
C Time (d)
ISFI formulation DT.GI!?LGA DTG burst DTG burst DTG.reIease rate
ratio in PSI at 24 h (%) at 24 h (ug) within days 0-42
(Wt%) ° £ (ug/day)
1:6 PLGA:NMP 59.66+0.10 545+0.48 332.98+31.24 63.35(R2=0.9607)
1:6 PLGA/(NMP/DMSO, 9:1) 64.14+0.04 4.00+0.19 234.99+16.57 73.83 (R?2=0.9723)

Fig. 4. Effect of co-solvents in ISFI formulations on drug solubility and release kinetics. A) DTG loading and percent entrapment in PSIs; B) In vitro release kinetics of
DTG PSIs at 37 °C for 140 days. DTG PSIs were prepared with 1:6 w/w PLGA/NMP and 1:6 w/w PLGA/(NMP/DMSO, 9:1) ISFIs formulations. DTG was loaded at a
near saturated concentration in each formulation (~200 mg/g and 250 mg/g respectively). Inset represents the release kinetics within the first 7 days. All error bars
represent standard deviation for n = 4; C) Summary of release kinetics including initial burst release and zero-order release rate within the first 42 days for PSIs

described in B.
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3.2. Characterization of PSIs fabricated by phase inversion and direct
compression

3.2.1. Physical properties of DTG PSIs

To achieve a translational dose of DTG (>600 mg (Murray et al.,
2018; Clement et al., 2020)) in a 1:6 w/w PLGA:(NMP/DMSO, 9:1 w/w)
injectable ISFI formulation, a total of ~2.2 mL would be required as a
subcutaneous or intramuscular administration. Formation of PSIs by
phase inversion of an ISFI formulation results in solvent-free solid im-
plants (Fig. 5A-1); however, a large size implant (e.g. 10 mm OD/50 mm
length) would be required in order to accommodate 600 mg of DTG
(Supplementary Fig. 5A). Using a direct compression method combined
with phase inversion (Fig. 5A), 600 mg translational dose of DTG can be
formulated in a small and compact PSI implant (e.g. 10 mm OD/9 mm
thickness (Supplementary Fig. 5B) or 4 mm OD/56 mm length similar to
the Nexplanon® implant size for 1000 mg PSI). This dose can be further
increased using larger size implants (e.g., 40 mm x 4 mm rod shaped)
similar to existing marketed products (e.g., Nexplanon®) (Schlesinger
et al., 2016; Barrett et al., 2018). Starting with 250 mg/g DTG in a 1:6
w/w PLGA:(NMP/DMSO) ISFI formulation, the resulting DTG concen-
tration in the micronized DTG-PLGA powder formed by phase inversion
was ~650 mg/g determined by HPLC analysis (Supplementary Fig. 5C).
Using this micronized DTG-PLGA powder, the final mouse size PSI (5
mm OD/0.87 mm thickness, 20 mg) used for in vitro release studies and
fabricated by direct compression contained 12.4 mg (~65 wt%) DTG.
Importantly, using a direct compression process, PSIs can be produced
with a wide range of drug loading (7-85 wt% DTG) by adjusting drug
loading in the initial ISFI formulation (Supplementary Fig. 5D).
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DSC analyses of pure DTG, placebo PSIs, and DTG PSIs (600 mg/g
DTG) were carried out to determine the physical state and melting
temperature of DTG in PSIs compared to its pure form. TGA analysis was
conducted prior to DSC analysis to determine the decomposition tem-
perature of DTG which was ~325 °C (Supplementary Fig. 6). As shown
in Fig. 5B, pure DTG had a sharp endothermic peak at 189 °C corre-
sponding to the melting temperature of DTG. The melting peak of DTG
when formulated in the PSI was substantially smaller in intensity due to
partial conversion of DTG to an amorphous state when formulated in PSI
samples compared to a fully crystalline pure DTG. Moreover, the melting
temperature of DTG in the PSI was similar to pure DTG (~182 °C)
indicating that DTG remained stable when formulated in a PSI (Fig. 5B).

SEM imaging analyses were carried out as a corroborative method to
analyze drug microstructure and physical state in the micronized pow-
der precursor used to generate PSIs by the compression method. As
shown in Fig. 5C, DTG was mostly blended with PLGA (#) in the
micronized DTG-PLGA powder with presence of a small percentage of
DTG in a crystalline state (*) similar to those of pure DTG (Fig. 5C).

3.2.2. PSIs mechanical properties and microstructure

Mechanical properties that allow proper handling and use of solid
implants are essential to ensure good device performance. Placebo PSIs
were prepared using three different compression forces (0.5, 1.0, and 1.5
US.ton, 10-mm diameter), and the Young's modulus and fracture
strength of the resulting PSIs were measured. Fracture strength mea-
sures the maximum load (stress) that a solid implant can handle before it
fractures. Results showed that the fracture strength of PSIs was inversely
proportional to the compression force applied in the fabrication process.
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Fig. 5. Preparation and characterization of DTG PSIs. A) Fabrication process of PSIs by phase inversion and direct compression using a benchtop tablet press: (1)
Preparation of ISFI formulation and solid depot by phase inversion; (2) Removal of residual solvent and micronization of dried solid depots; (3) Compression of
micronized DTG-PLGA powder to form DTG PSIs. B) DSC thermograms of pure DTG, placebo PSIs, and DTG PSIs. C) SEM images of a micronized DTG-PLGA powder
and pure DTG. The white * and # symbols represent DTG and PLGA respectively in the micronized DTG-PLGA powder.



P. Maturavongsadit et al.

The highest fracture strength (60 MN/m?) was recorded for PSIs fabri-
cated with the lowest compression force (0.5 US.ton), compared to 55
MN/m? (p < 0.01) and 45 MN/m? (p < 0.01) for PSIs fabricated with 1
US.ton and 1.5 US.ton respectively (Fig. 6A).

The Young’s modulus measures the resistance of a solid implant to
elastic deformation under a specific load and its ability to recover its
original shape once the stress force is removed. Results showed that PSIs
fabricated with higher compression force (1.5 US.ton) were stiffer and
had a higher Young’s modulus (50 MPa) compared to 42 MPa (p < 0.01)
and 38 MPa (p < 0.01) for PSIs fabricated with lower compression forces
(1 US.ton and 0.5 US.ton respectively) (Fig. 6B). Analyzing the

>
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microstructure of PSIs using SEM imaging demonstrated that using
higher compression forces resulted in denser and more compact PSIs
(Fig. 6C). This data is in agreement with the higher Young’s modulus
(50 MPa) obtained with the more compact, and hence, stiffer PSIs
fabricated at the highest compression force (1.5 US.ton). This data also
demonstrates that PSIs fabricated with different compression forces
exhibit mechanical properties similar to clinically used solid implants
(Kerin et al., 1998; Stewart et al., 2020).
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Fig. 6. PSI mechanical testing and microstructure of PSIs. The mechanical properties of placebo PSI tablets (10 mm diameter) fabricated with various compression
forces (0.5, 1, and 1.5 US.ton) were evaluated. (A) Fracture strength of placebo PSIs measured using a three-point bending test with a 35 N load cell and at 0.05 mm/s
displacement rate until fracture. (B) Young’s modulus of PSIs calculated from the three-point bending compression test stress/strain slopes. Statistical analysis:
ANOVA with Tukey’s multiple comparisons tests, **p < 0.01. C) SEM images representing cross-section images of placebo PSIs fabricated with varying compres-

sion forces.
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3.3. Effects of PSI formulation parameters on in vitro release kinetics kinetics from PLGA-based delivery systems (Jalil and Nixon, 1990;
Ogawa et al., 1988; Jain et al., 2000). In general, for PLGA-based solid
implants, drug release in the initial phase, within the first 30 days, is

mainly governed by a diffusion mechanism and is not influenced by the

3.3.1. Effect of PLGA molecular weight
PLGA molecular weight (MW) can be used to fine-tune drug release
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DTG-54KDa 568.78 + 16.95 56.88+1.70 3.52+0.70 376.00+55.28 10.36 (R2=0.9687) 813
DTG-850 845.60 + 49.91 84.56+4.99 275+0.80 429.00+23.59 162.75(R2=0.9725) 1197
DTG-650 643.10 + 28.40 64.31+2.84 2.87+0.37 362.28+0.81 102.31 (R2=0.9747) 489
DTG-550 576.60 + 13.05 57.66+1.31 242+0.39 27357+41.94 77.72(R?=0.9836) 442
DTG-450 45527 +2259 4553+226 3.64+0.31 316.69+33.93 22.44(R?=0.9644) 149
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* The predicted time to 100% release was calculated using the extrapolated second-phase zero-order kinetics equation.

Fig. 7. Effect of PLGA MW, DTG loading and pre or post loading on the in vitro release kinetics of DTG. A) Release kinetics of DTG from PSIs fabricated with varying
PLGA molecular weight (MW 11 kDa, 27 kDa, 54 kDa). DTG loading was held constant at ~570 mg/g in all PSIs. Error bars represent standard deviation of n = 3
samples. Statistical analysis: ANOVA with Tukey’s multiple comparisons tests, *p < 0.05. B) Release kinetics of DTG from PSIs fabricated with various DTG loading
(225, 450, 550, 650, and 850 mg/g). Error bars represent standard deviation of n = 3 samples. The ‘x’ in the graph represents the timepoint at which PSIs (DTG-225
and DTG-450) significantly swelled and changed in size. Statistical analysis: ANOVA with Tukey’s multiple comparisons tests, **p < 0.01. C) Release kinetics of DTG
from PSIs fabricated with varying compression forces (0.5, 1.0, 1.5 US.ton). DTG concentration was held constant at 650 mg/g. Error bars represent standard de-
viation of n = 3 samples. D) Release kinetics of DTG from PSIs fabricated by pre-loading method and post-loading method. DTG concentration was held constant at
650 mg/g. Error bars represent standard deviation of n = 3 samples. E) Summary of release kinetics including initial burst release and zero-order release rate for PSIs
described in A-D.

11



P. Maturavongsadit et al.

molecular weight (MW) of PLGA. The effect of PLGA MW becomes more
significant once the bulk degradation of PLGA by ester hydrolysis is
initiated. Higher PLGA MW generally results in slower bulk degradation
of the polymer backbone (Jain, 2000; Zhou et al., 1998). Our results
showed no significant difference in DTG release kinetics for PSIs made
with different PLGA MWs (11, 27 and 54 kDa) over 120 days (Fig. 7A, E).
This result can be attributed to the densely packed PSI tablets in com-
bination with the hydrophobic nature of DTG, which can limit water
diffusion and slow the ester hydrolysis of PLGA. The effect of PLGA MW
became significant (p < 0.05) after 133 days of incubation in PBS at
37 °C. At day 217 (last time point analyzed), DTG release reached 78%
in PSIs made with the lowest PLGA MW (11 kDa) compared to 66% and
51% with 27 kDa and 54 kDa PLGA MWs respectively (Fig. 7A, E).

3.3.2. Effect of drug loading

To investigate the effect of drug loading on release kinetics, DTG PSIs
were prepared with various DTG concentrations (225, 450, 550, 650,
and 850 mg/g) by varying DTG concentration in the initial 1:6 w/w
PLGA/(NMP:DMSO) ISFI formulations. Results showed that all PSIs
exhibited minimum burst release of DTG in the first 24 h (~3%). The
release kinetics of DTG increased with increasing drug loading in the
PSIs within the first 30 days (Fig. 7B, E). PSIs containing higher DTG/
PLGA weight ratios exhibited greater DTG distribution throughout the
implant, which resulted in faster release kinetics. DTG PSIs with the
highest DTG loading (850 mg/g, 85 wt% DTG) reached 40% release at
day 35 (162.75 pg/day DTG) compared to 34% (102.31 pg/day DTG),
30% (77.72 pg/day DTG), 23% (22.44 pg/day DTG) and 6% (6.81 pg/
day DTG) for 650 (65 wt% DTG), 550 (55 wt% DTG), 450 (45 wt% DTG)
and 225 mg/g (22.5 wt% DTG) PSIs respectively (p < 0.01). The effect of
drug loading on PSI swelling properties and drug release kinetics was
significant after ~35 days incubation at 37 °C. This effect was observed
with PSIs that had the two lowest DTG content (22.5 wt% and 45 wt%
DTG), which resulted in a significant increase in DTG release rate on day
49 (6.81 pg/day to 39.47 pg/day, p < 0.01) for the 225 mg/g (22.5 wt%)
DTG PSI and on day 63 (22.44 pg/day to 72.79 pg/day, p < 0.01) for the
450 mg/g (45 wt%) DTG PSI (Fig. 7B). Interestingly, PSIs that contained
higher DTG concentrations (>50 wt%) did not exhibit this same effect
and maintained sustained release kinetics over 120 days (Fig. 7B, E).
These results demonstrate that drug release kinetics and release duration
can be fine-tuned and controlled by varying drug loading within the PSIs
(Fig. 7E). These results also demonstrate that for release durations
beyond 30 days, drug loading in PSIs had a significant effect on the
release kinetics.

3.3.3. Effect of compression force

The effect of compression force in the PSI fabrication process on DTG
release kinetics was investigated. DTG PSIs prepared by different
compression forces (0.5, 1.0 and 1.5 US.ton, 10-mm diameter) were
prepared with a constant DTG concentration (650 mg/g). Results
showed no significant effect of compression force used in the fabrication
process on DTG release from the various PSIs (Fig. 7C, E). All PSIs
reached ~35% release at day 112 and had similar DTG release rate
(~75 pg/day DTG) within zero-order release kinetics. These results
demonstrate that the mechanical properties of drug loaded PSIs can be
optimized by the applied compression force independently of drug
release kinetics.

3.3.4. Effect of drug incorporation process

Fabrication of drug-loaded PSIs can be done by either incorporating
drug(s) in the initial ISFI formulation (termed pre-loading) or by adding
drug(s) to a micronized polymer powder (termed post-loading). We
sought out to investigate the effect of drug incorporation step on in vitro
release kinetics from PSIs. Results demonstrated that in PSIs where DTG
was added using the pre-loading method, DTG exhibited slower and
more sustained release kinetics over 130 days (16.09 pg/day DTG from
d30-d130) (Fig. 7D, E). In PSIs where DTG was added using the post-
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loading method, the release kinetics were faster (18.85 pg/day DTG
from d30-d130, p < 0.05 (Cohen et al., 2013)) and had greater vari-
ability, which could be attributed to lower homogeneity in drug distri-
bution within the PSIs using the post-loading method.

3.4. Accelerated stability studies

The stability of DTG in the DTG PSIs was determined under accel-
erated stability storage conditions (40 °C and 75% RH) for 6 months.
DTG remained chemically stable in the PSIs for 6 months with no change
in loading concentration and no presence of degradation peaks as
determined by HPLC analysis (Fig. 8A, C). DTG PSIs were also monitored
for changes in appearance, color, or size. No change in physical
appearance or size was observed after 0, 14, 30, 90 or 180 days of
storage at 40 °C/75% RH storage conditions (Fig. 8B).

3.5. DTG activity in PSIs

Effect of PSI fabrication on activity of DTG was evaluated in DTG-PSI
stored for 6 months at 40 °C/75%RH. DTG was eluted from PSI in PBS.
The HIV inhibitory activity of DTG was determined as the half maximal
inhibitory concentration (IC50) using TZM-bl indicator cells. The IC50
of DTG eluted from the implant (0.6 ng/ml) was not significantly
different from the activity of DTG in freshly prepared solution (Fig. 9)
and consistent with DTG IC50 reported in TZM-bl cells (Anstett et al.,
2015; Liang et al., 2015).

4. Discussion

Developing biodegradable polymer-based implants that can provide
sustained drug delivery over several months after a single administra-
tion is an area of high demand and importance in a number of medical
applications. PLGA is one of the most widely used polymers in formu-
lation development and drug delivery systems, including solid implants
(Jain, 2000; Widmer et al., 1998a; Makadia and Siegel, 2011; Lee and
Pokorski, 2018). Up until now, PLGA solid implants have been manu-
factured by hot-melt extrusion, (Widmer et al., 1998b; Wang et al.,
2010) solvent-casting (Siegel et al., 2002) or compression molding
(Rabin et al., 2008; Siegel et al., 2006). These methods have several
limitations, including required high heat, high pressure or use of large
volumes of organic solvents, which limit the type of drugs that can be
formulated or the scalability of the process. Herein, we report for the
first time a manufacturing process of PLGA solid implants that does not
require high heat, high pressure or large volumes of organic solvents.
This process combines a phase inversion and micronization process to
form a solvent-free drug loaded powder, which is then used to form a
solid implant using tablet compression. The final implant can be engi-
neered with different shapes or sizes to accommodate required drug
release kinetics and improve patient compliance. In this process, drug
loading can be accomplished in two ways either by incorporating a drug
in the initial ISFI formulation prior to the phase inversion step or by
incorporating a drug in a preformed micronized PLGA powder after the
phase inversion step. Our results showed that loading DTG in the initial
ISFI formulation prior to phase inversion resulted in PSIs that exhibited
more controlled and sustained DTG release. This drug loading process
also afforded high drug loading capacity up to 85 wt% DTG in PSIs.
Direct compression allows the fabrication of highly compact solid im-
plants with high percent drug loading (up to 85 wt% DTG) in the final
PSI (Supplementary Fig. 5D). As a result, DTG PSIs can be fabricated to
accommodate a translational dose of >600 mg (Murray et al., 2018;
Clement et al., 2020) in a single rod-shaped implant with a dimension of
4 mm OD/56 mm length similar to existing marketed products (e.g.,
Nexplanon®), which can accommodate a DTG dose of 1000 mg/implant
(Schlesinger et al., 2016; Barrett et al., 2018).

The physical state of DTG assessed by DSC and SEM showed that DTG
was semi-crystalline and stable when formulated in PSIs and distributed
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Fig. 8. Accelerated stability studies of DTG PSIs. A) DTG concentration in PSIs before (day 0) and after storage at 40 °C and 75% RH for 14, 30, 90, and 180 days. B)
Physical appearance of the DTG PSIs before (day 0) and after storage at 40 °C and 75% RH for 14, 30, 90, and 180 days. C) HPLC chromatograms of DTG extracted
from PSIs before (day 0) and after storage at 40 °C and 75% RH for 14, 30, 90, and 180 days.

Fig. 9. DTG activity in PSI. DTG ability to inhibit HIV
was determined in TZM-bl indicator cells with a
luciferase reporter gene. Results were normalized to
the luciferase activity of cells infected with HIV in the
absence of DTG. Inhibitory activity of DTG was
expressed as a percentage of decrease in luciferase
activity. (A) inhibitory activity of eluted (red) and
pure (blue) DTG, data was fitted to a sigmoid dose-
response curve, each dilution measured in quadru-
= plicates. Mean + S.E.M. shown. (B) IC50, mean +
standard error of the mean (S.E.M) are shown.

A 100- B

. 80- 2.0-

&

£ 60 1.5

c

S o —

= A wn ol

.-2 40 @) 1.0

£ ol

20 - eluted DTG 0.54 [
- pure DTG R
oy ; : ; . 0.0 —=
-2 -1 0 1 2 «Q
Log DTG concentration (ng/ml)
Q\\}e

homogenously within the solid implant prepared by phase inversion,
micronization and compression (Fig. 5). However, the distribution of
DTG in PSIs prepared by phase inversion of ISFI formulation was vari-
able and controlled solely by the rate of phase inversion (Fig. 3). Spe-
cifically, with higher content of NMP solvent (lower PLGA:NMP), the
rate of phase inversion was faster and left behind the majority of drugs in
the core of the solid implant (Fig. 3C). Accelerated stability studies
showed that DTG retained its physical and chemical properties in the PSI
for 6 months when stored at 40 °C/75%RH, with no change in drug
concentration or degradation over time. Moreover, DTG activity based
on its ability to inhibit HIV infection of TZM-bl cells was maintained post
storage of DTG PSIs at 40 °C/75%RH for 6 months, demonstrating the
long-term stability of DTG in the PSIs.

In vitro release studies of DTG from PSIs demonstrated the ability to
fine-tune the release kinetics of DTG by varying shape of PSI, initial ratio
of PLGA:NMP in ISFI formulation, PLGA molecular weight (MW) or by
changing drug loading in the PSI (Schliecker et al., 2003; Frank et al.,
2005; Grizzi et al., 1995; Lu et al., 2000). The surface area of a PSI is
depended on the shape of the PSI. PSI with higher surface area resulted
in faster release kinetics because it allows the faster drug diffusion and
higher water penetration (Fig. 2). Additionally, the release kinetics of
drugs from a PSI can be tuned based on the initial ratio of PLGA:NMP in
the precursor ISFI formulation. Higher ratio of PLGA:NMP resulted in
higher percentage of PLGA in the PSI matrix leading to slower release
kinetics (Fig. 3). In other words, higher ratio of PLGA:NMP resulted in
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lower percentage of DTG in the final PSI leading to slower release ki-
netics. Although the use of co-solvent in the initial ISFI formulation can
enhance drug loading (3 wt% in PSI), this 3% increase of DTG loading
was not sufficient to alter the release kinetics of DTG. Furthermore,
higher MW PLGA resulted in slower DTG release kinetics beyond day
~130, and higher drug loading resulted in faster release kinetics of DTG
within the first phase (d1-35) of release (Fig. 7). Moreover, all PSIs
resulted in sustained release of DTG for 6 months or longer and mini-
mum burst in the first 24 h (<6%). DTG concentrations released in vitro
from various PSIs were above the 4xPAIC90 of DTG (4x64 ng/mL),
which is a known benchmark concentration for antiretroviral drugs to
achieve efficacy in HIV prevention (Fig. 7) (Adams et al., 2013; Radzio
et al., 2015; Andrews et al., 2014). In general, DTG release from PSIs
followed a biphasic release profile with an initial faster zero-order
release within the first 30-35 days mainly driven by a drug diffusion
mechanism. In the second phase, where drug release is mainly a result of
PLGA bulk degradation initiated via ester hydrolysis after ~30-35 days
of incubation at 37 °C, DTG exhibited a slower release rate (Fig. 7). PSIs
with DTG loading <50 wt% had a third phase with significantly higher
release rates due to swelling of PSIs after extended incubation times
(>45 days) in PBS at 37 °C (Fig. 7B). PSI swelling facilitates diffusion of
water into the implant and results in PLGA bulk degradation via ester
hydrolysis leading to faster DTG release kinetics. The inability to provide
an absolute zero-order in vitro release kinetics could present a limitation
for this technology, should a similar trend be observed in vivo,
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compared to other LA solid implant technologies currently in develop-
ment such as non-biodegradable EVA implants (Barrett et al., 2018), and
nanofluidic devices for HIV prevention (Chua et al., 2018; Pons-Faudoa
et al., 2020). However, it should be noted that the swelling behavior
observed when evaluating these PSIs in vitro and which mainly
contributed to the bi-phasic nature of the release profiles, is likely an
artifact of incubating the PSIs in a large volume (200 mL) of release
medium in order to maintain sink conditions during the in vitro release
studies. This swelling behavior will likely be significantly reduced in
vivo due to much smaller volumes of fluids in a subcutaneous space
compared to the large volume used in the in vitro release studies.

Modifying the mechanical properties of the PSIs did not influence the
release kinetics of DTG. PSIs fabricated with varying compression forces
(0.5, 1.0 or 1.5 US.ton) and loaded with a constant DTG concentration
(650 mg/g) all showed similar release kinetics (Fig. 7C). All PSIs
exhibited high fracture strength in the range of 45-60 MN/m?, which is
comparable to the fracture strength of cartilage (Kerin et al., 1998),
indicating that the PSIs have the right properties to maintain their
structural integrity in vivo. Collectively, these data demonstrate the
flexibility of the PSIs to achieve sustained target release kinetics and
drug concentrations that can be translated to humans.

5. Conclusions

PSIs were successfully fabricated using a novel process that combines
polymer phase inversion and compression. This process generated PSIs
with high drug loading (up to 85 wt%) and provided ultra-long-acting
drug release for 6 months or longer in vitro. Drug release kinetics can
be fine-tuned by various methods, including device surface area (i.e.
shape/size), formulation compositions (polymer MW or type), and drug
loading concentration. Optimization of PSI mechanical properties can be
done independently of drug release kinetics. Drug loaded PSIs were
stable under accelerated stability storage conditions over six months,
and dolutegravir (DTG) retained its physical and chemical properties as
well as its potency (IC50) to inhibit HIV infection. To our knowledge,
this is the first report on a PLGA-based solid implant that can be fabri-
cated by a phase inversion and compression process. This process does
not require high heat, high pressure or use of high volumes of organic
solvents and can be easily scalable to produce solid implants with high
drug loading and various shapes or sizes. This technology can also be
used with other polymers (e.g. poly(lactic acid), PLA) and a wide range
of drugs including drugs that are sensitive to high heat or pressure and
cannot be formulated by extrusion or compression molding to expand its
application for a wide range of indications. Ongoing studies are inves-
tigating formulations of multiple drugs in a single PSI and in vivo safety
and pharmacokinetic studies.
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