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A B S T R A C T

HIV is a global health issue affecting approximately 40 million people worldwide, with low patient adherence 
being the primary challenge for maintaining effective pre-exposure prophylaxis (PrEP). Limitations of oral PrEP 
are mainly attributed to lack of adherence due to pill fatigue or stigma [1, 2]. Recently introduced long-acting 
injectables offer several advantages over daily PrEP, namely by improving adherence and improving efficacy 
[3–5]. The approved long-acting injectable Apretude® is administered every two months and elicits a long 
pharmacokinetic tail of >15 months that can lead to potential drug-resistant virus [6]. To address these limi
tations, we report on an ultra-long-acting injectable cabotegravir/barium sulfate (CAB/BaSO₄) in-situ forming 
implant (ISFI) capable of maintaining therapeutic CAB concentrations (> 4× PA-IC90) for up to 390 days. In this 
work, we optimized the ISFI formulation to include a contrast agent, BaSO4, to assess in vivo depot visualization 
and migration using X-ray imaging. CAB/BaSO4 ISFIs were investigated in vitro to determine CAB release ki
netics, and in vivo to assess safety and pharmacokinetics in BALB/c mice. The CAB/BaSO₄ ISFI was well-tolerated 
and showed minimal to moderate signs of local inflammation and none to minimal systemic inflammation. At 24 
hours post removal of the CAB/BaSO₄ ISFI, CAB plasma concentrations reached below the 1× PA-IC90 bench
mark and below the limit of quantification within 14 days for 5 out of 6 mice. A full biodistribution study showed 
that CAB was mainly localized at the injection site subcutaneous tissue and plasma, with no detectable con
centrations in other organs. Whole-body X-ray imaging showed that implants were visible for up to 268 days post 
administration with no noticeable migration. This is the first report of a CAB/BaSO₄ ISFI that is imageable, ultra- 
long-acting (>180 days), biodegradable, and removable, that can potentially revolutionize current HIV PrEP and 
help curb the global HIV epidemic.

1. Introduction

Despite effective antiretroviral therapy, HIV remains a global health 
challenge, affecting approximately 39.9 million people worldwide and 
causing over 630,000 AIDS-related deaths in 2023 [7,8]. If HIV is left 

untreated, the virus can progressively destroy the immune system, 
leading to acquired immunodeficiency syndrome (AIDS) [9]. Over the 
past few decades, medical research and pharmaceutical development 
have significantly transformed HIV into a manageable chronic condi
tion. Despite significant advancements, the virus’s persistent spread 
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with an estimated 1.3 million new infections in 2023 requires focus on 
effective prevention strategies [8,10].

Effective pre-exposure prophylaxis (PrEP) is critical to protect high- 
risk individuals [11], alleviate socioeconomic pressures [12], and 
interrupt the cycle of transmission [13], particularly in high-prevalence 
regions such as Sub-Saharan Africa, which accounts for nearly half of the 
global new infections in 2023 [8]. Early prevention methods relied on 
condoms and behavioral education, achieving modest success but 
faltering due to inconsistent adherence [14,15]. With the introduction of 
Truvada® and Descovy® as daily oral PrEP, HIV acquisition risk was 
reduced by up to 99 % and demonstrated comparable efficacy when 
taken consistently [16,17]. However, the effectiveness of oral PrEP re
mains a significant hurdle due to difficulties in maintaining daily 
adherence to medication [1,2,18,19].

To ease the adherence burden, there has been a general shift towards 
therapies that require less frequent dosing. In 2021, the FDA approved 
long-acting injectables Apretude® for HIV PrEP and Cabenuva® for 
treatment [3,20]. Apretude, a long-acting injectable containing Cabo
tegravir (CAB), was shown to reduce HIV incidence by 69 %–90 % 
compared to oral PrEP with just six administrations per year [3,4,5]. 
Cabenuva, administered as two long-acting injectables containing CAB 
and Rilpivirine (RPV), was shown to sustain viral suppression in HIV- 
positive individuals, offering a potent dual-drug regimen for HIV treat
ment [20,21]. Both formulations leverage CAB’s potency (4× PA-IC90 of 
664 ng/mL) and simplify dosing, but they elicit injection-site reactions 
(81 %–85 % incidence) and elicit a long pharmacokinetic (PK) tail for 
over 15 months after the final dose. This PK tail raises concerns about 
potential breakthrough infections and emerging drug resistance [3,4,6]. 
Given these limitations, there remains a clear need to develop long- 
acting treatments that retain CAB’s efficacy yet shorten the PK tail, 
thereby improving both adherence and resistance management in PrEP 
regimens.

To address these limitations, our research group has developed ultra- 
long-acting in-situ forming implants (ISFIs) that have the potential to 
reduce dosing frequency to just 1–2 times a year [22–24]. Moreover, 
these ISFIs are biodegradable and can be removed to terminate treat
ment if required, which reduces adverse reactions and eliminates the 
long PK tail associated with other long-acting treatments to further 
reduce the risk of breakthrough infections or drug-resistant virus 
[22–24]. Importantly, ISFIs are subcutaneously injected to enable po
tential self-administration and increase adherence and accessibility for 
patients. We previously developed an ultra-long-acting formulation of 
CAB for PrEP that can release CAB at protective plasma and tissue 
concentrations for more than six months and was well tolerated in both 
mice and macaque models [23]. Our CAB ISFI technology incorporates a 
poly(lactic-co-glycolic acid) (PLGA) biodegradable polymer, dimethyl 
sulfoxide (DMSO), and N-methyl-2-pyrrolidone (NMP) as water- 
miscible organic solvents, with CAB as the active pharmaceutical 
ingredient (API). Upon subcutaneous (SC) injection, the suspension 
undergoes a phase inversion that occurs through the exchange between 
the water-miscible organic solvents within the formulation and the 
aqueous body fluids within the tissue environment [25], creating a 
porous solid or semi-solid depot with CAB entrapped within the 
precipitated polymer matrix. After this initial burst release, CAB can 
then be released from the depot into systemic circulation through 
diffusion and polymer degradation mediated mechanisms.

A major barrier to the broad implementation of long-acting inject
ables is the difficulty of confirming depot location and retrieving the 
formulation in cases where treatment needs to be suspended. To address 
this, we focused on improving the ISFI by integrating barium sulfate 
(BaSO4), a common contrast agent for X-ray imaging, into the formu
lation to make it radiopaque and surgically retrievable when necessary. 
BaSO4 has already been clinically approved for subcutaneous use in 
products like NEXPLANON®, which maintains pharmacokinetic bio
equivalence to IMPLANON® while providing reliable X-ray visibility for 
straightforward localization and removal [26]. Beyond implants, BaSO4 

has also been added to polyurethane catheters (ARROW® PICC, Cook® 
Turbo-Ject PICC, etc.) [27–29] and bone cements (Simplex P®, KyphX® 
HV-R™, etc.) [30,31]. Although a CT-visible ISFI has been previously 
reported utilizing the iodinated agent iohexol [32], the water-soluble 
agent can leach out thus diminishing long-term signal and potentially 
accelerating PLGA degradation by hydrolysis. Since the use of BaSO4 has 
been validated across multiple devices and has been shown to not alter 
drug release kinetics, we selected BaSO4 as the radiopaque agent for our 
ISFI formulation. Herein, we investigated in vivo depot visualization and 
migration, by integrating BaSO4 into the formulation to allow for non- 
invasive localization of the depot, facilitate its retrieval, and monitor 
potential implant migration. We developed and characterized the per
formance of CAB ISFIs formulated with different weight percentages of 
BaSO4 to determine the concentration of BaSO4 in the ISFI formulation 
that does not adversely affect the in vitro and in vivo release of CAB. In 
vivo studies showed that the CAB/BaSO4 ISFIs elicited a similar PK 
profile to the CAB-only ISFI, demonstrating that the inclusion of BaSO4 
did not significantly alter the formulation performance. We conducted a 
long-term (268 days) X-ray imaging study using BALB/c mice to assess 
and confirm the radiopacity of the various CAB/BaSO4 ISFI formula
tions. We also analyzed the PK tail post-depot removal at day 180 post 
ISFI administration. Our findings demonstrate that the addition of 
barium sulfate to the CAB ISFI formulation allows for in vivo visuali
zation of the depots and ease of depot removal, while maintaining 
therapeutic plasma CAB concentration in mice for up to 390 days. This 
work advances on prior studies as we extend the duration of the CAB ISFI 
from 180 days to 390 days with a radiopaque depot, while demon
strating a short PK tail post depot removal and no visible migration of 
the depots over 268 days in mice.

2. Materials and methods

2.1. Reagents and materials

50:50 poly(DL-lactide-co-glycolide) (PLGA) was purchased from 
LACTEL (Birmingham, AL, Part #: B6017-1G, Lot #A21–030, molecular 
weight (MW) 10 kDa, viscosity range: 0.15–0.25 dL/g). N-methyl-2- 
pyrrolidone (NMP, USP) was received from ASHLAND (Wilmington, DE, 
Product code 851263, 100 % NMP). Dimethyl sulfoxide (DMSO, ≥99.9 
%) was purchased from VWR Chemicals (Radnor, PA; Cat. No. 
BDH1115-4LP; Lot No. 040811B). Solutol-HS 15, phosphate buffered 
saline (0.01 M PBS, pH 7.4), and HPLC grade acetonitrile (ACN) and 
water were purchased from Sigma Aldrich (St. Louis, MO). For in vitro 
release studies, Cabotegravir (CAB) was purchased from Advanced 
ChemBlocks Inc. (Burlingame, CA; Cat. No. L21808). For in vivo studies, 
high purity (≥99.7 %) CAB was purchased from Selleckchem (Houston, 
TX, Cat. No. S7766), and sterile filtered DMSO (≥99.9 %) was purchased 
from Fisher Scientific (Fairlawn, NJ; Cat. No. BP231–100; Lot No. 
234276). Barium sulfate (BaSO4) was purchased from Spectrum Chem
ical MFG. Corp. (Gardenia, CA, and New Brunswick, NJ; Cat. No. 
2KJ0029). 98.5 % acrylamide (AM) and ammonium persulfate (APS) 
were purchased from Acros Organics (Carlsbad, CA; AM Cat. No. 
16435000; APS Cat. No. 40116–1000), and 2 % bis-acrylamide solution 
and N, N, N′, N′-tetramethyl ethylenediamine (TEMED) were purchased 
from Fisher Scientific (Hampton, NJ; bis-acrylamide Cat. No. BP150–20, 
TEMED Cat. No. BP1404–250).

2.2. Methods

2.2.1. High performance liquid chromatography (HPLC)
A reverse-phase HPLC analysis was carried out on an Agilent 1260 

HPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped 
with a Diode Array Detector, and an LC pump with autosampler. The 
stationary phase utilized for the analysis of CAB was an Inertsil ODS-3 
column (4 μm, 4.6 × 150 mm, 100 Å, GL Sciences, Torrance, CA) that 
was maintained at 40 ◦C. Chromatographic separation was achieved by 
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gradient elution using a mobile phase consisting of 0.1 % trifluoroacetic 
acid in water and acetonitrile (H2O/ACN 95:5 v/v). The flow rate was set 
at 1.0 mL/min, and the total run time was 25 min for each 25 μL in
jection. CAB was detected at 254 nm.

2.2.2. Preparation of ISFI formulations
A homogeneous placebo solution was created by mixing 50:50 PLGA 

(MW: 10 kDa) with a 1:1 NMP: DMSO solution at a 1:4 w/w ratio in a 7 
mL scintillation vial at room temperature. BaSO4 was added at con
centrations of 0.1, 1, 5, and 10 % w/w to the placebo solution. CAB was 
then added to achieve a target drug loading of 500 mg/mL in a stable 
suspension above its saturation solubility (167.12 ± 12.04 mg/mL in 1:1 
NMP:DMSO) [23]. Formulation homogeneity was determined by 
quantifying CAB concentration using HPLC analysis, with formulations 
deemed homogeneous if the standard deviation associated with the 
average concentration in all sample aliquots was ≤5 %. For in vivo 
studies, ISFI formulations were prepared under aseptic conditions in a 
biosafety cabinet. All solvents and the ISFI placebo were sterile filtered 
using a 0.2 μm sterile filter.

2.2.3. In vitro cumulative drug release
In vitro drug release was performed similarly to methods previously 

described [22–24]. Drug release kinetics of CAB/BaSO4 ISFIs were 
investigated by injecting 30 mg ± 3 mg of the ISFI formulation into 100 
mL of release medium (0.01 M PBS, pH 7.4, with 2 % Solutol) and 
incubating at 37 ◦C under sink conditions. Solutol was used to enhance 
drug solubility and maintain sink conditions, defined as a drug con
centration at or below one-fifth of its maximum solubility in PBS with 2 
% Solutol [33]. Sample aliquots (1 mL) were collected at predetermined 
time points. The release medium was completely removed and replaced 
with 100 mL of fresh medium every week to maintain sink conditions. 
The drug concentration in the release medium was determined by HPLC. 
Cumulative drug release was calculated from the HPLC analysis and 
normalized by the total mass of the drug in the implant. All experiments 
were performed in triplicate. The percent depot mass loss overtime was 
calculated based on the equation: M0 − Mt

M0
× 100%, where M0 is the initial 

weight of the ISFI injected into the medium and Mt is the final dry 
weight of the depot at time t.

2.2.4. Scanning electron microscopy (SEM) imaging with energy dispersive 
X-ray analysis (SEM-EDX)

Implant microstructures were evaluated by scanning electron mi
croscopy (SEM) as previously described [22,24,34], combined with 
energy dispersive X-ray spectroscopy (EDX). Depots were formed upon 
injecting 30 ± 3 mg of CAB and CAB/BaSO4 ISFI formulations (500 mg/ 
mL) into 100 mL of 0.01 M PBS (pH 7.4) with 2 % Solutol at 37 ◦C. 
Depots were retrieved at 3, 30, 60-, 90-, 120-, and 180-days post- 
incubation, flash-frozen with liquid nitrogen, and lyophilized for 48 h 
(FreeZone Benchtop Freeze Dryer, Labconco, Kansas City, MO). The 
freeze-dried depots were stored at − 20 ◦C until imaging. After collec
tion, the depots were bisected with a handheld razor, mounted on an 
aluminum stub using carbon tape, and the exposed cross-section was 
sputter coated with a 6–7.5 nm gold‑palladium alloy (60:40) (Cres
sington 108 auto Sputter Coater, Cressington Scientific Instruments Ltd., 
Watford, UK). The coated samples were then imaged using a Hitachi 
Model S-4700 Field Emission Scanning Electron Microscope at an ac
celeration voltage of 20.0 kV and a 12.2 mm working distance (Hitachi 
High-Tech Corporation, Tokyo, Japan). Elemental composition was 
analyzed using an EDX system.

2.2.5. Accelerated stability studies and post-storage in vitro drug release
Stability studies were performed similarly to previously described 

procedures [23]. CAB/BaSO4 ISFI formulations were stored in sealed 
glass vials placed in a Binder Model KBF 240 constant climate chamber 
at 40 ◦C and 75 % relative humidity (RH). Formulations were removed 

at 30- and 90-days post-storage, and sample aliquots (1–4 mg, n = 3) 
were collected and analyzed by HPLC to assess drug content and po
tential drug degradation. A post-storage in vitro release study was 
conducted if the formulation demonstrated physical stability (i.e., no 
discoloration or phase separation), contained drug concentration similar 
to time 0 control formulation (<10 % difference), and deemed as a 
homogeneous suspension by HPLC analysis. Post-storage release was 
performed by injecting 30 mg ± 3 mg of the ISFI formulation into 100 
mL of release medium (0.01 M PBS, pH 7.4, with 2 % Solutol) and 
incubating at 37 ◦C under sink conditions.

2.2.6. Density measurement
The density of CAB/BaSO4 ISFIs was measured as previously re

ported [22,24]. Briefly, the density was determined by weighing 1 mL of 
the formulation suspension in a 1 mL volumetric flask.

2.2.7. Preparation and injection into polyacrylamide hydrogels
The injectability of CAB/BaSO4 ISFIs was evaluated as previously 

reported [23]. An injection volume of 1 mL was done in vitro to simulate 
the injection volume administered to non-human primates. The prepa
ration of polyacrylamide hydrogels (40 mL) was adapted from previous 
protocols [35,36]. This involved sequentially adding 40 wt% acrylamide 
(AM) aqueous solution, 2 wt% bis(acrylamide) (BisAM) aqueous solu
tion, 10 wt% ammonium persulfate (APS) aqueous solution, and 50 μL 
N,N,N′,N′-tetramethyl ethylenediamine (TEMED) and incubating at 4 ◦C 
overnight to allow polymerization. The polyacrylamide hydrogels were 
subsequently submerged in 0.01 M PBS, pH 7.4, with 2 % Solutol until 
equilibrium swelling was reached. A 1 mL sample of CAB/BaSO4 ISFI 
was injected into the hydrogel using a 16, 18, or 19G needle to assess 
injectability.

2.2.8. In vivo X-ray imaging study
An in vivo X-ray imaging study was conducted to assess the visibility 

and migration of CAB/BaSO4 ISFIs in female BALB/c mice (16–20 
weeks, Jackson Laboratory). All experiments were performed under an 
approved protocol by the University of North Carolina Animal Care and 
Use Committee. Placebo and CAB-loaded ISFI formulations were pre
pared with various concentrations of BaSO4 (1, 5, 10 wt%), a contrast 
agent for X-ray imaging. Mice received a 50 μL subcutaneous injection of 
each formulation using a 19G needle (n = 3 mice per group, n = 15 mice 
total). Placebo formulations were injected into the left flank as a control, 
and CAB/BaSO4 ISFI formulations were injected into the right flank. 
Full-body X-ray images were collected at days 3, 7, 14, 30 and biweekly 
thereafter post-ISFI administration. At predetermined timepoints, mice 
(n = 3 mice per group) were euthanized, and depots were retrieved via a 
small skin incision at the injection site to quantify depot degradation 
using gel permeation chromatography (GPC) analysis.

2.2.9. In vivo safety studies
A 180-day in vivo study was conducted to assess the local and sys

temic inflammation of CAB and CAB/BaSO4 ISFIs in female BALB/c mice 
(16–20 weeks, Jackson Laboratory). All experiments were performed 
under a protocol approved by the University of North Carolina Animal 
Care and Use Committee. Mice were subcutaneously injected with 50 μL 
of either CAB ISFI or CAB with 10 % BaSO4 ISFI formulation using a 19G 
needle (n = 25 mice per group). Ten mice did not receive any injection 
and served as the control group. At 7, 30-, 60-, 90-, and 180-days post 
ISFI administration, mice were euthanized (n = 5 per timepoint for 
treatment groups and n = 2 per timepoint for the control group), and 
blood samples were collected via heart puncture into capillary tubes, 
then stored at − 80 ◦C. Tumor necrosis factor-alpha (TNF-α) and 
interleukin-6 (IL-6) proinflammatory cytokines were quantified by 
enzyme-linked immunosorbent assay (ELISA, MAX™ Deluxe sets, Bio
Legend®). The depot and the surrounding skin were circumferentially 
excised along with the subjacent subcutaneous adipose tissue to assess 
local inflammation via histology. The specimen was placed in 10 % 
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neutral buffered formalin at a ratio of 1:10 tissue to fixative at room 
temperature for 72 h, then transferred to 70 % ethanol at room tem
perature until specimen grossing. Fixed skin specimens were trimmed 
through the middle with the depot centrally oriented, the cut skin was 
processed and then embedded on-edge into paraffin blocks. Samples 
were sectioned at 4 μm and stained with Hematoxylin and Eosin using 
the autostainer XL from Leica Biosystems. The sections were stained 
with Hematoxylin (Richard-Allen Scientific, 7211) for 2 min and Eosin-Y 
(Richard-Allen Scientific, 7111) for 1 min. Clarifier 2 (7402) and Bluing 
(7111) solutions from Richard-Allen Scientific were used to enhance the 
reaction. Inflammation was scored by a board-certified veterinary 
pathologist as follows: 0: no inflammation; 1: minimal inflammation 
characterized by low numbers of scattered inflammatory cell infiltrates 
around the depot; 2: mild inflammation, characterized by scattered in
flammatory cells and small aggregates of inflammatory cells around 
and/or within the depot; 3: moderate inflammation, characterized by 
aggregates of inflammatory cells around and/or within the depot and 
beginning to extend beyond the region of the depot; 4: marked inflam
mation, characterized by dense aggregates of inflammatory cells around 
and/or within the depot, as well as extending into the surrounding 
subcutis and dermis; 5: severe inflammation, characterized by infil
trating inflammatory cells around and or within the depot which is 
associated with extensive tissue destruction in the dermis and subcutis 
around the depot.

2.2.10. In vivo pharmacokinetics (PK) studies

2.2.10.1. Time to completion PK study. A time-to-completion (TTC) in 
vivo study was conducted to assess the drug release kinetics of CAB/ 
BaSO4 ISFIs (1250 mg/kg CAB) in female BALB/c mice (8–10 weeks, 
Jackson Laboratory). All experiments involving mice were performed 
under a protocol approved by the University of North Carolina Animal 
Care and Use Committee. Mice were subcutaneously injected with 50 μL 
of the 10 % BaSO4 CAB ISFI formulation using a 19G needle (n = 6 mice 
per group). Peripheral blood was collected at 1 h, 3 h, 1 day, 3 days, 7 
days, 14 days, 30 days, and subsequent monthly timepoints post-ISFI 
administration into capillary tubes coated with EDTA to isolate 
plasma, continuing for up to 480 days until plasma CAB concentration 
reached below limit of quantification (BLOQ).

2.2.10.2. Post depot removal PK tail study. To assess the PK tail post 
depot removal (PDR), 12 female BALB/c mice (8–10 weeks, Jackson 
Laboratory) were injected with 50 μL of the CAB/BaSO4 formulation. 
Depots were removed via a small skin incision at the injection site at day 
180 post ISFI administration, and plasma samples were collected at days 
1, 7, 14, and 30 post depot removal (n = 6 mice per timepoint). At the 
PDR study completion, the remaining mice (n = 6) were euthanized to 
collect tissues and organs to investigate CAB biodistribution. All samples 
were stored at − 80 ◦C until further pharmacokinetics analysis. Depots 
retrieved post euthanasia were analyzed to quantify polymer degrada
tion using GPC analysis (n = 3) and to quantify residual drug by HPLC 
analysis (n = 3). To quantify residual drug concentration, excess tissue 
was carefully removed, and depots were subsequently dissolved in 
acetonitrile, and residual drug concentration was quantified using HPLC 
analysis. The percent residual drug was calculated based on the equa
tion: CABt

CAB0
× 100%, where CAB0 is the amount of CAB determined from 

the initial ISFI volume injected and CABt is the CAB remaining in the 
depot at time t.

2.2.11. In vivo biodistribution studies
An in vivo full biodistribution study was conducted in female BALB/c 

mice to assess the biodistribution of CAB throughout the body (plasma, 
SC tissue and organs). All experiments were performed under a protocol 
approved by the University of North Carolina Animal Care and Use 
Committee. Mice were subcutaneously injected with 50 μL of either CAB 

ISFI (n = 5 mice per timepoint) or CAB with 10 % BaSO4 ISFI (n = 6). At 
day 30, 60, 90, and 180 post ISFI administration, mice injected with CAB 
ISFI were euthanized to collect plasma, organs, and injection site tissue 
for CAB concentration analysis. Similarly, at day 180 post administra
tion, mice injected with CAB/BaSO4 ISFI were euthanized to assess CAB 
biodistribution in blood, injection site tissue and organs. Collected or
gans and tissues included injection site subcutaneous tissue, cervical, 
axillary, and inguinal lymph nodes, cervix, rectum, vagina, duodenum, 
ileum, colon, liver, and spleen. All samples were stored at − 80 ◦C until 
further analysis. CAB was extracted from mouse plasma by either pro
tein precipitation or liquid extraction with the stable, isotopically 
labeled internal standard, 13C,2H2,15N-CAB before analysis by LC-MS/ 
MS. Chromatographic separation was performed on a Waters Atlantis 
T3 (50 × 2.1 mm, 3 mm particle size) analytical column under gradient 
conditions with detection in positive ion electrospray mode on an AB 
Sciex API-5000 triple quadruple mass spectrometer. The lower limit of 
quantitation for the plasma assay was 6.25 ng/mL. Calibration standards 
and quality control samples were within 25 % of nominal concentra
tions. Weighed tissues were transferred into Precellys® hard tissue 
reinforced metal bead kit tubes (Cayman Chemical Company) contain
ing 1 mL of 70:30 acetonitrile:water, homogenized then centrifuged. 
Following protein precipitation extraction with the isotopically labeled 
internal standard, 13C,2H2,15N-CAB, CAB was separated using reverse- 
phase chromatography via a Waters Atlantis T3 (50 × 2.1 mm, 3 μm 
particle size) analytical column. An AB Sciex API-5000 triple quadruple 
mass spectrometer was used to detect the analyte and internal standard 
under positive ion electrospray conditions. The lower limit of quanti
tation for the tissue assay was 0.500 ng/mL. Precision and accuracy of 
the calibration standards and quality control samples were within 20 % 
of nominal concentrations. By assuming a tissue density of 1 g/mL [37], 
final tissue concentrations were normalized to tissue mass and reported 
in ng/g.

2.2.12. Gel permeation chromatography (GPC)
GPC analysis was utilized to evaluate polymer degradation of CAB 

and CAB/BaSO4 ISFIs both in vitro and in vivo, as previously described 
[23,34]. From in vitro studies, polymer degradation was quantified for 
formulations stored at 4 ◦C and 40 ◦C /75 % RH for 367 days, for depots 
collected from the post-storage in vitro drug release study, and for de
pots incubated in release media (PBS pH 7.4) for 3, 30, 60, 90, 120, and 
180 days. Depots were flash-frozen with liquid nitrogen and lyophilized 
for 48 h. Additionally, depots retrieved from in vivo studies post 
euthanasia at days 30, 60, 90, and 180 post ISFI administration were 
analyzed by GPC to assess polymer degradation. Both in vitro and in vivo 
depots (CAB, CAB/BaSO4 ISFIs) as well as neat polymer (10 kDa PLGA) 
were analyzed using a Tosoh Biosciences EcoSEC Elite HLC-8420 
equipped with a TSKgel GMH-M column. Molecular weight determina
tion was conducted relative to polystyrene standards and measured via 
refractive index (RI) detection.

2.2.13. Statistical analysis
A repeated-measures two-way ANOVA test and a Tukey’s multiple 

comparisons test was performed with respect to timepoint and formu
lation to analyze differences in the following studies: (1) to compare in 
vitro drug release of CAB/BaSO4 ISFIs with varying barium sulfate 
concentrations, (2) to compare in vitro PLGA MW degradation between 
CAB and CAB/BaSO4 ISFIs, (3) to compare in vitro post-storage release 
studies and post storage PLGA MW degradation compared to baseline 
(time 0 release and PLGA MW), (4) to compare in vivo systemic 
inflammation (TNF-α and IL-6 concentrations in plasma) to the no in
jection control group, (5) to compare CAB and CAB/BaSO4 ISFI in vivo 
plasma concentrations, and (6) to compare CAB and CAB/BaSO4 ISFI in 
vivo drug biodistribution. Statistical analyses were performed in 
GraphPad Prism 9 (GraphPad Software, Inc., La Jolla, CA, USA). For all 
statistical tests, a p value of <0.05 was considered significant (95 % 
confidence level).
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3. Results

3.1. Development of the CAB/BaSO4 ISFI

In our efforts to develop a radiopaque ISFI, we incorporated barium 
sulfate (BaSO4) into our previously established CAB ISFI formulation 
[23]. The standard CAB ISFI formulation consists of a stable suspension 
of 500 mg/mL CAB in 1:4 w/w PLGA (50:50, 10 kDa):(NMP: DMSO). 
Our primary goal was to ensure that the addition of BaSO4 would not 
adversely affect the drug loading and drug release kinetics from the ISFI 
in vitro and in vivo. To evaluate the impact of BaSO4 addition, we 
conducted cumulative in vitro release studies on four different CAB/ 
BaSO4 ISFI formulations, comparing them to the standard CAB ISFI 
formulation over 30 days. Results (Fig. 1A,D) demonstrated that the 
inclusion of BaSO4 did not affect the drug loading capacity (Fig. 1D) or 
the initial burst release of CAB (Fig. 1A).

Cumulative in vitro release of CAB formulated with 0.1, 1, 5, and 10 
% BaSO4 elicited significantly lower release rates (p < 0.001) at day 30 
compared to CAB-only ISFIs, and burst release decreased with increasing 
BaSO4 concentration in the formulation (Fig. 1A,D). Despite these dif
ferences, all CAB/BaSO4 ISFI formulations maintained sustained drug 
release over 30 days and were projected to release CAB for more than 6 
months in vitro. Moreover, the effect of BaSO4 was not as evidenced in 
vivo until past day 180 where a similar effect was observed with the 
CAB/BaSO4 ISFI eliciting significantly lower plasma CAB concentrations 
compared to CAB ISFIs.

It is worth noting that the incorporation of BaSO4 resulted in a 
different PLGA to CAB ratio within the formulation. For the standard 
CAB ISFI formulation, PLGA:CAB ratio was 1:3.5 w/w compared to 1:4.2 
w/w in the CAB/BaSO4 ISFI, indicating a lower concentration of PLGA in 
the CAB/BaSO4 ISFIs. Despite this change in ratio, the CAB loading 

remained similar for both the CAB/BaSO4 ISFI and the standard CAB 
ISFI formulations, as evidenced by the comparable amounts of CAB 
present in each formulation (Fig. 1C). This similar drug loading resulted 
in similar release of CAB within the first 7 days for all the formulations 
analyzed (Fig. 1A, B). By day 30, the overall release rate of CAB 
decreased significantly for all formulations containing BaSO4 compared 
to the standard CAB ISFIs which was attributed to the hydrophobic 
nature of BaSO4 which could result in reduced water influx and slowed 
depot degradation, hence reducing drug release kinetics. Moreover, the 
inclusion of BaSO4 elicited an increase in formulation viscosity and 
density, which in turn can affect the degradation rate of PLGA. This 
change is evident in the increasing viscosity of the formulation with 
increased BaSO4 concentration and the increase in density at 1.297 g/ 
mL vs 1.215 g/mL for CAB/BaSO4 and standard CAB ISFI formulations 
respectively (Supplementary Fig. 1).

The CAB/BaSO4 ISFI was used to assess in vivo depot visualization 
and migration using non-invasive full-body X-ray imaging. Given the 
increased formulation viscosity in the presence of BaSO4, we first 
assessed the practical injectability of the formulation to ensure effective 
in vivo administration. We successfully injected 1 mL of the CAB/BaSO4 
formulation into subcutaneous tissue-mimicking hydrogels using an 18G 
needle (Supplementary Fig. 1). Following this, an in vivo X-ray imaging 
study was conducted to evaluate the visualization and potential migra
tion of the ISFI over time (Fig. 1C, Supplementary Fig. 2, Supplementary 
Fig. 3). Results demonstrated that BaSO4 enhanced implant visibility 
under X-ray in a concentration-dependent manner, with the ISFI 
formulation containing 10 % BaSO4 yielding the brightest signal. 
Additionally, there was no apparent migration of the implants over the 
study duration, confirming predictable implant localization at the in
jection site. Based on the initial results from the 5 % and 10 % BaSO4 
formulations, the in vivo X-ray imaging study was extended to 

Fig. 1. CAB/BaSO4 ISFI in vitro release kinetics. All in vitro release studies were done in phosphate buffer saline (PBS, pH 7.4 with 2 % solutol) at 37 ◦C under sink 
conditions. A) Cumulative release (μg) of CAB/BaSO4 formulations with varying concentration of barium sulfate. Statistical analysis: two-way ANOVA with Tukey’s 
multiple comparisons comparing CAB release with respect to formulation and timepoint (ns = no significance; ****p < 0.0001). B) Cumulative release (%) of CAB/ 
BaSO4 formulations with varying concentration of barium sulfate. C) X-ray images of a female BALB/c mouse injected with CAB +10 wt% BaSO4 ISFI (red arrow) and 
Placebo +10 wt% BaSO4 ISFI (white arrow). D) Summary table of release kinetics for CAB/BaSO4 ISFI formulations. The cumulative mass of CAB (M, μg) released at 
time t (days) fits the zero-order equation M(t) = kt where k is the experimentally determined slope and release rate (μg/day). Because no drug is present in the 
medium at t = 0, the intercept was fixed at zero. For each formulation, we performed a least-squares linear regression on the in vitro data (R2> 0.97 for all fits). Thus, 
the projected duration (Tp) required to exhaust the total loaded drug mass (M0) can be calculated with the equation Tp = M0

k . (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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determine the longevity of the radiopacity signals. During the whole 
monitoring period, the radiopacity signal of ISFIs containing 10 % 
BaSO4 remained constant, and no new radiopaque signals were detected 
in adjacent tissues or organs (Supplementary Fig. 2). Compared to the 
placebo only depots, CAB/BaSO₄ depots retained ~10 % extra mass 
(Supplementary Fig. 3C), indicating minimal BaSO₄ loss. Despite chal
lenges related to aging mice and equipment issues, the study confirmed 
that depots containing 10 % BaSO4 remained visible under X-ray for at 
least 268 days, showing the potential of the formulation for long-term 
monitoring. Ultimately, the 10 % BaSO4 formulation was selected as 
the optimized formulation for future studies due to its superior X-ray 
visibility.

3.2. In vitro degradation of CAB/BaSO4 ISFI

To corroborate the in vitro release and in vivo X-ray imaging studies, 
we investigated the degradation and change in depot microstructure 
over time for the CAB/BaSO4 and standard CAB ISFI formulations. SEM 
images of the CAB/BaSO4 and CAB ISFI microstructures were assessed to 
understand how the physical properties of each formulation relate to the 
in vitro drug release kinetics and depot radiopacity. SEM images 
captured at various timepoints over 180 days provided a detailed view 
of the microstructures for both the CAB and CAB/BaSO4 ISFI formula
tions. Both formulations resulted in depots with dense, low porosity 
microstructures due to high drug loading (41 % w/w CAB). This struc
tural characteristic aligns with the similar initial release rates observed 
in the in vitro drug release studies. After 30 days, polymer degradation 
becomes a significant contributing mechanism to drug release as 

reported in our previous studies with this ISFI system [34]. This was 
observed in both the CAB and CAB/BaSO4 ISFIs which elicited notice
able decrease in depot size, with no visual differences in their micro
structural degradation patterns (Supplementary Fig. 4 and 5). However, 
the CAB/BaSO4 ISFI elicited the presence of white particulate matter, 
dispersed among the drug crystals (Fig. 2A, Supplementary Fig. 5 and 
6B), which was identified as BaSO4 using EDX analysis. The BaSO4 
particles were dispersed within the drug crystals, thus resulting in a 
denser polymer-drug matrix. The densely packed microstructure of the 
CAB/BaSO4 depots further supports the slower decrease (p = 0.0025) in 
PLGA MW observed with CAB/BaSO4 (34 % at day 180) compared to the 
CAB ISFI (~44 % at day 180) (Fig. 2A), resulting in less diffusion 
pathways with insoluble BaSO4 physically blocking water influx that can 
facilitate PLGA degradation via hydrolysis. To further confirm the 
elemental composition of the drug crystals and BaSO4, SEM-EDX was 
conducted (Supplementary Fig. 6 and 7). CAB was identified through the 
presence of the element fluorine and BaSO4 was identified through the 
presence of the elements barium and sulfur. These analyses validated the 
presence and distribution of BaSO4 within the CAB/BaSO4 ISFI formu
lations, confirming the components within the polymer matrix.

3.3. Stability and post-storage in vitro release studies

To determine the shelf-life of the CAB/BaSO4 ISFI, we performed 
stability studies at two different storage conditions (4 ◦C and 40 ◦C/75 % 
RH). Post-storage in vitro release kinetics were conducted after 30 and 
90 days of storage under the aforementioned storage conditions. After 
30 days at 4 ◦C and 40 ◦C/75 % RH and 90 days at 4 ◦C, there were no 

Fig. 2. ISFI microstructure and PLGA degradation in vitro of CAB/BaSO4 and CAB ISFIs. A) ISFI microstructure of CAB/BaSO4 and CAB ISFIs. SEM images of CAB/ 
BaSO4 and CAB ISFIs collected after 180 days of incubation in phosphate buffer saline (PBS, pH 7.4 with 2 % solutol) at 37 ◦C. Images from left to right represent 
increasing magnification (30×, 300×, 1000×, 2500×). Scale bars represent 1.00 mm, 100 μm, 50 μm, and 20-μm respective to increasing magnification. B) PLGA 
MW change in CAB/BaSO4 and CAB ISFIs over time. GPC analysis of CAB/BaSO4 and CAB ISFIs collected after 3, 30, 60, 90, 120, and 180 days post incubation in PBS 
at 37 ◦C. Statistical analysis: two-way ANOVA with Tukey’s multiple comparisons comparing PLGA MW with respect to formulation and timepoint (ns = no sig
nificance; **p < 0.0021; ***p < 0.0002; ****p < 0.0001).
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visible differences in the physical appearance of the formulation (colour, 
phase separation, viscosity). On the other hand, the formulation stored 
at 40 ◦C/75 % RH for 90 days became too viscous and non-syringeable 
and hence, was not further investigated. After 30 days of storage, there 
was no significant difference in the in vitro release (p≥0.9998) between 
all formulations when compared to the baseline formulation (Fig. 3A). 
Other than the formulation stored at 40 ◦C/75 % RH for 90 days, all 
CAB/BaSO4 ISFI formulations maintained sustained drug release over 
30 days, achieving target release rates of approximately 40 μg/day, 
consistent with the in vitro release profile observed for the CAB ISFI 
[23]. This was also confirmed by GPC analysis quantifying depot 
degradation with no significant difference (p≥0.4468) observed in 
PLGA degradation (Fig. 3B).

While in vitro release was not significantly altered under the two 
storage conditions, PLGA degradation can occur upon long-term storage 
under those conditions. GPC analysis of the CAB/BaSO4 ISFI formulation 
showed 0.12 % decrease in PLGA MW when stored at 4 ◦C and 56.27 % 
decrease in MW when stored under accelerated stability conditions 
(40 ◦C/75 % RH) for more than one year (Fig. 3C). Additionally, the pH 
of the formulation was measured before and after storage. At baseline, 
the pH of the formulation was neutral (pH: 6–7), with the pH becoming 
more acidic after one year of storage at 4 ◦C (pH: 5–6), and 40 ◦C/75 % 
RH (pH: 2–3). This further confirms the PLGA degradation to its lactic 
acid and glycolic acid byproducts. Overall, the formulation was most 
stable when stored at 4 ◦C, as demonstrated by minimum PLGA degra
dation (0.12 %) after 1 year and its ability to remain syringeable and 
injectable after 90 days storage at 4 ◦C with no significant change in CAB 
release kinetics in vitro.

3.4. In vivo safety studies in BALB/c mice

An extended (180 days) in vivo safety study was conducted in female 
BALB/c mice to assess the local and systemic inflammation following the 
injection of CAB and CAB/BaSO4 ISFIs, compared to control mice that 
did not receive any injection. Microscopic evaluation of injection site 
tissues excised at multiple timepoints post ISFI administration showed 
that both the CAB and CAB/BaSO4 ISFIs elicited minimal (early time 
points) to moderate (late time points) local inflammation (Fig. 4A, 4B). 
At early timepoints, inflammation was generally minimal and comprised 
primarily by low numbers of macrophages and neutrophils (Fig. 4A). 
The median local inflammation score increased over time (Fig. 4B), 
reflecting the progressive infiltration of the implant material by in
flammatory cells. While both formulations exhibited similar initial 
inflammation levels, the CAB/BaSO4 ISFI displayed distinctive histo
logical features. Notably, the implants contained grey-tan pigment 
identified as BaSO4, interspersed among the drug crystals. This grey-tan 
pigment was also observed within and external to macrophages around 
the implants, suggesting accumulation of the BaSO4 ISFI and the 
inability of macrophages to clear this material. Additionally, multinu
cleated giant cells and cholesterol clefts, commonly associated with 
granulomatous inflammation, were visible in the surrounding tissues, 
further differentiating the inflammatory response. The presence of 
BaSO4 appeared to alter the immune response, leading to a more gran
ulomatous reaction with fewer neutrophils compared to the standard 
CAB ISFI.

Systemic inflammation was assessed by enzyme-linked immunosor
bent assay (ELISA) to quantify IL-6 and TNF-α proinflammatory cyto
kines in plasma. Results showed no systemic acute or chronic 

Fig. 3. CAB/BaSO4 ISFI stability and post-storage in vitro release kinetics. A) Cumulative in vitro release kinetics of CAB/BaSO4 ISFI (500 mg/mL CAB (1:4 w/w 
PLGA:solvent) with 10 wt% BaSO4) at baseline (t = 0), 30 days, and 90 days post storage at 4 ◦C and 40 ◦C/75 % RH. All in vitro release studies were done in 
phosphate buffer saline (PBS, pH 7.4 with 2 % solutol) at 37 ◦C under sink conditions. Data presented as an average ± standard deviation for n = 4 samples. 
Statistical analysis: two-way ANOVA with Tukey’s multiple comparisons comparing CAB release with respect to formulation and timepoint. By day 30 post-storage in 
vitro release, all storage formulations except for the formulation stored for 90 days in accelerated conditions, showed no significant CAB release compared to the 
baseline (p > 0.05). B) Effect of storage conditions on PLGA MW post 30-day in vitro release determined by gel permeation chromatography (GPC) analysis. Sta
tistical analysis: two-way ANOVA with Tukey’s multiple comparisons comparing PLGA MW with respect to time in storage and storage condition (ns = no signif
icance). C) Effect of long-term (> 1 year) storage at 4 ◦C and 40 ◦C/75 % RH on PLGA MW determined by GPC analysis. Statistical analysis: two-way ANOVA with 
Tukey’s multiple comparisons comparing PLGA MW with respect to time in storage and storage condition (ns = no significance; ***p < 0.0002). D) Summary table of 
CAB/BaSO4 ISFI post storage in vitro release kinetics.
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inflammation. IL-6 levels ranged between 0 and 26 pg/mL for CAB ISFI 
(p = 0.004) and 0–43 pg/mL for CAB/BaSO4 ISFI (p = 0.0119) with 
mean levels significantly less than the no-injection control group 
(Fig. 4C). TNF-α levels ranged between 0 and 2 pg/mL for CAB ISFI (p =
0.8496) and 0–9 pg/mL for CAB/BaSO4 ISFI (p = 0.9924) with mean 
levels comparable to the control group (Fig. 4D). Overall, the results 
demonstrate that the CAB and CAB/BaSO4 ISFIs were well tolerated and 
considered safe, with no overt signs of toxicity or chronic inflammation.

3.5. In vivo pharmacokinetics and assessment of pharmacokinetics tail 
and biodistribution of CAB in CAB/BaSO4 ISFI

Pharmacokinetics studies were conducted in female BALB/c mice to 
investigate time to completion (TTC) PK and PK tail post depot removal. 
The average CAB plasma concentration was 60-fold greater than the 4×

PA-IC90 (664 ng/mL) benchmark for HIV pre-exposure prophylaxis 
(PrEP) (Fig. 5A). Moreover, there was no significant difference in plasma 
CAB concentrations between the CAB and CAB/BaSO4 ISFIs (p = 0.9671) 
for up to 330 days. CAB plasma concentration was sustained above the 
4× IC90 benchmark for up to 390 days with the CAB/BaSO4 ISFI, which 
was slightly longer compared to the original CAB ISFI (<360 days). The 
in vivo release data corroborates the in vitro results demonstrating a 
slower PLGA degradation and slower release kinetics in the presence of 
BaSO4, thereby achieving longer sustained release in vivo with the CAB/ 
BaSO4 ISFI.

To further assess the PK tail, CAB/BaSO4 ISFI was administered to 
female BALB/c mice, and depots were removed 180 days post ISFI 

administration. Plasma samples were collected longitudinally for up to 
60 days post depot removal to assess the PK tail (Fig. 5B). Within 7 days 
post depot removal, CAB plasma concentrations reached below the 1×
PA-IC90 (166 ng/mL) in 5 out of 6 mice. At day 14 post depot removal, 
CAB plasma concentrations reached LLOQ (25 ng/mL) in 5 out of 6 mice. 
At day 30 post depot removal, all mice elicited plasma concentrations 
below the 1× PA-IC90 limit (Fig. 5B). The presence of a CAB plasma PK 
tail after depot removal was previously hypothesized to result from the 
high dose of CAB administered to mice (1215 mg/kg), which leads to 
drug accumulation in the injection site subcutaneous tissue surrounding 
the depot [24]. To investigate this hypothesis, we performed a 
comprehensive biodistribution study where CAB ISFI or CAB/BaSO4 ISFI 
were administered to female BALB/c mice and at day 180 post ISFI 
administration, mice were euthanized and various tissues and organs – 
including cervix, rectum, vagina, cervical lymph nodes (LN), axillary 
LN, inguinal LN, duodenum, ileum, colon, liver, spleen, subcutaneous 
tissue and plasma – were collected and analyzed for CAB concentration 
using high-performance liquid chromatography-tandem mass spec
trometry (LC/MS-MS) analysis. In the CAB ISFI group, CAB concentra
tion in plasma and tissues remained relatively stable over time, while 
concentrations in the subcutaneous tissue declined significantly, 
particularly between day 60 and day 180 (p < 0.0001; Supplementary 
Fig. 12), consistent with depot erosion. At day 180, both CAB ISFI and 
CAB/BaSO4 ISFI groups had the highest CAB concentrations detected in 
the subcutaneous tissue, with lower concentrations observed across the 
other tissues (Fig. 5C). Notably, the CAB/BaSO4 ISFI group had less 
variability across most tissues compared to the CAB ISFI group, with 

Fig. 4. In vivo safety evaluation of CAB/BaSO4 ISFIs in BALB/c mice. A) Local inflammation of excised depots and surrounding subcutaneous tissue collected at day 
7, 30, 60, 90, and 180 post ISFI administration (n = 4–5/timepoint for CAB/BaSO4 and CAB ISFI treated mice and n = 1/timepoint for control (no injection) mice) 
and stained with H&E. Arrows indicate infiltrated immune cells and areas of inflammation (black arrows indicate macrophages, blue arrows indicate neutrophils). 
Asterisks (*) denote pigmented macrophages. Pound signs (#) identifies cholesterol clefts. Additional pictures and scores are shown in Supplementary Fig. 8 and 9. B) 
Inflammatory scores of subcutaneous tissue surrounding the depot evaluated using a light microscope and scored blindly by a board-certified pathologist. Black bars 
represent the median inflammatory score at each timepoint (n = 5 per timepoint). C) Concentration of IL-6 (pg/mL) in plasma quantified by ELISA at day 7, 30, 60, 
90, and 180 post ISFI administration (n = 5/timepoint for CAB/BaSO4 and CAB ISFI treated mice and n = 1/timepoint for control (no injection) mice). Black bars 
represent the mean concentration of IL-6 at each timepoint. D) Concentration of TNF-α (pg/mL) in plasma quantified by ELISA at day 7, 30, 60, 90, 180 post ISFI 
administration (n = 5/timepoint for CAB/BaSO4 and CAB ISFI treated mice and n = 1/timepoint for control (no injection) mice). Black bars represent the mean 
concentration of TNF-α at each timepoint. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lower coefficient of variation (%CV) values except for the subcutaneous 
tissue (Supplementary Fig. 14). This may reflect the denser nature of the 
CAB/BaSO4 ISFI formulation, which results in slower drug release and 
more retention at the injection site. Along with the prior findings on 
depot removal shortening the plasma tail, this suggests that the distal 
tissues do not function as long-term reservoirs, and that the subcu
taneous depot is the primary route of sustained systemic exposure.

3.6. In vivo CAB/BaSO4 ISFI residual drug quantification and 
biodegradation

The CAB/BaSO4 ISFIs were successfully retrieved from mice after 
180 days via a small skin incision at the injection site, which notably 
showed no surrounding fibrotic tissue around the depot (Fig. 6A). This 
minimal fibrosis is indicative of good biocompatibility of the implant 
material, suggesting that the addition of BaSO4 does not provoke 
excessive fibrotic reactions. The excised depots were analyzed to assess 
in vivo degradation and quantify the residual drug content. CAB/BaSO4 
ISFIs excised at day 180 post administration exhibited approximately 68 
% mass loss, and 82.2 % PLGA degradation, with about 26.6 % of the 
original CAB dose remaining within the depots. These results confirm 
the ability of the CAB/BaSO4 ISFI depots to remain intact during 
retrieval, and that the depots can potentially sustain CAB release beyond 
180 days.

4. Discussion

The development of ultra-long-acting, removable ISFIs represents a 
significant advancement in the field of HIV PrEP. These technologies 
address key challenges associated with currently available preventative 
options, primarily related to patient adherence and potential drug 
resistance. Building on our prior work with the ultra-long-acting CAB 
ISFI, the development of the CAB/BaSO4 ISFI makes the ISFI radiopaque, 
thus enabling non-invasive in vivo visualization using full-body X-ray 
imaging to facilitate potential depot removal and investigate potential 
depot migration over time. This formulation advances HIV-PrEP by 
combining extended protection against HIV with less frequent dosing 
requirements with the option, not the requirement, of being removable. 
In typical cases, most users would benefit from the six-month injection 
without any further intervention, maintaining low-cost, compliance, 
and accessibility. The additional BaSO4 simply adds the ability to locate 
the depot non-invasively using X-ray imaging in scenarios requiring 
treatment discontinuation due to side effects, adverse injection site re
actions, or when transitioning between different therapies. The ability to 
visually confirm implant integrity and location via X-ray imaging is 
attributed to the inclusion of a contrast agent, BaSO4, in the ISFI further 
aligning with the goals of personalized medicine, offering tailored 
treatment plans with improved patient compliance. Throughout the 
study, there was no significant evidence of implant migration, indicating 
that the CAB/BaSO4 ISFI remained at the injection site, reducing 

Fig. 5. In vivo pharmacokinetics and biodistribution studies in BALB/c mice. A) In vivo pharmacokinetic (PK) profile of CAB/BaSO4 ISFI compared to CAB ISFI. CAB 
concentration (average ± standard deviation) in plasma for up to 480 days (n = 6 per timepoint). 1× and 4× PA-IC90 values are indicated with dotted lines for CAB 
(166 ng/mL and 664 ng/mL respectively). Plasma concentrations of individual mice are illustrated in Supplementary Fig. 10. B) In vivo evaluation of PK tail of CAB/ 
BaSO4 ISFIs in BALB/c mice. Implants were removed 180 days post ISFI administration. CAB concentration (average ± standard deviation) in plasma was determined 
up to 60 days post-implant removal (n = 6 per timepoint). 1× and 4× PA-IC90 values are indicated with dotted lines for CAB (166 ng/mL and 664 ng/mL 
respectively). Plasma concentrations of individual mice are illustrated in Supplementary Fig. 11. C) Biodistribution of CAB across multiple organs, injection site 
subcutaneous tissue, and plasma. CAB concentrations in organs from mice administered with CAB ISFI are shown in Supplementary Fig. 12. CAB biodistribution for 
mice administered with the standard CAB/BaSO4 ISFI formulation are shown in Supplementary Fig. 13.
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potential complications associated with implant displacement. Of note, 
based on the present results from the X-imaging studies in mice and in 
macaques (separate publication), demonstrating lack of depot migration 
over several months, the use of BaSO4 will likely not be required for 
clinical translation of these formulations, and the absence of BaSO4 will 
reduce formulation complexity and cost.

The combined findings from in vitro release studies, depot degra
dation, and SEM/SEM-EDX imaging provide a comprehensive under
standing of the slower in vitro release rates of CAB observed with CAB/ 
BaSO4 ISFIs compared to the original CAB ISFI formulation. The in vitro 
release studies demonstrated that the presence of BaSO4 extended the 
release duration of CAB as a result of a denser and more compact 
microstructure of the resulting depot. This impact was demonstrated by 
the higher density (1.297 g/mL) of the CAB/BaSO4 ISFI and SEM/SEM- 
EDX analyses of the internal microstructure, where BaSO4 particles were 
densely dispersed between the CAB crystals within the polymer matrix. 
This dense microstructure can lead to reduced diffusion pathways for 
water inflex and the drug, thereby slowing PLGA degradation via hy
drolysis and drug release via both diffusion and polymer degradation. 
SEM-EDX analysis confirmed the presence and distribution of BaSO4 
within the CAB/BaSO4 ISFI, validating the components within the 
polymer matrix. PLGA degradation was quantified using GPC analysis, 
and results showed no significant differences in PLGA MW between the 
CAB ISFI and the CAB/BaSO4 ISFI formulations at day 30 of in vitro 
release. However, at day 180, the CAB/BaSO4 ISFI exhibited a 34 % 
decrease in PLGA MW compared to a 44.3 % decrease for the CAB ISFI, 
further supporting the slower depot degradation in the presence of 
BaSO4. Additionally, the PK profile of the CAB/BaSO4 ISFI demonstrates 
its ability to maintain therapeutic concentrations of CAB in plasma for 

more than 390 days. Plasma concentrations reached up to 40.36–117.02 
folds higher than the 4× PA-IC90 benchmark, remaining above this 
threshold for 390 days, which is significantly higher than previously 
reported long-acting CAB formulations [38–40].

The CAB/BaSO4 ISFI formulation was syringeable using a 19G needle 
for subcutaneous administration in mice and was safe and well-tolerated 
without any severe injection site reactions or systemic inflammation. 
Depots were successfully removed via a small skin incision at day 180 
post ISFI administration and elicited minimal fibrotic tissue formation 
around the depot. Histological analysis showed minimal to moderate 
local inflammation, characterized by infiltrated immune cells around 
the depot, which diminished over time. Notably, results showed no 
significant systemic inflammation, as indicated by stable levels of IL-6 
and TNF-α pro-inflammatory cytokines. Additionally, there was no ev
idence of significant implant migration over 268 days, demonstrating 
the ability to localize the depot for potential removability. This is 
especially important, as the ability to remove the CAB/BaSO4 ISFI if 
required is critical in scenarios where discontinuation of treatment is 
necessary, offering a safe and efficient method to cease drug delivery 
without invasive procedures. Furthermore, the CAB/BaSO4 ISFI elicited 
a short PK tail post depot removal at day 180 with CAB concentrations 
reaching LLOQ within 30 days post depot removal. This short PK tail 
minimizes prolonged drug exposure, thereby reducing the potential for a 
drug-resistant virus. Overall, these results demonstrate that the radi
opaque CAB/BaSO4 ISFI was well-tolerated in mice for long-term use, 
and depots can be removed if needed, providing a reliable and effective 
option for HIV PrEP with minimal adverse effects. Ultimately, future 
studies include advancing a once- or twice-yearly CAB ISFI to macaques 
due to their high clinical relevance. These studies include (1) 

Fig. 6. Depot degradation and residual drug after 180 days of in vivo release. A) Image of CAB/BaSO4 depots retrieved from mice 180 days post ISFI administration. 
B) Table summary of changes in depot mass, PLGA MW, and residual drug relative to time zero. C) Average CAB/BaSO4 depot mass at day 180 post ISFI admin
istration to mice (n = 6). Day 0 masses were calculated based on a 50 μL injection volume and using the density of the formulation (1.297 g/mL) to determine 
approximate depot mass injected into release media. D) PLGA MW (weight average MW) of CAB/BaSO4 ISFI 180 days post ISFI administration to mice (n = 3). Day 
0 PLGA MW was based on neat PLGA (10 kDa). E) Residual CAB in CAB/BaSO4 depots at day 180 post ISFI administration to mice (n = 3) compared to the initial dose 
at day 0 (~25 mg).
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administering 2× 1 mL subcutaneous injections of CAB ISFI to macaques 
to assess PK, safety, efficacy, and PK after re-dose to establish a dosing 
schedule, (2) time to completion PK and PK tail studies, (3) establishing 
processes for Good Manufacturing Practice (GMP), Chemistry, 
Manufacturing, and Controls (CMC), and initiating Investigational New 
Drug (IND)-enabling studies. We anticipate a similar injection volume 
(2× 1 mL SC injections) when translating to humans, if non-human 
primate studies are successful.

5. Conclusion

We demonstrate the ability to formulate an injectable, biodegradable 
CAB/BaSO4 ISFI that successfully combines the benefits of sustained 
release, radiopacity, and removability, making it a highly promising 
option for HIV PrEP. The addition of BaSO4 enhances implant visuali
zation and contributes to a controlled release mechanism, ensuring 
consistent medication delivery and potentially improving adherence 
and treatment outcomes. The CAB/BaSO4 ISFI elicited sustained release 
in vitro at target in vitro release rates (≥40 μg/day) post 30 days of 
storage under accelerated stability conditions (40 ◦C/75 % RH). 
Furthermore, the formulation elicited sustained release over 390 days in 
vivo, with CAB plasma concentrations reaching well above the estab
lished PK benchmark for protection (≥4× PA-IC90). The CAB/BaSO4 
ISFI elicited a short PK tail post depot removal with CAB plasma con
centration reaching BLOQ within 30 days post removal. The CAB/BaSO4 
ISFIs were safe and well-tolerated with no severe injection site reactions 
or systemic inflammation for up to 180 days. This study demonstrates 
promising in vitro and in vivo results that highlight the ability of radi
opaque CAB ISFI to expand the preventative options available for PrEP 
around the world.
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