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A B S T R A C T   

Long-acting antiretroviral implants could help protect high-risk individuals from HIV infection. We describe the 
design and testing of a long-acting reservoir subcutaneous implant capable of releasing cabotegravir for several 
months. We compressed cabotegravir and excipients into cylindrical pellets and heat-sealed them in tubing 
composed of hydrophilic poly(ether-urethane) -. The implants have a 47 mm lumen length, 3.6 mm outer 
diameter, and 200 μm wall thickness. Four cabotegravir pellets were sealed in the membrane, with a total drug 
loading of 274 ± 3 mg. In vivo, the implants released 348 ± 107 μg/day (median value per implant, N = 41) of 
cabotegravir in rhesus macaques. Five implants generated an average cabotegravir plasma concentration of 373 
ng/ml in rhesus macaques. The non-human primates tolerated the implant without gross pathology or micro-
scopic signs of histopathology compared to placebo implants. Cabotegravir plasma levels in macaques dropped 
below detectable levels within two weeks after the removal of the implants.   

1. Introduction 

Implantable drug delivery systems provide durable drug levels to 
patients with suboptimal adherence to oral dosing regimens and 
demonstrably reduce pharmacological failure from missed doses [1,2]. 
All currently available small molecule antiretroviral (ARV) drugs for the 
prevention and treatment of HIV depend on a daily dosing schedule. 
Despite the user’s desire to remain HIV negative, low adherence to daily 
ARV pre-exposure prophylaxis (PrEP) could be improved [3]. Further-
more, daily use ARV regimens can be particularly difficult for low- 
income individuals, those who do not have access to routine health 
care, and those who fear the stigma of being seen with anti-HIV medi-
cines [4]. Improved adherence to HIV prevention dosage regimens and 
lasting protection from sexual transmission could have a significant 
impact on the global HIV pandemic [5]. 

Systemic long-acting ARVs to prevent and treat HIV infection has 
been extensively reviewed [6–9]. Several long-acting implants of teno-
fovir alafenamide fumarate [10–13] have been reported and an implant 
of Islatravir is advancing along the HIV prevention clinical-pipeline 

[14,15]. Only a few ARVs are potent enough to fit a year’s dose into a 
subcutaneous implant form factor and have slow enough elimination 
rates that a long duration implant can be achieved. Correspondingly, 
longer durations require high drug loading even with the most potent 
ARV, and, therefore, the implant design often requires a low mass 
fraction of polymeric component. Viable long-acting systems are ach-
ieved when the drug product combines potent and slowly eliminated 
pharmaceutical agents with biocompatible polymers that can control 
drug release [16,17]. Altogether, these design constraints demand as 
much from the formulation scientist,-and the polymers used to make the 
implant as they do from the ARV. 

The HIV integrase strand transfer inhibitor cabotegravir—(S/ 
GSK1265744) [18–20] has been extensively studied as an injectable 
formulation of drug crystals. Cabotegravir is an insoluble molecule in 
water at pH 7.4 [21] and in vivo it is more than 99% plasma protein- 
bound. Studies of the cabotegravir suspension indicate an elimination 
half-life of 40 days in humans [21,22], and a single injection can have a 
duration of 1 to 2 months [23]. With oral cabotegravir, the drug has a 
metabolic elimination half-life of 40 h. Injectable cabotegravir was 
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found to be more effective than oral tenofovir disoproxil fumarate- 
emtricitabine in preventing HIV infection [24]. The US Food and Drug 
Administration recently granted a Breakthrough Therapy designation to 
the cabotegravir injectable for HIV PrEP. 

Recently, a refillable cabotegravir subcutaneous implant was re-
ported by Pons-Faudoa and Grattoni [25]. The extensive knowledge 
gathered in the development of CAB oral and injectable formulations 
provides a rich set of inputs for the development of more advanced 
formulations. Notably, studies in non-human primates have reported the 
cabotegravir plasma level that correlates with complete protection from 
challenges with model immunodeficiency viruses [26]. Useful pharma-
cological characteristics of the drug are also available from human 
studies [21,26–29]. 

The injectable formulation of cabotegravir has a matrix-like phar-
macokinetic (PK) profile with a broad peak followed by a long-tailed 
trough [26]. We hypothesized that a classical reservoir system might 
be able to diminish the burst phase, extend the duration of action at the 
same total dose of cabotegravir, and reduce the PK tail once removed. 
The pharmacokinetic tail is an essential parameter to consider since sub- 
therapeutic exposure in an infected unaware individual could poten-
tially drive the development of resistant HIV strains. Upon implant 
removal, one can expect significantly lower terminal exposure to the 
ARV, and a shorter PK tail, as the source of the drug is removed. 

Finally, the design of a practical subcutaneous implant must be 
driven by user needs while also keeping manufacturability in mind. 
Potential implant users order their device requirements around efficacy, 
convenience, duration, and privacy [30]. These different requirements 
impose design constraints on a practical subcutaneous implant. In an 
attempt to bridge these constraints, we investigated a modular capsule 
approach that would provide high drug loading and allow us multiple 
optimization cycles in the face of limited drug supply. The capsule was 
composed of a thin elastomeric-hydrogel membrane loaded with 
formulated pellets of drug substance that fit tightly in the extruded 
tubing. Herein, we describe the design, formulation development, and 
initial pharmacokinetic studies in non-human primates (NHP) of a 
cabotegravir reservoir implant. 

2. Materials and methods 

2.1. Materials 

Cabotegravir, as the free acid (CAB H), CAS 1051375–10-0, and the 
sodium salt (CAB Na), CAS 1051375-13-3, in micronized and non- 
micronized forms, were provided by ViiV Healthcare Ltd. (Research 
Triangle Park, NC, USA). Medical grade hydrophilic poly(tetra-
methylene oxide) based poly(ether urethane) (HPEU) pellets, Teco-
philic™ HP-60D-20 (Pathway™ PY-PT43DE20) and HP-60D-35 
(Pathway™ PY-PT42DE35), were obtained from Lubrizol Advanced 
Materials (Wickliffe, OH, USA) and dried to less than 0.05% w/w of H2O 
before extrusion in house. The Pathway™ polyurethane polymers have 
extensive use in implantable medical devices and drug delivery systems. 
Master files for these polymers are available for reference through 
Lubrizol Corporation. Polyethylene Glycol 3350 USP NF was purchased 
from Fisher Scientific (Waltham, MA, USA) and dried to about 0.1% w/w 
of H2O before use. Kollidon™ 17 PF (Polyvinyl pyrrolidone, PVP K17 PF, 
weight average Mw 7000–11,000) was provided by BASF (Florham 
Park, NJ). Barium sulfate USP, magnesium stearate USP (Mg Stearate), 
and ethanol USP were obtained from Spectrum Chemicals (New 
Brunswick, NJ, USA). Rhodamine B isothiocyanate-Dextran 70 kDa 
(RITC-Dx) was obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Acetonitrile (HPLC grade), sodium azide (ACS grade), methanol (HPLC 
grade), and Brij® 35 were obtained from Fisher Scientific (Fair Lawn, 
NJ, USA). 10× phosphate-buffered saline (PBS) and 10× TRIS buffered 
saline (TBS) from Fisher Scientific - were diluted to 1×, and the pH 
adjusted before use. Deionized (DI) water was obtained from a Thermo 
Scientific™ Barnstead™ E-Pure™ (Waltham, MA, USA) system. All 

other chemicals and materials were purchased from Thermo Fisher 
Scientific (Waltham, MA, USA) and were HPLC or ACS grade when 
available. 

2.2. Extrusion of the rate-controlling membrane

The manufacture of HPEU tubing was performed using methods 
similar to those described earlier [13,31]. In brief, tubing was manu-
factured from different HPEU for three different implant designs, 
referred to as A, B, and C. The rate-controlling membrane (RCM) tubing 
used for these were extruded with HP-60D-20, HP-60D-35, and a blend 
of 15% w/w PEG 3350 with 85% w/w HP-60D-35, respectively. The 
extrudate was air-cooled. The dimensions of the tubing extrudate were 
checked, and sections deviating greater than 10% from the target di-
mensions were rejected before use. The outer diameter of the tubing was 
measured with an ODAC 18 XY laser gauge (Zumbach Electronic, 
Orpund, Switzerland), and the wall thickness was measured with a 
spring-loaded digital caliper (Mitutoyo, Aurora, IL, USA). 

HP-60D-20 tubing was extruded to an outer diameter of 2.2 mm and 
a wall thickness of 100 μm using a custom tubing crosshead (Guill Tool, 
West Warwick, RI, USA) attached to an ATR Plasti-Corder® single screw 
extruder (SSE) (C.W. Brabender, South Hackensack, NJ, USA). HP-60D- 
35 tubing was extruded on the SSE with an outer diameter of 3.6 mm and 
a wall thickness of 200 μm. 

A polymer blend was used for the RCM in Implant C. PEG 3350 (15% 
w/w), and HP-60D-35 (85% w/w) were weighed out and blended. The 
blend was extruded to an approximately 2 mm diameter rod using a rod 
die on a C.W. Brabender KETSE 12/36 twin-screw extruder (South 
Hackensack, NJ, USA). The collected rod extrudate was pelletized with a 
micropelletizer (Randcastle Extrusion Systems Inc., Cedar Grove, NJ, 
USA). The resulting pellets were extruded into the tubing of outer 
diameter 3.6 mm and a wall thickness of 200 μm tubing with the SSE, 
which was fitted with a gear pump assembly (C.W. Brabender, South 
Hackensack, NJ, USA). A single channel lumen air system (Extrucore, 
Las Vegas, NV, USA) supplied air to prevent the hollow tube from 
collapsing as it exited the tubing die. 

2.3. Manufacture of cabotegravir pellets

Drug containing pellets used in the-NHP studies were composed of 
CAB Na (~87%), PVP (~10%), and Mg stearate (~3%) made with the 
mill method described below. The drug substance was prepared by wet 
granulation, accomplished with a sieve or a mill. In the sieve method, 
CAB Na and PVP were weighed and mixed geometrically in a 90:10 
weight ratio. The powder mixture was then wet granulated with ethanol, 
and the moist mass was forced through a No. 40 stainless steel mesh 
sieve to form granules. The moist granules were dried to constant mass 
using a ChemStar 1402 N vacuum pump (Welch Vacuum, Mt. Prospect, 
IL, USA). In the mill method, a cooled M 20 Universal mill (IKA, Wil-
mington, NC, USA) was used. Cabotegravir was massed and added to the 
precooled (14 ◦C) mill. A solution of the PVP in ethanol was added. The 
material was blended for two minutes, removed from the blender, and 
dried using the vacuum pump to constant mass. The dried material was 
processed in the precooled mill for a minute to break up aggregates. 

The granules of CAB Na and PVP were lubricated by the addition of 
3% w/w Mg stearate on a Labmill 8000 jar mill machine (Paul N. 
Gardner Company, Pompano Beach, FL, USA). The lubricated material 
was compressed into cylindrical pellets on an NP-RD10A semi-automatic 
tablet press (Natoli Engineering, St. Charles, MO, USA) at a force of 1000 
lbs. with a multi-tip die punch set (Supplementary Fig. S1), forming four 
pellets every compression cycle. 

Materials used in the formulation screening experiments were pre-
pared by the wet granulation method described above or by geometri-
cally dry mixing the components. Pellets of different diameters were 
obtained by changing the tablet punches and die. RITC-Dx pellets, used 
for the seal integrity testing, were manufactured by direct compression 
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of RITC-Dx using a 2 mm cylindrical multi punch/die set on the Natoli 
NP-RD10A semi-automatic tablet press. HP-60D-35 rods containing 
barium sulfate (BaSO4, 40 wt%) were extruded as described previously 
[32] and cut to about 2 mm pellets for use as radiopaque pellets in the 
implants to facilitate imaging of implant location in rhesus macaques. 

2.4. Impulse sealing and implant assembly

The capsule ends were formed by thermal impulse sealing with a 
validatable computer-controlled sealer (PW2200, Packworld USA, 
Nazareth, PA, USA) shown in Supplementary Fig. S1. The tubing was 
first sealed at one end with the impulse sealer. Cylindrical CAB Na or 
CAB H pellets were then loaded into the tubing. A single HP-60D-35 
pellet containing BaSO4, approximately 2 mm long, was also loaded in 
devices manufactured for NHP studies. RITC-Dx pellets were added to 
some devices intended for leak testing. After loading the relevant pellet 
components in the core, the second end was sealed. The masses of hol-
low tubing, pellets, and the assembled implants were recorded in 
addition to the lumen length of the assembled implants. The implants 
were then annealed at 40 ◦C for 15–20 h to relieve any stress in the 
polymer generated during the impulse sealing operation. 

The implant ends were sealed using controlled sealing temperature 
(Ts, ◦C), sealing time (t, s), jaw pressure (P, psi), and cooling temperature 
(Tc, ◦C). The sealing conditions used for Implant A, manufactured with 
HP-60D-20 tubing, was Ts = 180 ◦C, t = 6 s, cooled to Ts = 50%, P = 60 
psi. The sealing conditions used for Implants B and C, manufactured 
with HP-60D-35 tubing, was Ts = 185 ◦C, t = 98.9 s, Tc = 37 ◦C, P = 10 
psi. Before sealing either end, the ends were thoroughly cleaned with 
swabs and the use of pressurized air from a compressed air can. The 
conditions used to form the seal and determine sealing conditions that 
generate robust seals were performed as described earlier [13] or by 
following the mass of the implants. A failure of the seals was noticed 
when there was a drop in the mass of the hydrated implant. 

Implants manufactured for the NHP studies were placed in metalized 
pouches (U-line, Pleasant Prairie, WI, USA) after assembly and sealed 
with a heat sealer (AIE-300CA, American International Electric, City of 
Industry, CA, USA) in ambient air. The sealed pouches were placed at 
40 ◦C for 15–20 h before being shipped for electron beam (e-beam) 
sterilization with 25 kGy of irradiation at Steri-Tek (Fremont, CA. USA). 

While the implants destined for NHP studies were manufactured in a 
non-sterile environment, utmost care was taken to depyrogenate contact 
surfaces and minimize contamination during manufacturing, as 
described previously [33]. Endotoxin testing, using reported methods 
[32], was performed on raw materials and the e-beam sterilized 
implants. 

2.5. Cabotegravir LC method

Cabotegravir levels were measured using an Agilent 1200 series 
high-performance liquid chromatography (HPLC) system equipped with 
a diode array detector. Cabotegravir was monitored at a wavelength of 
260 nm. A Zorbax Eclipse XDB C18 column (4.6 × 150 mm, 5 μm, 
Agilent) with a Zorbax Eclipse XDB-C18 guard column (4.6 × 12.5 mm, 
5 μm, Agilent) was used for separation. The column thermostat was set 
to 25 ◦C. Mobile phases used were A: 0.1% trifluoracetic acid (TFA) (v/v) 
in water and B: 0.1% TFA in acetonitrile (ACN). Cabotegravir content in 
release media was assayed using an isocratic method of 60% A and 40% 
B over 10 min. In stability studies, Cabotegravir was quantified using a 
gradient method (0 min - 85% A, 2 min - 85% A, 12 min- 5% A, 15 min- 
5% A, 15.1 min - 85% A, 20 min - 85% A, total run time was 20 min).The 
flow rate of the mobile phase was 0.8 ml/min. CAB Na standards were 
prepared in methanol at 5 μg/ml, 50 μg/ml, and 200 μg/ml and injected 
at 1 μl, 2 l, 5 μl, and 10 μl volumes to generate the twelve point cali-
bration curve. 

2.6. In vitro release testing 

In vitro release tests (IVRT) were performed in 40 mL glass vials, with 
the release media changed daily. The vials were placed in a New 
Brunswick model I26 stackable incubator shaker (Eppendorf Bio Tools, 
Hauppauge, NY, USA) maintained at 37 ◦C and shaken at 80 RPM. Sink 
conditions were maintained (CAB Na released concentration < 20% of 
the maximum solubility in release media) over the course of all studies. 
At the sampling points, a portion of the release media was collected and 
analyzed by the HPLC method described above to determine the daily 
release rate. Long term release studies were performed in TBS buffer (25 
mM Tris, 2.7 mM KCl, 137 mM NaCl) with 2% w/v Brij 35, buffered to 
pH 8.0 and containing 0.02% w/v sodium azide. The collected release 
samples were diluted with ACN, three parts sample and two parts ACN, 
immediately after collection and promptly analyzed. Some screening 
studies utilized a release media consisting of PBS buffer (0.137 M NaCl, 
0.0027 M KCl, and 0.0119 M phosphates, pH 7.4) with 2% w/v sodium 
dodecyl sulfate (SDS) and 0.02% w/v sodium azide and are noted in 
figure legends. 

The pH, osmotic pressure, and Cabotegravir concentration of the 
liquid inside fully hydrated implants (n = 5) placed in PBS were deter-
mined. The internal contents recovered from the hydrated implant were 
centrifuged and passed through a 0.2 μm syringe filter. A pH micro-
electrode (Mettler-Toledo, Columbus, OH) was used to measure the pH 
on low volume samples. The osmotic pressure was determined with a 
vapor pressure osmometer (Vapro model 5520, Wescor, Logan, UT, 
USA). Cabotegravir concentration was measured with the HPLC method 
described earlier. 

2.7. Preliminary formulation experiments

Test devices were manufactured with non-micronized forms of CAB 
H or CAB Na to determine the best salt form to be used in the core of the 
implant. Solubilizing agents commonly used in parenteral formulations 
were screened for their effect on cabotegravir release rate and swelling 
effects on the device. Non-micronized cabotegravir in HP-60D-20 tubing 
was used with the concentration of solubilizing agent set at 7.5% w/w. 
The average drug release and swelling values were collected and 
compared once the implants were fully hydrated (between days 10–15). 
Devices were also manufactured with micronized cabotegravir. Devices 
were made with increasing PVP K17 PF concentration using micronized 
cabotegravir. HP-60D-35 tubing was used for these later studies. Finally, 
three prototypes of the devices were manufactured, for further study. 
Five devices were tested during each in vitro release study, and the 
values are reported as mean ± SD. 

The compositions of key formulations are provided below. Implant 
A, HP-60D-20 tubing, outer diameter (OD) 2.2 mm, wall thickness (WT) 
100 μm, lumen length (LL) 21 mm, core formulation pellet composed of 
CAB Na (non-micronized):PVP K30:Mg Stearate weight ratio 87:10:3, 
CAB Na strength 52 mg; Implant B, HP-60D-35 tubing, 3.6 mm OD, 200 
μm WT, 47 mm lumen length, core formulation pellet manufactured 
with CAB Na (micronized):PVP K17 PF:Mg Stearate weight ratio 
87:10:3, Cabotegravir strength 275 mg; Implant C, HP-60D-35/PEG 
3350 (85/15 weight ratio), 3.6 mm OD, 200 μm WT, 47 mm lumen 
length, core formulation pellet was CAB Na (micronized): PVP K17 PF: 
Mg Stearate weight ratio 87:10:3, Cabotegravir strength 275 mg. A 
complete table of all formulation used in the manuscript is given in the 
Supplemental Table S4. 

2.8. X-ray diffraction studies

XRD data were collected at room temperature on an STOE-STADI-P 
powder diffractometer (Darmstadt, Germany) equipped with an asym-
metrically curved germanium monochromator (CuKα1 radiation, λ =
1.54056 Å) and MYTHEN2 1 K one-dimensional silicon strip detector 
(DECTRIS, Dättwil, Switzerland). The line focused Cu X-ray tube was 
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operated at 40 kV and 40 mA. CAB Na powder or pellets were packed in 
an 8 mm metallic mask and sandwiched between two polyimide layers 
of tape and measured while rotating in transmission scan mode. For 
analyzing the implant which had been used for in vitro release studies, 
the implant was first patted dry, placed between the sample holder and 
an 8 mm metallic mask, and measured parallel to the detector without 
rotation in transmission scan mode. The material within the explanted 
implant after a 12-week PK study was also analyzed. The core material 
from this implant was loaded into a boron rich glass capillary tube 
(Charles Supper, Natick, MA, USA), placed in a capillary holder and the 
measurement obtained in Debye-Scherrer scan mode. The instrument 
was calibrated against a NIST Silicon standard (640d) prior to 
measurements. 

2.9. Effect of changing implant length

HP-60D-20 tubing with a wall thickness of 100 μm was used in 
studies to determine the influence of geometrical factors on the release 
rate. The manufactured implants ranged in lumen length from about 11 
mm to 37 mm (n = 10, 11.4 mm; n = 5, 16.2 mm; n = 9, 21.3 mm, n =
10, 37.0 mm). Release rates were averaged between days 10–50. - 

2.10. CPartition measurements

Films of HP-60D-20 and HP-60D-35 were placed in CAB Na saturated 
solution of PBS containing PVP K17 and incubated at 37 ◦C for two 
weeks. After removal, the films were rinsed in DI water and wiped dry 
with lint-free paper. The films were then dissolved with dimethylace-
tamide in a volumetric flask. Methanol was added to precipitate the 
polymer, and the filtered supernatant was analyzed by HPLC. The con-
centration of CAB Na in the incubating solution was also determined. 
Control samples of the polymers were processed similarly to test sam-
ples, but with the addition of a known amount of CAB Na spiked in the 
samples. Partition coefficients were expressed with the following 
equation. 

K =
cp

cc
(1)  

where cp is the saturated concentration of cabotegravir in the polymer 
membrane phase and cc is the concentration of drug in the solution 
phase. 

2.11. Release from cabotegravir implants after e-beam sterilization

CAB Na implant A was subjected to e-beam sterilization at 25 kGy 
(Steri-Tek, Fremont, CA, USA). The sterilized implants were placed on 
IVRT. The release of cabotegravir from the sterilized implants was 
compared with that from non-sterilized implants to study if the sterili-
zation procedure affected the release profile. 

2.12. Preclinical pharmacokinetic and safety studies

The studies in rhesus macaques were performed adhering to pro-
tocols approved by Tulane National Primate Research Center local 
institutional animal care and use committees (Tulane protocol P0307R). 
The study was carried out under the Guide for the Care and Use of 
Laboratory Animals of The Institute of Laboratory Resources, National 
Resource Council. All procedures were performed under anesthesia 
using ketamine/xylazine, and every effort was made to minimize stress, 
improve housing conditions, and provide enrichment opportunities. 
When necessary, macaques were euthanized by sedation with ketamine/ 
xylazine injection followed by intravenous barbiturate overdose in 
accordance with the recommendations of the panel on euthanasia of the 
American Veterinary Medical Association. 

2.13. The surgical subcutaneous implantation procedure

The macaques were anesthetized before surgery. Baseline blood 
samples, along with vaginal and rectal swabs, were collected. The im-
plants were inserted between the shoulder blades. A small incision was 
made in the skin, and a trocar (Elemis Corp., Carson City, NV) was gently 
inserted under the skin to create a site for the implant. The number of 
incisions made depended on the number of implants being tested. A 
monthly schedule for sampling is provided in Table 1. Macaque implant 
details are shown in Supplementary Table 1. 

2.14. Blood collection and bioanalytical procedure

Blood samples were collected before the devices were implanted, and 
after that at specified time intervals for at least 12 weeks. Approximately 
8 ml of blood was taken from the femoral vein, transferred into EDTA- 
coated tubes, and immediately placed on ice. The tubes were centri-
fuged (2100 rpm, 20 min, 4 ◦C) to separate plasma from cells. The iso-
lated plasma was transferred to new tubes and stored at − 80 ◦C. 
Cabotegravir was quantified using a validated LC-MS method [25] at the 
Clinical Pharmacology Analytical Laboratory of Johns Hopkins Uni-
versity School of Medicine. The lower limit of quantification was 25 ng/ 
ml for plasma samples. Additionally, 1 ml of blood was collected before 
the surgeries and every four weeks for blood chemistry studies. 

2.15. Vaginal and rectal biopsy collection

Tissue samples of vagina and rectum were collected in 15 or 50 ml 
vials. The samples were trimmed into 50–250 mg tissue pieces, weighed, 
transferred into 1 ml cryovials, immediately frozen and stored at − 80 ◦C 
for analysis later with a validated LC-MS method [25] at the Clinical 
Pharmacology Analytical Laboratory of Johns Hopkins University 
School of Medicine. The lower limit of quantification was 0.05 ng/ 
sample for tissue samples [25]. 

2.16. Extraction of residual drug from explanted implants

Section 2.16-During manufacturing the initial mass of drug in each 
implant was recorded. In total, 41 implants (4.7 cm, implant B) were 
recovered from NHP, extracted and analyzed for residual cabotegravir. 
The results of the extractions appear in Table S3. Each explanted implant 
was trpsinized for two minutes, -and the fibrous capsule removed with a 
pair of tweezers. Images of the implants, before and after tissue removal, 
were collected. The seal integrity was checked visually, followed by 
compressing the implant and observing for compression-induced fluid 
expulsion. The implant was frozen, sliced open, the residual drug 
extracted with methanol, and analyzed using the HPLC method 
described above. Control implants with known loadings were also 
extracted, with recovery of 99 ± 1.2% of the loaded drug (N = 5). 

2.17. Implant site histology

At 4 and 12 weeks post-implantation, two macaques were euthanized 
after collecting blood samples, vaginal and rectal fluids. Samples of 
vagina, rectum, and tissue around the implant site were collected fresh, 
aliquoted, weighed, and frozen at − 80 ◦C for later HPLC analysis of 
cabotegravir levels. As described earlier [32], the entire implant site was 
carefully dissected intact, pinned onto paraffin blocks, and fixed in place 
with z-fix. Multiple paraffin-embedded sections of collected tissues were 
examined histologically for signs of the presence and severity of 
inflammation by staining with hematoxylin and eosin (H&E). Samples 
were blinded and examined by a trained pathologist. The thickness of 
the fibrous capsule surrounding the implant was measured using - 
ImageJ [34]. 
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3. Results and discussion 

3.1. Implant manufacturing

This implant design was chosen because it is a modular approach 
that would allow the implant features to be individually modified and 
tested without using excessive quantities of the drug substance. Many 
factors influenced the feasibility of early prototypes, including sealing 
methods for HPEU membrane capsules. It was observed that impulse 
sealing of water-swellable HPEU required care since the material 
interface was stressed by the initial transient shear stresses when 
swelling occurs and then by osmotic forces that pressurized the implant. 
Delamination of the seal was observed when implants were placed in an 
aqueous solution if the bond between the two seal surfaces was weak. 
Therefore, extensive experiments were conducted to define a suitable 
temperature and sealing time design space where robust seals can be 
produced. Maximum temperatures were selected for these experiments 
by identifying the temperature at which bubbling or discoloration of the 
polymer interface occurred. The minimum temperature was the tem-
perature where the seal could not be delaminated by hand. For HP-60D- 
35, these temperature limits were 185 ◦C and 80 ◦C (Fig. S2). A wide 
range of temperature/time combinations was scanned (see Supple-
mentary material), and it was found that implant B sealed at Ts = 185 ◦C, 
t = 98.9 s, Tc = 37 ◦C, P = 10 psi resulted in implants that retained seal 
integrity in vitro (Fig. S2). These implants survived repeated compressive 
stress tests (Fig. S3). Other sealing methods were explored in pre-
liminary studies (Fig. S4). 

3.2. Implant design constraints

This project started with a set of user-driven and practical design 
constraints that aimed to minimize the number of implants and their 
size. Exploratory studies - on cabotegravir diffusion through polymer 
membranes used various elastomeric polymers (poly(dimethylsiloxane), 
poly(ethylene-co-vinyl acetate), and segmented -HPEU. We were only 
able to achieve pharmacologically useful fluxes of cabotegravir from 
-HPEU hydrogels (Supplementary Table S2). We selected the -HPEU HP- 
60D-35 -that swells in water approximately 40% by weight as an 
acceptable tradeoff between dimensional change after swelling and drug 
permeability. The thinnest consistent wall thickness of HP-60D-35 we 
could repeatedly manufacture with our extrusion equipment was be-
tween 150 and 200 μm. We selected the outer diameter of the implant as 
3.6 mm because it could easily be inserted through a commercially 
available trocar. A 200 μm thick RCM and a 100 μm gap to allow core 
pellet insertion into the tubing, therefore, set the core pellet diameter for 
further studies at 3.0 mm. 

We found empirically we could readily place four 1 cm long cylin-
drical pellets within a 4.7 cm lumen length tube (total tube length ~ 6.1 
cm) and seal these with our impulse sealing instrument. This implant 
can be delivered to the subcutaneous site with the commercially avail-
able trocar we selected for NHP studies. The CAB Na pellets had a 
density of 1.24 g/ml. With an implant lumen length of 4.7 cm, this 
implant would have an internal volume of approximately 0.3 ml and 

allow loading on the order of ~300 mg of CAB Na. 

3.3. Effect of pellet composition on drug release

The solubility of CAB H in water and PBS (pH 7.4) is 6.2 μg/ml and 
9.5 μg/ml, respectively. The corresponding values for CAB Na are 231.6 
μg/ml and 312.0 μg/ml in water and PBS (pH 7.4), respectively. Pro-
totype implants made with CAB Na showed a significant increase in drug 
flux over those made with CAB H (p < 0.0001, Fig. 1b). Since cabote-
gravir is slightly soluble in water, a water-soluble excipient was added to 
- osmotically drive fluid into the core of the implant and subsequently 
cause disintegration of the pellet and solubilization of cabotegravir in 
the core of the implant. We screened a series of formulations with 
different excipients in the core (Fig. 1c). Although implants with PEG 
3350 had the highest average release rate at 0.21 mg/cm/day, these 
implants had a higher swelling ratio (mw/md) of 3.2 compared to the 
others. The PEG 3350 has a lower molecular weight than PVP K30 and 
therefore has the potential to provide a higher osmotic pressure gradient 
in the core of the implant than PVP K30 when solubilized. We aimed to 
achieve a high release rate while attempting to keep the implant 
swelling low. PVP was selected as an excipient for further study because 
PVP containing implants had a lower mass swelling, a high release rate, 
and PVP has a history of human parenteral exposure in multiple 
products. 

PVP is available in a parenteral grade that is free of pyrogens. In 
follow-on studies, we found PVP K30 (MW ~ 40,000) and PVP K17 PF 
(MW ~ 9000 g/mol) produced similar release curves over a month of 
IVRT (f2 = 90)- [35,36] - (Fig. S7). Furthermore, PVP K17 has a lower 
molecular weight than PVP K30 and could be eliminated if an implant 
leaked its contents [37]. A series of formulations were made with 
increasing fractional PVP K17 PF content. The 10 wt% provided the 
maximum release rate (Fig. 1d), with no observed advantages above this 
concentration. Hence, 10% (wt) was chosen as the formulation 
composition with 3% magnesium stearate (as a lubricant during pellet 
compression) to maximize drug loading and release. We also confirmed 
that micronized CAB Na increases the release rate in HP-60D-35 tubing 
(p = 0.027, Fig. 1e), compared to the non-micronized form. 

We attempted to increase the release rate further by adding a water 
soluble porogen PEG 3350 [38] to the HP-60D-35 membrane material . 
We found that blend compositions above 15 wt% PEG 3350 were 
challenging to extrude, with the extrudate tending to promptly collapse 
upon exiting the die, even with attempts to improve cooling or support 
the lumen with air pressure. We did observe a modest increase in the 
cabotegravir release rate in the presence of the PEG porogen (Figs. 1f, 
2a). However, to reduce complexity and ease of manufacturing, we 
proceeded with further characterization of the implant composed solely 
of the HP-60D-35 HPEU. 

3.4. Implant characterization

With an optimized formulation composition in hand (Table 2), we 
conducted several studies to characterize the prototype implant. Release 
rates for three different implants were determined (Fig. 2a) in TBS, pH 

Table 1 
NHP study schedule.  

Procedure Time (weeks) 

0 1 2 3 4 5 6 7 8 9 10 11 12 

Implantation x             
Blood sample x x x x x x x x x x x x x 
Vaginal swabs x  x  x    x  x  x 
Rectal swabs x  x  x    x  x  x 
Vaginal biopsy     x    x     
Rectal biopsy     x    x     
Necropsy     2 NHP        2 NHP  
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8.0. In this release media, the release curve appears to be biphasic that 
asymptotes to a plateau value over 80 days. Once hydrated by the 
release media, the solid core, which is ~87% drug by mass, provides a 
source of the undissolved drug to maintain saturated conditions within 
the reservoir, driving drug release through a concentration gradient 
across the RCM. The implant’s release rate can be adjusted through the 
modulation of the geometry of the HPEU RCM. The linear data, when a 
plot of the release rate against the geometric factor 2πl/ ln (ro/ri) [13] is 
constructed (Fig. 2b), suggests that the daily dose can be tuned based on 
the overall length of the implant and, radius and thickness of the RCM. 

At pH 8.0, in the IVRT media, XRD data indicates that there is acid- 
base disproportionation of the Na+ salt to the free acid slowly over time 
in the aqueous media inside the implant. The spectra for CAB H, CAB Na, 
material recovered from the core of the implant after 3 weeks in release 
media, and cabotegravir pellet formulation (pre hydration) are shown in 
Fig. 2c. CAB H and CAB Na have characteristic peaks at 5.3◦ and 6.7◦, 
respectively. When CAB Na was wet granulated with ethanol, some of 
the higher spectra were absent. After three weeks of exposure to release 
media, the pellets in the implant core were observed to be completely 
hydrated. Scattering at 5.3◦, which was absent in the dry CAB Na pellet 

Fig. 1. Formulation development studies. (a) CAB Na implant B (b) Difference in cumulative release of CAB Na and CAB H implants (c) Effect of solubilizers in the 
implant core on release rate (average between days 10–15) (d) Effect of PVP K17 concentration (20-day data) (e) Micronized CAB Na increased release rate (16-day 
data) (f) Comparison of cumulative release rate of three CAB Na implants (232 days). N = 5, error bars are standard deviations, details in Section 2.7. 
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formulation, was present in the dried post hydration sample. These data 
suggest that within the core of the implant, the sodium salt of cabote-
gravir converts to the free acid during in vitro release testing. Dispro-
portionation of cabotegravir is one factor that could account for the 
changing release rate of the drug. 

We characterized the pH, osmotic pressure, concentration of cabo-
tegravir in the core of the implant, and the swelling of the implant when 
placed in PBS. After 30 days, the concentration of cabotegravir within 
the implant core fluid was 277 ± 12 μg/ml, and the internal pH was 8. 
The corresponding concentration and pH for the PBS media in which the 
implant was placed was 148 ± 7 μg/ml (cabotegravir concentration) and 

7.7 (pH). The osmotic pressure in the core was 281 ± 12 mOsm/kg, and 
in the external media, it was 259 ± 7 mOsm/kg (all values mean ± SD, n 
= 5 implants). The implant core creates a 22 mOsm/Kg osmotic pressure 
gradient and a pH gradient of 0.3 pH units between the core and the 
external environment (p < 0.002 for osmotic pressure measurements 
and p < 0.0001 for pH measurements). 

We were also interested in the presence of cabotegravir concentra-
tion gradients in the core of the device and the membrane. The con-
centration of cabotegravir in HP-60D-35 and HP-60D-20 films after 
incubating them in a saturated cabotegravir solution of pH 7.4 PBS 
containing the implant core excipient PVP K 17 PF, was determined to be 
1.7 ± 0.1 mg/ml and 1.3 ± 0.1 mg/ml (n = 5), respectively. The con-
centration of cabotegravir in the incubating solution was 396 ± 15 μg/ 
ml (n = 10). Cabotegravir partitions and concentrates to a level as much 
as K = 4.3 times the concentration in the core simulant media in HP- 
60D-35. The partitioning coefficient was lower for HP-60D-20–a lower 
swelling copolymer variant of HP-60D-35– with a value of K = 3.4. 

When placed in PBS medium, or the subcutaneous space in ma-
caques, PVP K17 PF containing implants fill with liquid. The implants 
also change dimentions -in water because they are composed of elasto-
meric hydrogels that isotropically swelland -conduct water through the 
membrane. Additionally the implants are loaded with a modest weight 
fraction of water soluble polymer-(PVP) that creates a chemical poten-
tial gradient of water across the membrane. Aditionally the implant also 
expands during hydration from the corresponding osmotic pressure 
gradient that places the membrane under tension. In PBS, pH 7.4, we 
observed that the implant B swelled over ten days to approximately two 

Fig. 2. In vitro release studies. (a) Daily and cumulative in vitro release of three different CAB Na implant formulations, n = 5, details in Section 2.7. (b) Release rate 
of with change in implant dimension, R2 

= 0.927, error bars are ± standard deviation, Implant B core and HP-60D-35 wall, details in Section 2.9 and Table S4. (c) 
XRD spectra of a hydrated implant. 

Table 2 
Implant B description.   

Total mass of 
implant 

~ 440 mg  

Strength of implant 274 mg of CAB Na 
Tubing Wall material HP-60D-35 

Wall thickness 200 μm 
Outer diameter 3.6 mm 
Lumen length 47 mm 
Tubing mass 145 mg 

Pellet Pellet composition Micronized CAB Na (87%), PVP K17 PF (10%), Mg 
stearate (3%) 

Pellet diameter 3 mm 
Pellet length 10 mm 
Pellet mass 80 mg 
Number of pellets 4  
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times its initial mass (Fig. S3) and maintained that degree of swelling. 
Implant B started with a dry mass of 540 ± 18 mg (SD, N = 5) to 1118 ±
70 mg (SD, N = 5) when hydrated. Implant B began at 3.6 mm in 
diameter and 4.7 cm long when dry and swelled to a diameter of 4.9 mm 
and a length of - 6.0 cm when hydrated. 

Inside the implant, we observe that the pellet disintegrates in 
approximately two weeks into a cabotegravir solid suspension . We 
subjected implants to a cyclical mechanical stress test (see Supplemental 
material) and saw no evidence by HPLC of leaking of the core material 
when placed under compression. Furthermore, we found the HPEU 
implants are mechanically robust and could withstand repeated defor-
mation without failure. 

Together these data suggest a series of events drive the release of 
cabotegravir from the implant. When placed in aqueous media, the 
water-swellable RCM mixes with water and swells like other hydrogel 
network polymers [31]. An osmotic gradient from wetted and solubi-
lized PVP and cabotegravir in the core drives more external aqueous 
liquid into the implant, and the implant fills with this ultrafiltered so-
lution and places the elastic membrane under tension. Hydration of the 
internal contents begins the process of disintegration of the core pellet, 
increasing the wetted surface area of cabotegravir. The drug is soluble in 
the implant fluid to some degree, but it also partitions into the mem-
brane at ~4× higher concentration. The difference between the mem-
brane concentration and the concentration in the external media creates 
the concentration gradient that drives drug release. The implant remains 
swollen with the membrane under tension for at least 250 days, sug-
gesting that PVP maintains an osmotic gradient in the core for the life of 
the implant. Over time because the pKa of cabotegravir (pKa = 7.71) 
[39] is near the media pH, cabotegravir disproportionates to a mixture 
of the free acid CAB H and the ionized form of the drug. 

3.5. Pharmacokinetics in rhesus macaques

We designed an exploratory macaque PK and safety study where 
both active and placebo implants were contralaterally implanted on the 
dorsal back in three pockets as described elsewhere [32]. Since we 
wanted to track the location of the implants during in vivo PK studies, 
HPEU pellets containing 40 wt% BaSO4 were included in the implant 
core, and these could be easily imaged through radiography of the 
macaques (Fig. 3a, arrows). Utilizing cabotegravir implant B, we con-
ducted a PK study in rhesus macaques with an increasing dose of cab-
otegravir by increasing the number and length of implanted devices. We 
investigated five groups of macaques: G1, four macaques with two 3.1 
cm active implants and a matched placebo, G2 had four macaques with 
two 4.7 cm active implants and one placebo; and G3 had four 4.7 cm 
active implants, G4 had five 4.7 cm active implants, and G5 had six 4.7 
cm active implants with three rhesus macaques within each group G4- 
G5. In G1 and G2, one macaque from each group was necropsied at 
one month and another at three months for tissue samples and local 
histopathology of the active and placebo implantation site. All other 
macaques were explanted and placed back in the colony after a drug 
washout period. 

The pharmacokinetic profiles in all five groups displayed median 
Cmax in the first two weeks (first quartile (Q1) - two weeks, third quartile 
(Q3)- four weeks) of exposure with reducing levels that appear to 
plateau at longer times (Fig. 3b). Total cabotegravir exposure generally 
followed an increasing linear trend with total implant lumen length 
(Fig. 3c, G1-G5, Pearson’s r = 0.885) but appeared to saturate at a total 
lumen length of 18 cm. The cabotegravir plasma levels from the five 
implant study group were close to those reported by Ho et al. [40] as 
providing complete protection from repeated low dose rectal immuno-
deficiency virus challenge. Other data in rhesus macaques [41] suggest 
that a plasma cabotegravir level of approx. 150 ng/ml could protect 
greater than 90% of intravaginally challenged macaques with a high 
dose of simian-human immunodeficiency virus. 

Interestingly, we observed that the 6-implant group had lower means 

and median cabotegravir exposure (Fig. 3e). Although the study has low 
power, we speculate that this may indicate two implants next to each 
other could interfere with mass transport of drug from the implant and 
into the bloodstream by saturating the tissue around the implant with 
cabotegravir. By extracting 41 implants (Implant B), we found the 
average release rate over the 12 week period to be 348 ± 107 μg/day 
(median value per implant, N = 41) of cabotegravir (Table S3). This 
represents 11% of the total initial loading in 90 days. Post implant 
removal, the plasma cabotegravir levels fell below the limit of detection 
(25 ng/ml) for almost all the tracked macaques by week two (Fig. 3h). 
The average plasma half-life for the devices is approximately nine days. 
Rectal biopsies had median levels of 61 ng/g (Q1–36 ng/g, Q3–105 ng/ 
g) at week 12 (Fig. 3g), a value lower than seen in the injectable 
formulation [41] where macaques were injected with 10 mg/kg or 30 
mg/kg. 

We encountered implant loss in two macaques in different groups. 
One macaque in G5 lost an implant, and another in G6 lost three. Loss of 
implants appeared to be macaque-specific, and the macaques may have 
explanted the implants through grooming. The intact explanted devices 
from the PK study were coated in a transparent and mechanically robust 
fibrous capsule (Supplementary Fig. S5). Mechanical testing of explan-
ted devices indicated that all explanted HPEU membranes were intact. 
Furthermore, the in vitro release rate was similar before and after 
explantation. Our in vitro release method with the TBS media and the 
release rate of the drug in vivo could be used to develop an in vitro-in vivo 
correlation to aid further implant research (Fig. 3d). 

Since we observed evidence of the disproportionation of CAB Na 
during in vitro studies, we investigated if explanted devices had X-ray 
spectra that indicate the presence of the free acid form of cabotegravir. 
The XRD spectra of the internal contents of a recovered implant (Fig. 3f) 
suggest that the CAB Na formulation undergoes disproportion in vivo. 
Given the much lower release rate of CAB H formulations (Fig. 1b), this 
finding would suggest that increasing the internal pH of the cabotegravir 
implant could increase overall drug release by increasing drug 
solubility. 

3.6. Local histopathology

Fibrous tissue encapsulation is the end-stage response to a foreign 
body [16,32]. We found a fibrous capsule surrounding the retrieved 
implants in all explanted devices. The capsule could be removed by 
proteolysis with trypsin and pulling away the membrane with forceps. 
Overall, the response to the placebo and active implants appears similar 
at the gross level and microscopic length scales. The macaques generally 
appeared healthy with stable blood chemistry, weight, and behavior. 
Histology of the active and placebo implantation sites was normal 
(Fig. 4a-d). The difference of fibrous capsule thickness around the active 
and placebo macaques was insignificant (Fig. 4e, p = 0.38 at four weeks, 
p = 0.67 at 12 weeks). Some have expressed concerns about the crimped 
edges causing increased fibrosis at the ends of the device. We saw no 
evidence in tissue sections taken along the length of the cabotegravir 
implant. Similar placebo implants matched to an implant system for a 
different drug [32] also showed no evidence of increased fibrosis or 
scarring at the ends of this implant design. As described in our recent 
publication [32] and the guidance for local inflammation studies in the 
implanted device described in ISO 10993-6 [42], it is essential to 
retrieve the implant with intact surrounding tissue to assess local his-
topathology of implanted devices accurately. A careless recovery of the 
implanted device before fixing the tissue disturbs the surrounding 
cellular structures induced by inflammation, making it impossible to 
interpret signs of local histopathology. 

4. Conclusion 

We describe a subcutaneous reservoir implant capable of delivering 
approximately 350 μg/day of cabotegravir over three months in rhesus 

D. Karunakaran et al.                                                                                                                                                                                                                         



Journal of Controlled Release 330 (2021) 658–668

666

Fig. 3. CAB Na implant pharmacokinetics 
in rhesus macaques. (a) CAB Na Implants 
containing BaSO4 imaged in a macaque. 
Arrows indicate BaSO4 pellets. (b) Median 
plasma levels of cabotegravir in macaques 
with the increasing number of implants, 
details in Table S1, error bars show inter-
quartile range (c) Cabotegravir exposure 
versus implant length (d) in vitro-in vivo 
release ratio of implants recovered from 
NHP, average in vitro release rate (n = 5) 
up to day 85 (e) Average cabotegravir 
plasma level with increasing CAB Na dose 
calculated from average in vivo release 
rates from explanted implants in each 
group (f) XRD spectra of contents from an 
implant recovered after a 12-week ma-
caque study (g) Plasma and rectal cabote-
gravir levels in macaques (Pearson’s r =
0.689) (h) Plasma levels of cabotegravir 
after implant removal in macaques 
(average plasma t1/2 is approx. 9 days). 
Error bars, unless otherwise mentioned, 
are standard deviations.   
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macaques. In 90 days we observed implant B released 11% of the total 
cabotegravir load suggesting these implants could deliver cabotegravir 
for a year in the nonhuman primate model. All components used in this 
implant have a history of previous human use in parenteral products. 
The CAB drug loading is high (~87% by weight), allowing efficient use 
of the implant volume. The methods described are at present capable of 
reproducibly manufacturing batch sizes up to 1000 implants with 
common pharmaceutical operations (hot melt extrusion for the RCM 
tubing and tablet compression for the core pellet) and an impulse sealer. 
Additionally, this reservoir system design is more complicated and likely 
more expensive than simple matrix extrusion dosage forms. The cabo-
tegravir release rate is adjustable through the modulation of the ge-
ometry and composition of the HPEU HPEU RCM. While the implants 
generally give reproducible release profiles, disproportionation and 
counter ion-exchange likely affect transport in complex ways that 
require further study. Other methods to increase core drug concentra-
tion and release rate, like the use of cyclodextrins [25] or high molecular 
weight pH modifiers , or improved polymers with higher drug diffusivity 
and solubility may allow improvement in the release rate of cabotegravir 
from this type of reservior implant. 
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