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Sustained release of antiretroviral therapy from nanochannel delivery implant for 
HIV pre-exposure prophylaxis and treatment 

 
By 

 
Fernanda Paola Pons Faudoa 

 

Abstract 
HIV-1 pre-exposure prophylaxis (PrEP) adherence and implementation challenges, 
including pill fatigue and limited medical access, have motivated research into long-acting 
(LA) strategies such as formulations or controlled release implants to obviate user-
dependent dosing. Focusing on a single-drug regimen permits maximal drug loading and 
prolongs treatment periods. The nanofluidic implant consists of a drug reservoir and a 
drug-releasing nanochannel membrane. The pharmacokinetics of two different 
antiretrovirals (ARV), cabotegravir (CAB) and tenofovir alafenamide fumarate (TAF) 
released from nanofluidic implants were assessed in separate studies. In the first study, 
2-hydroxypropyl-β-cyclodextrin enhanced cabotegravir release in vitro and in vivo in 
Sprague Dawley rats. Nanofluidic implants loaded with 2-hydroxypropyl-β-cyclodextrin 
(βCAB) maintained clinically relevant plasma CAB concentrations 2 times above the 
preventive clinical threshold for 3 months. Additionally, sustained CAB release achieved 
drug penetration into tissues relevant to HIV-1 transmission. In the second study, the first-
ever preventive assessment of LA ARV implant and foremost of TAF was conducted. 
Nonhuman primates (NHP) were subcutaneously implanted with a nanofluidic device 
loaded with TAF. Pharmacokinetics in HIV-1 target cells, peripheral blood mononuclear 
cells (PBMC) were monitored for 4 months, achieving median tenofovir diphosphate 
(TFV-DP) concentrations of 390 fmol/106 PBMC. Importantly, NHP were exposed to rectal 
simian HIV (SHIV) challenges after TFV-DP concentrations were above clinically 
protective levels. Constant and sustained administration of TAF from the nanofluidic 
implant demonstrated partial protection, with a protective efficacy of 67%. Furthermore, 
the nanofluidic implant exhibited a foreign-body inflammatory response categorized as 
slight reaction. In addition, the nanofluidic implant was assessed as an HIV-1 treatment 
platform. Upon SHIV infection, the control NHP cohort from this study was transferred to 
a TAF treatment study. The viral load reduction from subcutaneous TAF monotherapy 
was assessed for a month in treatment naïve NHP. Continuous TAF release exhibited a 
first-phase viral load decay of -1.14 ± 0.81 log10 copies/mL. Notably, TAF delivered at a 
lower dose from the nanofluidic implant had similar effects to oral TAF. Thus, 
demonstrating potential as a platform for LA ARV therapy. In conclusion, the nanofluidic 
device shows promise as an HIV PrEP and treatment delivery platform that addresses 
poor patient adherence.   

Keywords: HIV-1, pre-exposure prophylaxis, implantable drug delivery, nanomedicine, 
long-acting.  
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1. Introduction 
 
HIV-1 infected 1.7 million people in 2019, with approximately 5,000 new infections 
acquired daily worldwide1. Further, over 75 million people have been infected since the 
start of the pandemic. Notably, the World Health Organization did not meet their milestone 
to substantially reduce new HIV-1 infections to below 500,000 by 20202. Recently, pre-
exposure prophylaxis (PrEP) with antiretrovirals (ARV) has revolutionized prevention 
strategies. The first Food and Drug Administration (FDA)-approved ARV for PrEP was 
Truvada®, an oral-fixed dose of two nucleoside reverse transcriptase inhibitors, tenofovir 
disoproxil fumarate (TDF) and emtricitabine (FTC)3. PrEP with daily Truvada® was 
effective at reducing the risk of HIV-1 infection by over 90% in men and transgender 
women who have sex with men and heterosexual adults3-5. In 2019, Descovy® became 
the second FDA-approved ARV for PrEP in men and transgender women who have sex 
with men6. Descovy® is composed of a fixed dose of tenofovir alafenamide fumarate 
(TAF) and FTC. TAF is the second-generation of TDF, with higher potency and safety 
advantages to TDF6. However, a crucial limitation is efficacy is strictly related to patient 
adherence7. 
 
Considerable efforts have focused on development of long-acting (LA) ARV to address 
issues of poor patient adherence8. In fact, LA ARV are preferred alternatives for 
individuals at high risk of contracting HIV-19-11. Cabotegravir (CAB), an integrase strand 
transfer inhibitor, was formulated into a LA intramuscular injection. CAB LA administered 
every 2 months, demonstrated higher efficacy than daily oral Truvada®12,13. Drawbacks 
of LA injectable ARV include high inter-individual pharmacokinetic variability, site-specific 
adverse reactions, and risky long sub-therapeutic tails that could persist over 1-year post 
administration14. Moreover, LA ARV injectables cannot be removed in the event of 
adverse reactions. As such, retrievable subcutaneous LA implants are under investigation 
for HIV PrEP14-18.  
 
Subcutaneous implants provide important advantages to drug delivery. Continuous 
release maintains drug concentrations in the therapeutic window as compared to peaks 
observed with oral and parenteral dosing19.  Likewise, dosing is significantly reduced as 
drugs bypass absorption and distribution phases. Consequently, the risk of dose-related 
side effects decreases. Current LA ARV implants under preclinical assessment are 
focused on TAF and are biodegradable20-22 or non-biodegradable23,24 polymeric 
reservoirs, transcutaneously refillable devices25 and an osmotic pump system26. 
 
A disadvantage of polymeric reservoir implants is the observed multiphasic drug release. 
There is an initial burst release that can potentially reach toxic levels, and a decaying 
release thereafter19. Furthermore, osmotic pump systems require an osmotic engine to 
drive drug release. Accordingly, the loading efficiency of the implant is greatly reduced19. 
An optimal implant should be able to constantly control drug release and have a high 
loading efficiency. The nanofluidic drug delivery implant is composed of a drug reservoir 
and a nanochannel membrane. The nDI technology achieves sustained drug delivery 
from an implantable system by controlling diffusion through nanochannels 
microfabricated in silicon-silicon carbide membranes, yielding a clinically acceptable, 



3 

biocompatible, bioinert platform free of biofouling. Constant delivery from the nanofluidic 
implant is achieved entirely through diffusive transport, without pumps or actuation upon 
subcutaneous implantation27-33.  

1.1. Hypothesis and objectives 
Hypothesis: the nanofluidic implant will deliver constant and sustained levels of HIV ARV 
for prevention and treatment of HIV-1 infection. 

Main objective: To develop a nanofluidic implant capable of sustained and constant 
release of ARV that prevents and treats HIV-1 infection. 

1.2. Specific objectives 
1. To develop nanofluidic implant capable of sustained and constant release of the ARV, 

CAB and TAF, in rats and nonhuman primates (NHP), respectively. 
2. To assess the pharmacokinetics (PK), safety and tolerability of constant delivery of 

ARV, CAB and TAF, from nanofluidic implant at target release rates in animal models. 
3. To evaluate prevention of simian HIV (SHIV) infection through rectal challenge by 

release of TAF from nanofluidic implant in NHP. 
4. To evaluate treatment of SHIV infected (SHIV+) NHP by release of TAF from 

nanofluidic implant in NHP. 

1.3. Dissertation structure 
Chapter 2 is a published review on implantable drug delivery technologies summarizing 
the advantages and disadvantages of each technology; sites of implantation; regulatory 
challenges and deployment in developing countries. Chapter 3 is a published research 
article enhancing CAB release from the nanofluidic implant with cyclodextrin and 
assessing PK, safety and tolerability in Sprague-Dawley rats. Chapter 4 is a published 
research article evaluating PK, safety and tolerability, and rectal SHIV prevention in NHP 
using TAF-releasing nanofluidic implant. Chapter 5 is a published research article 
investigating treatment of SHIV+ NHP by release of TAF from nanofluidic implant to 
assess viral load reduction. Chapter 6 summarizes the main objective conclusions. 
Appendixes are the published review and research articles related to the dissertation, and 
other published research articles not directly related to the project. 
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Advanced implantable drug delivery 
technologies: transforming the clinical 
landscape of therapeutics for chronic 

diseases 
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text from the publication. This declaration is to protect all rights reserved to Biomedical 
MicrodevicesSpringer Science Business Media, LLC, part of Springer Nature. License Number: 
5038940119644.  
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2.1. “Abstract 
Chronic diseases account for the majority of all deaths worldwide, and their prevalence 
is expected to escalate in the next 10 years. Because chronic disorders require long-term 
therapy, the healthcare system must address the needs of an increasing number of 
patients. The use of new drug administration routes, specifically implantable drug delivery 
devices, has the potential to reduce treatment-monitoring clinical visits and follow-ups 
with healthcare providers. Also, implantable drug delivery devices can be designed to 
maintain drug concentrations in the therapeutic window to achieve controlled, continuous 
release of therapeutics over extended periods, eliminating the risk of patient non-
compliance to oral treatment. A higher local drug concentration can be achieved if the 
device is implanted in the affected tissue, reducing systemic adverse side effects and 
decreasing the challenges and discomfort of parenteral treatment. Although implantable 
drug delivery devices have existed for some time, interest in their therapeutic potential is 
growing, with a global market expected to reach over $12 billion USD by 2018. This review 
discusses implantable drug delivery technologies in an advanced stage of development 
or in clinical use and focuses on the state-of-the-art of reservoir-based implants including 
pumps, electromechanical systems, and polymers; sites of implantation and side effects; 
regulatory challenges; and deployment in developing countries 
 

Keywords: MEMS, NEMS, nonbiodegradable polymers, long-acting formulations, 
implants 

2.2. Introduction 
Chronic disease can be defined as a disease that continues or reoccurs over a long period 
of time. Chronic diseases encompass cardiovascular diseases, diabetes, respiratory 
diseases, and other disorders that affect a large number of people, are costly to manage, 
and increase disability-adjusted life years (DALYs) (Bernell and Howard 2016). With one 
DALY equaling a year loss of disease-free life, DALYs are a measure of the burden of 
disease across the population (World Health Organization). Some chronic health 
disorders are manageable with appropriate treatment. However, the prevalence of 
chronic diseases such as cardiovascular diseases, diabetes, cancers, respiratory 
diseases, and human immunodeficiency virus/acquired immunodeficiency syndrome 
(HIV/AIDS) is steadily increasing and expected to affect 157 million people in the US by 
2020 (Comlossy 2013). The global burden of chronic conditions also continues to rise 
(Figure 1) and is projected to account for 69% of all deaths worldwide, of which 80% will 
be in developing countries, by 2030 (Alwan et al. 2010; Samb et al. 2010). As the global 
economic impact of chronic diseases is estimated to reach $47 trillion in the next two 
decades, concerted efforts are focused on relieving this burden (World Economic Forum 
and Harvard School of Public Health 2011). 
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Figure 1. Top ten global chronic diseases by prevalence (Bertolote 2005; Ferkol and Schraufnagel 2014; 
Goldberg and McGee 2011; Steel et al. 2014; The Global Cancer Observatory 2018; Vos et al. 2015; World 
Health Organization 2016). 

 

Traditional intervention via oral or intravenous administration of therapeutics has several 
limitations. Some drugs have poor bioavailability and require multiple doses, augmenting 
the risk of resistance and side effects as well as the potential for drug abuse. Additionally, 
poor patient adherence has direct effects on medication efficacy. Non-adherence is a 
major concern, 30 to 50% of adults with chronic conditions in the US do not take their 
medications as prescribed and this has been correlated with 125,000 deaths and 10% of 
hospitalizations annually. This results in an annual economic burden of $100 billion USD 
in health care services (Cutler et al. 2018; Kini and Ho 2018; Pagès-Puigdemont et al. 
2016; Oung et al. 2017). Social and technological efforts such as patient education 
services, health care provider interventions, reminder tools, and electronic monitoring 
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devices have tried to tackle with medication non-adherence with no significant success 
(Kini and Ho 2018; Pagès-Puigdemont et al. 2016; Oung et al. 2017; World Health 
Organization 2003). Because of the correlation between increased non-adherence and 
higher illness prevalence there is an obvious need to find a solution for medication non-
adherence (Atinga et al. 2018; Pagès-Puigdemont et al. 2016).   

Compared with traditional systemic delivery, implantable drug delivery devices offer many 
advantages. Site-specific implantation can bypass the absorption and distribution phase 
of oral and peripheral regimens, resulting in higher drug concentrations in targeted areas 
(Danckwerts and Fassihi 1991). Thus, drug levels can be maintained in the therapeutic 
window by virtue of controlled, continuous release of therapeutics. Importantly, as this 
technology can be used over extended periods, it eliminates the possibility of poor patient 
compliance and decreases the discomfort of parenteral treatment (Park 2014). Therefore, 
implantable drug delivery technologies provide site-specificity and deal with medication 
non-adherence, transforming the clinical landscape of therapeutics for chronic diseases.  

Controlled drug delivery technologies have progressed over the last six decades to third-
generation modulated delivery systems, with increasing interest in long-term delivery 
systems (Farina et al. 2017; Meng and Hoang 2012a; Park 2014; Yun et al. 2015). 
Accordingly, the global market for implantable drug delivery is growing—valued at $9.05 
billion USD in 2013 and expected to be $12.42 billion by the end of 2018. Newer, more 
easily applicable machineries improve the scalability of implantable drug delivery devices. 
Companies and small start-ups find implantable devices profitable because they are cost-
effective and lower overall treatment cost (Kumar and Pillai 2018), and there is high 
demand to file patents on versatile implantable drug delivery devices that can be tailored 
for multiple drugs (Coherent Market Insights 2017; Yang and Pierstorff 2012). Another 
potential benefit is the opportunity for pharmaceutical companies to exploit medications 
coming off patent, as patent expirations can be extended by creating new products that 
combine patented medications and implantable devices (Beall et al. 2016). Implantable 
drug delivery devices can also be advantageous for less prevalent chronic diseases such 
as drug abuse, pain management, and neurological disorders. Furthermore, telemedicine 
can allow physicians to remotely control drug release rate from the implant or maximize 
treatment effectiveness through the use of artificial intelligence and machine learning 
algorithms (Ross et al. 2017).   

In this article, we highlight current technologies for long-term drug delivery in advanced 
stages of development or in clinical use, with a brief discussion of the use, mechanism of 
function, advantages, and limitations of each system. This review will demonstrate how 
advanced implantable drug delivery technologies can transform the clinical landscape of 
therapeutics for chronic illnesses. The drug delivery systems covered include reservoir-
based polymer systems, pumps, and electromechanical systems, excluding polymeric 
fully degradable systems and long-term delivery devices that are not completely 
implanted, which are thoroughly revised elsewhere (Kamaly et al. 2016; Majeed and 
Thabit 2018). We further present a clinical perspective on sites of implantation and 
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potential strategies to improve device development associated with patient acceptance, 
and device deployment in the developing world.  

2.3. Reservoir-based polymer systems 
Reservoir-based polymer systems are passive implants with a simple design consisting 
of a drug core surrounded by a non-degradable polymeric film (Figure 2A). Drug release 
rate is controlled by polymeric coating properties, such as polymer configuration, 
molecular weight, and coating thickness, as well as physicochemical properties of the 
drug, such as solubility, particle size, and molecular weight. Historically, polymeric 
systems have been employed for site-specific mid-/long-term systemic drug 
administration after subcutaneous implantation. However, most polymeric systems suffer 
from an initial drug release burst, which can potentially reach toxic levels and endanger 
the patient. After this burst, drug core concentrations decrease, possibly to below their 
therapeutic window (Kumar and Pillai 2018; Yang and Pierstorff 2012). 

Polymer systems require constant drug concentration within the drug core to achieve 
zero-order kinetic drug release. These implants often employ the polymers silicone, 
polyvinyl alcohol (PVA), and ethylene vinyl acetate (EVA). By contrast, biodegradable 
implants use naturally occurring polymers (e.g., human serum albumin, collagen, gelatin) 
or synthetic polymers (e.g., polylactic acid, polyglycolic acid, polylactic-co-glycolic acid 
copolymer) (Kumar and Pillai 2018; Yang and Pierstorff 2012).  

 
Figure 2. FDA-approved and experimental nonbiodegradable reservoir-based polymer systems. (A) 
Nonbiodegradable polymer schematic depicting an outer polymer coating encompassing an inner drug 
core. (B) Drug-versatile 3D-printed Biocage device (a) Magnified light microscopy image to detect porosity 
with 100-µm scale bar. (b) Biocage device boxed in orange in relation to pencil tip and dime to appreciate 
its minute size and how it can be inserted using a 22-gauge needle. (Image 2B adapted from (Son et al. 
2017) licensed under CC BY 4.0). (C) Vantas® and SUPPRELIN® LA 50 mg histrelin acetate implants for 
prostate cancer symptom relief and childhood central precocious puberty treatment, respectively (Image 
reproduced from (Rudlang and Brasso 2016). (D) Probuphine® 80 mg buprenorphine hydrochloride implant 
for opioid dependence treatment (Image used with permission from Titan Pharmaceuticals Inc.). (E) 
Retisert® implant design consists on a platform for suturing device and drug core with 0.59 mg fluocinolone 
acetonide enclosed in silicone elastomer cup with a PVA membrane outlet for treating chronic noninfectious 
uveitis. (F) Intraocular ILUVIEN® 0.19 mg fluocinolone acetonide device for diabetic macular edema 
treatment in relation to a grain of rice to demonstrate its size (Image is courtesy of Alimera Sciences Inc.). 
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Son et al. (2017) developed a 3D-printed porous cylindrical device called Biocage that 
can be filled with a drug. The Biocage is small enough to fit inside a 22-gauge needle for 
direct delivery and robust enough to be implanted directly into the target issue. The 
Biocage has the following dimensions: 300-µm hollow inner diameter, 20-µm outer wall, 
40-µm solid base, 900-µm height, and 5-µm-diameter pores (Figure 2B). The creators 
demonstrated fluorescent microsphere release from the implant but did not determine the 
drug release rate. They also confirmed that the Biocage can be used for local drug 
delivery within the brain and explain how 3D printing offers structural and material 
versatility to the device. However, although the materials are biocompatible and 
biodegradable, they are not yet approved by the US Food and Drug Administration (FDA). 
Nevertheless, this technological platform shows much promise, as it offers drug 
versatility, has high drug loading efficiency, and can be implanted within the target organ. 

In 2006, the FDA approved a similar reservoir-based polymer system, Implanon® (Merck, 
Kenilworth, NJ, USA), a 4 cm × 22 mm nonbiodegradable implant, as a female hormone-
based contraceptive. An EVA copolymer rod encompasses 68 mg etonogestrel, which 
controls the daily release of progestin for up to 3 years. However, the release rate 
decreases over time, from 60–70 µg/day in first couple of weeks to 35–45, 30–40, and 
25–30 µg/day at the end of the first, second, and third year, respectively (FDA Reference 
IDs: 3080389, 4100681) (Allen et al. 2016; Huber 1998). However, another study 
extending its use to 5 years indicated an efficacy of 100% (Ali et al. 2016), suggesting 
that if the device is still effective after 5 years, patients have likely received supraoptimal 
doses. Therefore, this implant should be further improved to deliver at a constant rate for 
3–5 years. In some cases, the Implanon® was incorrectly inserted, making its localization 
for removal difficult for healthcare professionals. This led to the design of Nexplanon®, a 
second-generation device with the addition of the radiopaque ingredient barium sulfate, 
which entered the US market in 2011 (FDA Reference IDs: 3080389, 4100681) (Allen et 
al. 2016; Huber 1998).  

The Hydron® implant (Endo Pharmaceuticals Solutions Inc., Malvern, PA, USA) consists 
of a hydrogel polymeric reservoir called MedLaunch™ that is spun-cast into a 3.5 cm × 3 
mm tube (Stevenson et al. 2012). Two of these nonbiodegradable reservoir-based 
polymeric system implants are already on the market: Vantas® and SUPPRELIN® LA. 
The drug core contains 50 mg histrelin acetate in both implants, but the drug delivery rate 
is modified for the treatment of two different diseases (Figure 2C). The Vantas® implant 
delivers 50 μg/day for 12 months to relieve symptoms of prostate cancer, whereas the 
SUPPRELIN® LA implant releases 65 μg/day for 12 months to treat children with central 
precocious puberty (FDA Reference IDs: 4099967, 2887911). Currently, there are no 
reports of decreasing drug release rates from these implants, which could be attributed 
to their shorter treatment periods. The Hydron® implant technology was also adapted to 
deliver 84 mg octreotride, a somatostatin analog, for up to 6 months to treat acromegaly. 
However, the phase 3 clinical trial was terminated for business reasons (NCT01295060) 
(Endo Pharmaceuticals; Stevenson et al. 2012). 



10 

ProNeura™ (Titan Pharmaceuticals Inc., San Francisco, CA, USA) is a nonbiodegradable 
rod composed of an EVA matrix and a drug formulation. The Probuphine® implant, 
ProNeura™ with buprenorphine, was FDA-approved in 2016 for the maintenance 
treatment of opioid dependence. Four 26 × 2.5 mm implants are needed to maintain 
therapeutic drug levels (Figure 2D). Each device contains 80 mg buprenorphine 
hydrochloride, a partial opioid agonist, delivered at a controlled rate for up to 6 months 
(FDA Reference ID: 4215185). Probuphine® has proved more cost-effective than 
sublingual buprenorphine, as it minimizes fluctuations in plasma concentrations and 
reduces clinic and pharmacy visits by eliminating the need for daily supervision (Barnwal 
et al. 2017; Carter et al. 2017). Currently, preclinical studies are testing the use of 
ProNeura™ to deliver a dopamine agonist (ropinirole) and T3 for the treatment of 
Parkinson’s disease and hypothyroidism, respectively (Titan Pharmaceuticals). 

All above-mentioned reservoir-based polymer systems are subcutaneously implanted in 
the inner arm, as they require systemic therapeutic levels. However, two 
nonbiodegradable implants are FDA-approved for intravitreal management of 
ophthalmology-related diseases: Retisert® (Bausch & Lomb, Rochester, NY, USA) and 
ILUVIEN® (Alimera Sciences Inc., Alpharetta, GA, USA). Because ocular diseases 
affecting the posterior chamber require constant drug exposure, both devices take 
advantage of the higher viscosity in the vitreous humor, which increases drug half-life. 
Retisert® treats chronic noninfectious uveitis and can achieve drug release for 30 months 
but must then be removed (FDA Reference ID: 2955048) (Borkar et al. 2017; Haghjou et 
al. 2011; Logan et al. 2016; Yasin et al. 2014). ILUVIEN® can maintain therapeutic levels 
in the vitreous humor for up to 36 months for the treatment of diabetic macular edema 
(DME) in vitrectomized and non-vitrectomized eyes (Carle et al. 2014; Hawrami et al. 
2016; Kumar et al. 2016; Meireles et al. 2017; Pessoa et al. 2018). After 36 months, a 
new implant can be inserted without removing the previous implant, as no side effects 
have been reported from having multiple implants in the eye (FDA Reference ID: 
3635981) (Borkar et al. 2017; Hawrami et al. 2016; Logan et al. 2016; Wang et al. 2013; 
Yasin et al. 2014). 

Retisert® consists of a drug formulation tablet enclosed in a silicone elastomer cup with 
an outlet consisting of a PVA membrane (Figure 2E). The tablet contains 0.59 mg 
fluocinolone acetonide (FA), a corticosteroid, and the following inactive ingredients: 
microcrystalline cellulose, PVA, and magnesium stearate. Retisert® passively delivers 
FA into the vitreous humor for the treatment of chronic noninfectious uveitis affecting the 
posterior chamber (FDA Reference ID: 2955048) (Borkar et al. 2017; Haghjou et al. 2011; 
Logan et al. 2016; Yasin et al. 2014). ILUVIEN® is a 3.5 × 0.37 mm rod made of polyimide 
with a non-permeable cap on one end and a permeable PVA membrane on the other end. 
The inside of the rod is composed of a PVA matrix with 0.19 mg FA (Figure 2F). This 
implant is not the first line of therapy but is only approved for DME eyes that did not 
respond to laser therapy and anti-VEGF therapy (Elaraoud et al. 2016a; Figueira et al. 
2017; Massin et al. 2016). Real-world results indicate the efficacy of ILUVIEN®, 
demonstrating improved best corrected visual acuity and central foveal thickness 
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(Alfaqawi et al. 2017; Amoaku et al. 2015; Bailey et al. 2017; Bertelmann et al. 2013; 
Bertelmann and Schulze 2015; Cunha-Vaz et al. 2014; Elaraoud et al. 2016c; Elaraoud 
et al. 2016b; El-Ghrably et al. 2017; Fusi-Rubiano et al. 2018; Gonçalves et al. 2017; 
Mourtzoukos 2017; Quhill and Quhill 2016; Saedon et al. 2017; Schmit-Eilenberger 2015; 
Syed 2017; Veritti et al. 2017; Yang et al. 2015). Another implant, Vetrisert®, was FDA-
approved for the treatment of cytomegalovirus retinitis but was later discontinued. A pellet 
of 4.5 mg ganciclovir was enclosed between PVA and EVA and was found to relieve 
symptoms for up to 8 months (Yasin et al. 2014). Vetrisert® was also effective in treating 
cytomegalovirus retinitis in AIDS patients, extending the progression of retinitis from 15 
to 226 days (Martin 1994). 

In summary, reservoir-based polymer systems are the type of implant that has received 
the most FDA approval and has been on the market the longest. All use the same 
mechanism of release: drug diffusion through nonbiodegradable polymer film. A 
comparison of their advantages and limitations is shown in Table 1. 
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Table 1. Comparison among nonbiodegradable reservoir-based polymer systems. 

Implant Development 
Status Advantages Limitations 

Biocage Experimental 

• Small size 
• Drug versatility 
• Site-specific drug 

release 
• Easy insertion 

procedure 
 

• Materials not FDA-
approved 

 

Hydron® implant 
technology 
 

FDA-approved 

• 1-year drug release 
in comparison to 
conventional drug 
administration 

• Small size 
• Easy insertion and 

removal procedures 
• Alternative 

implantation sites 
 

• Implant must be 
exchanged after 1 
year 

• Only one drug 
formulation (histrelin 
acetate) 

 

Implanon®/Nexplanon® 
 FDA-approved 

• 3-year drug release 
in comparison to 
conventional drug 
administration 

• Small size 
• Easy insertion and 

removal procedures 
• Radiopaque 
• Alternative 

implantation sites 
• Soft and flexible 

shape 

• Implant must be 
exchanged after 3 
years 

• Patients likely initially 
receiving 
supraoptimal doses 

• Decline in drug 
release rate over 
time 

 
 

Probuphine® 
 FDA-approved 

• Small size 
• Easy insertion and 

removal procedures 
 

• Four implants 
needed 

• Implants must be 
removed after 6 
months 

• Not radiopaque 

Retisert® 
 FDA-approved 

• 30-month drug 
release 

• Site-specific drug 
release 

 

• Requires invasive 
surgery 

• Implant must be 
exchanged 

• Adverse side effects 
• Not cost-effective 

ILUVIEN® 
 

FDA-approved 
 

• 36-month drug 
release 

• Cost-effective 
• Site-specific drug 

release 

• Nonbiodegradable 
implant not removed 
from vitreous humor 
after treatment 
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2.4. Pumps 

2.4.1. Osmotic pumps 

Osmotic pumps were developed in the 1950s by Rose and Nelson for drug delivery in 
animals. Since then, numerous designs have found clinical use for the treatment of 
human diseases (Keraliya et al. 2012; Santus and Baker 1995). Implantable osmotic 
pumps are drug delivery devices developed for the sustained administration of 
therapeutics over extended periods of time ranging from months to years. Osmotic pumps 
are conventionally composed of a hollow cylinder containing a drug reservoir and an 
osmotic engine separated by a movable piston. The drug reservoir is directly connected 
to the outside through micro-holes, and the osmotic engine is separated from the outside 
by means of a semipermeable membrane. 

The mechanism of osmotic pump-driven drug release occurs after the pump is implanted. 
The osmotic engine, which contains high concentration of osmolytes (i.e., salts), drives 
an osmotic flow of interstitial fluid through the semipermeable membrane. The inward 
H2O flow increases hydrostatic pressure in the osmotic reservoir, which exerts force on 
the piston (Figure 3A). The piston is pushed toward the drug reservoir and causes 
injection of the drug solution in an equivalent amount to the volume of drug solution 
displaced. Ideally, this process is continuous and terminates when the piston has 
displaced the entire amount of drug solution and has reached the extreme end of the drug 
reservoir. Other osmotic pumps have a different design in which the osmotic engine 
surrounds the drug reservoir (Figure 3B). In these pumps, a high salt concentration in the 
osmotic engine displaces the drug out through the micro-orifice at a controlled rate by 
compressing the drug reservoir (Cobo et al. 2015; Herrlich et al. 2012; Kumar and Pillai 
2018; McConville 2011). 

 
Figure 3. Osmotic pump drug release schematics and FDA-approved osmotic pump implant. (A) Osmotic 
pump drug release mechanism for liquid drug formulations use a high salt concentration osmotic engine 
driven by osmotic flow through semipermeable membrane to move piston and displace drug through orifice. 
(B) Osmotic pumps with an inner solid drug reservoir encompassed by a high osmolyte concentration 
osmotic engine surrounded by semipermeable membrane osmotically displace solubilized drug through 
orifice. (C) Intravesical GemRIS™ implant loaded with solid gemcitabine for bladder cancer treatment 
(Image adapted from (Cima et al. 2014)). 

 

Viadur® (Bayer Healthcare Pharmaceuticals, Berlin, Germany) was a nonbiodegradable 
titanium osmotic implant that utilized a DUROS® controlled release pump to administer 
leuprolide acetate, a gonadotropin-releasing hormone analog, for 12 months for the 
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palliative treatment of advanced prostate cancer (FDA Reference ID: 2888026) (Rohloff 
et al. 2008). Despite successful clinical trials and FDA approval, Viadur® was removed 
from the market in 2007 due to its lack of cost-effectiveness and limited long-term market 
viability. In general, the fabrication and assembly procedures as well as the quality control 
of osmotic implants may ultimately be too expensive to justify their clinical use as an 
alternative to conventional drug administration approaches.  

The Medici Drug Delivery System™ (Intarcia Therapeutics Inc., Boston, MA, USA) is an 
osmotic mini-pump tailored to hold a certain drug volume over different dosing intervals 
(Intarcia Therapeutics). ITCA 650 utilizes the Medici Drug Delivery System™ to achieve 
continuous delivery of exenatide, a glucagon-like peptide-1 receptor agonist, for the 
treatment of type 2 diabetes. The pump maintains exenatide release for 6 months and is 
undergoing further development for a 1-year dose (Intarcia Therapeutics). A challenge to 
delivering a 1-year dose is the necessity of maintaining a constant concentration of 
osmolyte in the osmotic engine over the entire duration of the treatment to achieve 
constant drug elution. As such, the osmolyte must be included in a supersaturated form 
to maintain its constant concentration despite the inward flow of H2O. When a substantial 
amount of drug has been released, release rate may decline as a result of reduced 
osmotic flow.  

ITCA 650 has completed its phase 3 clinical trial, called FREEDOM. However, the FDA 
issued a Complete Response Letter regarding manufacturing aspects, and the device is 
currently on an FDA clinical hold (Genetic Engineering & Biotechnology News 2018). 
Titanium osmotic pump manufacturing can be very expensive, as these pumps require 
extremely tight dimensional and geometrical tolerances as well as lathe machining for 
minimal surface roughness in the inner implant cavity. Intarcia is currently resolving these 
issues, and the Medici Drug Delivery System™ will be adapted for the continuous delivery 
of HIV pre-exposure prophylaxis (PrEP) (Intarcia Therapeutics).  

Osmotic pumps have been further developed to improve intravesical drug delivery using 
osmotic flow of H2O from urine instead of interstitial fluid. GemRIS™ and lidocaine-
releasing intravesical system (LiRIS®) (TARIS Biomedical®, Lexington, MA, USA), which 
utilize the TARIS® System, are elastomeric tubular osmotic intravesical implants that 
deliver gemcitabine and lidocaine, respectively, to treat bladder diseases. The TARIS® 
System is a dual-lumen silicone tube containing an osmotic engine encompassing the 
solid drug core in one lumen and nitinol wireform in the other (Figure 3C). The 
permeability of silicone permits H2O from the urine to diffuse through the osmotic engine 
into the drug core and dissolve the drug. This creates an osmotic pressure in the osmotic 
engine that forces drug solution out through the orifice (Figure 3B).  

Intravesical osmotic pumps are currently undergoing clinical trials. GemRIS™ completed 
a phase 1b clinical trial to assess its safety and tolerability in muscle-invasive bladder 
cancer patients (NCT02722538) (Taris Biomedical LLC). GemRIS™ will also undergo a 
phase 1b clinical trial with Opdivo® (nivolumab) in the same patient population as well as 
two other clinical trials for non-muscle-invasive bladder cancer (NCT02720367) and 
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muscle-invasive bladder cancer unfit for radical cystectomy (NCT03404791) (Taris 
Biomedical LLC; Taris Biomedical LLC). 

An advantage of the TARIS® System is that the drug is loaded in solid form, which 
augments its loading efficiency. Also, the implant does not have moving components, 
decreasing the risk of potential failure and reducing fabrication costs. The device can 
achieve local sustained release of drug, minimizing side effects and frequent drug 
catheter injections to the bladder. These implants have received positive feedback from 
people who suffer from bladder diseases seeking a new drug administration strategy 
(Cima et al. 2014; Herrlich et al. 2012; Matheson 2014; Nickel et al. 2012; Taris 
Biomedical LLC). Nonetheless, accidental rupture of the implant can cause drug overdose 
from the dissolving solid drug core, and the device may be difficult to efficiently remove 
from the body without cystoscopy. 

2.4.2.  Peristaltic pumps 

Peristaltic pumps have been used clinically for many years. In 1881, Eugene Allen was 
the first to patent the peristaltic pump in the US for blood transfusions (US249285A) (Allen 
1881; INTEGRA Biosciences). Years later, cardiothoracic surgeon Dr. Michael DeBakey 
created the DeBakey pump that was used in the Gibbon heart-lung machine in 1953 
(Winters 2015). Positive displacement is the driving force for pumping fluids contained in 
a tube inside the peristaltic pump. Rollers attached to the external circumference of a 
rotor compress the flexible tube, trapping liquid drug doses between rollers. As the rotor 
rotates, the rollers displace the drug in the tube and the tube returns to its natural state 
after passage of the drug, a process known as peristalsis (Figure 4A). This peristalsis 
transports the drug toward the pump outlet and into a catheter for delivery to the target 
site. 

  



16 

 
Figure 4. Peristaltic pump drug release mechanism and design. (A) Peristaltic pump drug release 
mechanism: a central rotor with rollers attached to its circumference rotates, compressing the flexible tube, 
trapping liquid drug doses between rollers and displacing it through the catheter. (B) General outer 
schematic of implantable pumps: a discoidal-shaped implant with a central reservoir fill port that can be 
accessed percutaneously, a catheter port that connects the catheter and implant, and suture loops to 
securely anchor the implant in the abdominal pump pocket. 

 

This technology has been applied to create an implantable peristaltic pump capable of 
chronically administering therapeutics at the target site (Berg and Dallas 2013). However, 
the implant is relatively large to accommodate the mechanical components, battery, and 
drug. As such, the volumetric loading efficiency, defined as the ratio of drug reservoir 
volume to implant volume, is greatly limited to 22–30% (Medtronic 2011). A disadvantage 
of this pump is that its size restricts the implantation site, requiring a catheter to administer 
the drug at the target site. This technological platform is already on the market as the 
SynchroMed™ II pump (Medtronic, Fridley, MN, USA), an implantable FDA-approved 
system composed of a pump reservoir, reservoir fill port, reservoir valve, pump tubing, 
check valve, catheter port, and implanted catheter (Figure 4B) (Kosturakis and Gebhardt 
2012; Pope and Deer 2015). Drug is percutaneously loaded in the reservoir fill port and 
passes through the reservoir valve into the pump reservoir. The design of the pump 
reservoir involves pressurized gas stored below the reservoir. Thus, at normal body 
temperature, the gas expands and displaces the drug in the pump reservoir into the pump 
tubing. The SynchroMed™ II pump then transports the drug in a peristaltic motion through 
the pump tube, check valve, catheter port, and implanted catheter, where it is released at 
the target site (Bolash et al. 2015; Christo and Bottros 2014; Meng and Hoang 2012b; 
Pope and Deer 2015).   

This pump is FDA-approved for the chronic delivery of treprostinil, morphine sulfate, and 
ziconotide. Intravenous treprostinil, epidural/intrathecal morphine sulfate, and intrathecal 
ziconotide are delivered for the treatment of pulmonary arterial hypertension, chronic 



17 

intractable pain, and severe chronic pain management, respectively (Bourge et al. 2016; 
Medtronic 2017). In Sweden, the SynchroMed™ II pump is administering 
intracerebroventricular PDFG-BB in Parkinson’s disease patients in a phase 1/2a study 
evaluating its safety and tolerability (NCT00866502) (Newron Sweden AB; Paul et al. 
2015).  

Chronic drug delivery requires careful dose monitoring by a healthcare professional to 
maintain adequate therapeutic levels. The SynchroMed™ II pump can be programmed 
by telemetry to deliver a wide range of therapeutic flow rates, thus personalizing the drug 
dose for each patient (Li et al. 2012; Medtronic 2017). Likewise, pain tolerance differs 
between patients, so an advantage of this pump is that the patient can self-administer an 
additional dose through a personal therapy manager (PTM), a handheld accessory with 
a lockout system ensuring that the patient does not administer more drug than is approved 
by the doctor (Bhatia et al. 2014). Currently, the PTM is undergoing a phase 4 clinical trial 
for patient-controlled intrathecal analgesia with bupivacaine for chronic low back pain 
(NCT02886286) (Ilias et al. 2008; Salim M Hayek and University Hospitals Cleveland 
Medical Center).  

Because these pumps require a battery, their lifespan is limited to 4–7 years. Also, their 
low volumetric loading efficiency of 22–30% requires a large pump and limits the size of 
the reservoir compared with the volume of the device. Consequently, patients must go to 
a healthcare professional to refill the pump every 3–4 months, which affects patient 
acceptability (Bolash et al. 2015; Christo and Bottros 2014; Meng and Hoang 2012b; 
Pope and Deer 2015). Another setback is reports that magnetic resonance imaging (MRI) 
temporarily stops the pump motor rotor. As a result, all patients must undergo assessment 
of pump motor function after an MRI (Kosturakis and Gebhardt 2012; Pope and Deer 
2015). Peristaltic systems are also costly to manufacture (Rajgor et al. 2011).   

2.4.3. Infusion pumps 

Infusion pumps utilize a chlorofluorocarbon propellant, whose change from liquid to gas 
at body temperature serves as the driving force to deliver a drug. This implantable 
mechanical system is divided into two chambers: propellant and drug. The drug chamber 
is a collapsible bellow that compresses as gas expands from the propellant chamber. This 
forces the drug out through an exit port into the pump catheter (Figure 5). Because body 
temperature is constant, the drug is delivered at a steady rate and is tunable by changing 
the drug concentration in the drug reservoir. An advantage of infusion pumps is that no 
battery is required for drug administration, avoiding the need for replacement (Rajgor et 
al. 2011).   



18 

 
Figure 5. Infusion pump drug release schematic. The infusion pump is divided into two chambers: a 
collapsible drug reservoir and a propellant chamber. At body temperature the propellant changes from liquid 
to gas compressing the drug reservoir thus forcing the drug out through the restrictor filter into the pump 
catheter. The drug reservoir is refilled with a designated needle that closes the safety valve avoiding drug 
release while refilling.  

 

The Codman® 3000 pump (Codman & Shurtleff, Inc., Raynham, MA, USA) is an infusion 
pump FDA-approved for intrathecal delivery of morphine sulfate for pain management 
and hepatic arterial infusion of chemotherapy to the tumor site. The pump achieves a 
constant flow rate by maintaining a pump drive pressure of approximately 0.6 bar at body 
temperature. There are different titanium Codman® 3000 pump drug reservoir sizes: 16, 
30, or 50 ml. Thus, the Codman® 3000 pump size depends on the model and can 
measure 6.12–8.64 × 3.20–3.74 cm and weigh 98–173 g. As a result, a disadvantage of 
the pump is its low volumetric loading efficiency of 14–29%. However, the pump can be 
transcutaneously refilled every 4–8 weeks through a self-sealing silicone central port 
(Baert et al. 2008; Codman & Shurtleff 2003; Codman & Shurtleff).  

In a study evaluating baclofen delivery for severe spasticity treatment, the Codman® 3000 
pump demonstrated an accuracy higher than 90% (Ethans et al. 2005). Although this 
accuracy is similar to that of peristaltic pumps, the infusion pump has a lifetime warranty 
advantage as it omits the battery. Furthermore, a pilot study of the delivery of darunavir 
via the caudal vena cava by the Codman® 3000 pump for HIV PrEP confirmed a steady-
state plasma drug concentration with an average of 40 ng/ml in two dogs. This study also 
highlights the versatility of the pump and catheter through its adaption to deliver viscous 
solutions (Baert et al. 2008). Although the Codman® 3000 pump is highly acceptable by 
patients, especially for hepatic arterial infusion for chemotherapy, its production stopped 
in April 2018. This halt was likely due to low profitability, with pumps costing from $7,000 
to $11,000 USD, and low demand, with only 300 sales per year in the US (Grady and 
Kaplan 2018). 

Another dynamic implant that relies on a positive driving force to modulate drug dosing is 
the Prometra® pump (Flowonix Medical Inc., Mt. Olive, NJ, USA). This FDA-approved 
chronic pain management pump delivers morphine intrathecally and uses the same 
positive pressure gas expansion actuation design as the Codman® 3000 pump but with 
battery-powered valves for flow regulation (Figure 4) (Christo and Bottros 2014; Cobo et 
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al. 2015; Kumar and Pillai 2018; Wilkes 2014). The titanium device is relatively large to 
accommodate the electrical components that permit remotely controlled drug release, 
measuring 7.1 × 2 cm with an unfilled weight of 150 g and drug reservoir volume of 20 
ml. Programmable dose changes are a big advance for implants, as they give patients 
the ability to self-administer drug from an implant as they would with oral pills. The FDA-
approved patient therapy controller (PTC™) offers patients flexibility to manage their pain 
(Deer and Pope 2015; Flowonix Medical). Also, external control of dosing is a requirement 
for pain management because dosing throughout the day is variable (Kumar and Pillai 
2018). 

In a study of 110 patients with chronic pain, Prometra® pumps had higher dosing 
accuracy when administering morphine sulfate compared with SynchroMed™ II 
pumps(Christo and Bottros 2014; Rauck et al. 2010). This could be attributed to the 
Prometra® pump valves delivering more precise drug doses due to their employment of 
simple open-and-close mechanisms. By contrast, SynchroMed™ II pumps have a fixed 
drug dose between rollers that cannot be finely tuned. Furthermore, the accuracy, 
efficacy, and safety of Prometra® pumps were demonstrated in patients for up to 12 
months (Kalyvas et al. 2014; Rauck et al. 2013; Rauck et al. 2010). 

A major disadvantage of Prometra® pumps is the need to completely remove medication 
prior to MRI, as magnetic fields may open the valves and empty the drug reservoir, 
causing drug overdose (Christo and Bottros 2014; Pope and Deer 2015). To avoid this 
procedure and achieve an MRI-compatible implant, a flow-activated safety valve (FAV™) 
was incorporated in the new pump model, Prometra® II. However, the pump was recalled 
in 2017 due to a failure of the FAV™ during an MRI scan, resulting in a patient receiving 
a fatal dose (U.S. Food and Drug Administration 2018). Although Prometra® II was 
designed to prevent the need for pre-MRI medication removal, the recall mandates 
emptying the drug reservoirs in Prometra® and Prometra® II pumps before an MRI scan 
(Flowonix Medical 2018). However, as physicians and healthcare workers are aware of 
this necessity, this is not a restrictive problem with careful monitoring.  

In summary, pumps with different mechanisms of action can be chosen depending on the 
patient’s disease, drug release longevity, and site of implantation. Larger peristaltic and 
infusion pumps can possibly be used to treat chronic diseases due to their larger drug 
reservoir and refill feature, whereas smaller osmotic pumps maintain constant drug 
release for systemic or site-specific effects (Kumar and Pillai 2018). A comparison of 
advantages and limitations of peristaltic, osmotic, and infusion pumps is shown in Table 
2. 
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Table 2. Comparison among peristaltic, osmotic, and infusion pumps. 

Implant Development 
Status Advantages Limitations 

SynchroMed™ 
II pump 

• FDA-approved 
• Clinical trials: 

NCT00866502, 
NCT02886286 

 

• Transcutaneous 
refilling 

• Telemetry dosing 
• PTM patient self-

administration 
• Site-specific drug 

release with catheter 

• Large size 
• Needs battery 
• Movable mechanical components 
• Low volumetric loading efficiency 
• Requires invasive surgery 
• Pump and catheter malfunctions 
• Requires specific drug 

formulation 
• Drug instability requires refill 

every 3–4 months 

Medici Drug 
Delivery 
System™ 

• FDA clinical 
hold 

 

• Small size and 
optimal shape 

• Drug versatility 

• Holds less than 1 year dose 
• Implant must be exchanged after 

6 months 
• Movable mechanical components 

TARIS® 
System 
 

• Clinical trials: 
NCT02722538, 
NCT02720367, 
NCT03404791 

• Small size and 
optimal shape 

• Site-specific 
(intravesical) 

• Drug released for 
weeks to months for 
optimal treatment 

• Difficult insertion and removal 
procedures 

Codman® 
3000 pump 

• FDA-approved 
• Discontinued 

• Transcutaneous 
refilling 

• Overfill safety 
features 

• Drug reservoir 
versatility 

• Nominal flow rate 
versatility 

• No battery 
• Site-specific drug 

release with catheter 

• Large size 
• Requires invasive surgery 
• Requires refill every 4–8 weeks 

to expand bellow 
• Low volumetric loading efficiency 
• Requires specific drug 

formulation 
 

Prometra® and 
Prometra® II 
pumps 

• FDA-approved 
• Recalled by 

Flowonix 
Medical Inc. 

• Dosing accuracy 
• PTC™ patient self-

administration 
• Programmable drug 

doses 
• Transcutaneous 

refilling 
• Site-specific drug 

release with catheter 
 

• Large size 
• Needs battery 
• Movable mechanical components 
• Low volumetric loading efficiency 
• Requires invasive surgery 
• Pump and catheter malfunctions 
• Requires specific drug 

formulation 
• Drug instability requires refill 

every 3 months 
• Drug reservoir must be emptied 

prior to MRI scan 
 

  



21 

2.5. Microfabricated systems 
In the biomedical field, electromechanical systems offer distinctive solutions for drug 
release related to precision dosing. There is much interest in implants that incorporate 
this technology and are fabricated in the micro- and nanometer range (Kumar and Pillai 
2018). Microscopic and nanoscopic devices with features in the microscale and 
nanoscale array are termed microelectromechanical systems (MEMS) and 
nanoelectromechanical systems (NEMS), respectively. 

When these implants are scaled down, the driving forces of drug release change with 
respect to the decrease in area and volume; forces such as adhesion and surface tension 
have a greater effect on molecules, which is convenient for controlled drug delivery 
(Bhushan 2007). Given the incredible variety of technologies proposed, in this section we 
will review some representative MEMS and NEMS undergoing preclinical research or 
clinical development. 

2.5.1. MEMS 

Fluidic MEMS show potential for drug delivery applications and can be integrated with 
electronic components to allow remote control over drug administration. Santini et al. 
(1999) developed one of the first microfluidic devices capable of pulsatile release. It 
consists of a microfabricated silicon wafer containing an array of drug reservoirs capped 
by gold membranes (Figure 6A and 6B) (Maloney et al. 2005). The device allows the 
selective opening of single reservoirs by applying an electrical potential to the gold 
membranes. An electrochemical reaction causes the complete dissolution of the 
membrane, allowing drug release (Figure 6C). This technology was adapted for leuprolide 
release by Microchips Biotech, Inc. (Bedford, MA, USA). 
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Figure 6. 30-ml Micro-CHIP device used for leuprolide release in dogs. (A) Silicon wafer with 100 30 µl 
drug reservoirs capped by gold membranes. (B) Assembled 30-ml Micro CHIP device. (C) Micro-CHIP drug 
release schematic: an electrical potential to the gold membrane permits selective opening of specific 
reservoir for drug release. (D) Internal circuitry of the implant. (Image 6A, 6B, 6D adapted from (Prescott et 
al. 2006)). 

 

Micro-CHIP allows the remote control of drug delivery. This system utilizes electronic 
circuitry for radio-frequency communication with the remote control unit for triggering 
dissolution of capping reservoir membranes. This system is complex and requires a 
power source consisting of a battery (Figure 6D), which occupies ~40% of the implant 
volume due to the significant power consumption of the device. Micro-CHIP has arrays of 
drug reservoirs of 300–600 nl each that can be individually opened over time, creating a 
pulsatile delivery profile (Farra et al. 2012; Grayson et al. 2004). To mimic constant 
delivery, the reservoirs should be opened at frequent time points. The rate of release from 
each reservoir can be controlled by modification of the dissolving capping layer (Santini 
et al. 2000). 

Micro-CHIP devices have been developed for different experimental applications. One of 
the most relevant applications is the delivery of leuprolide in a canine model (Prescott et 
al. 2006). For this purpose, the implant contains 100 drug reservoirs providing a total 
reservoir volume of 30 µl, corresponding to 2.5 mg leuprolide acetate powder (Grayson 
et al. 2004). The device, with approximate dimensions of 4.5 × 5.5 × 1 cm3, has a volume 
of approximately 30 ml, meaning that its nominal loading efficiency is 0.1%. More recently, 
a different version of Micro-CHIP was tested in a clinical trial (Farra et al. 2012). This 
implant delivers teriparatide, synthetic human parathyroid hormone fragments [hPTH(1-
34)], which is the only treatment approved for anabolic osteoporosis and requires daily 
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injection (Watson 2012). The device, with approximate dimensions of 5.4 × 3.1 × 1.1 cm3, 
contains 20 reservoirs containing 40 µg teriparatide each, providing a total reservoir 
volume of 12 µl. This Micro-CHIP has a volume of approximately 15 ml and a nominal 
loading efficiency of 0.08%. However, Farra et al. (2012) report that the drug loading 
procedure does not allow complete yield of all drug reservoirs, which reduces the effective 
loading efficiency to below 0.08%.  

These implants have the benefit of being made of components that can be 
microfabricated with conventional semiconductor technologies. The shell can be 
machined or injection-molded for the low-cost parallel fabrication of a large number of 
parts. Nonetheless, the assembly, loading, and sterilization of the device is expensive. 
Additionally, the extremely low loading efficiency significantly limits its applicability for 
long-term sustained delivery of therapeutics. However, the Micro-CHIP will be tested with 
a variety of chronic drug therapies since Teva Pharmaceuticals partnered with Microchips 
Biotech Inc. in 2015 (Microchips Biotech 2015). 

Humayun et al. developed prototypes of one of the first ocular MEMS pumps for the 
treatment of DME and noninfectious uveitis. The Posterior MicroPump Delivery System 
(PMP) is implanted on the sclera beneath the conjunctiva and delivers micro- and 
nanodoses intravitreally. The PMP can be wirelessly programmed with The Eye™. The 
device is 13 × 16 × 5 mm in size and is custom-contoured for a reduced front height to fit 
on the outer surface of the eye. The PMP has a drug reservoir with a refill port, battery, 
electronics, electrolysis chamber, and cannula (Figure 7A). When the device is turned on, 
an electrical potential electrolyzes H2O into H2 and O2, which returns to H2O when turned 
off. The gases generate pressure on the drug reservoir and force the drug into the cannula 
at a desired dose (Figure 7B) (Cobo et al. 2015; Gutiérrez-Hernández et al. 2014; 
Humayun et al. 2014; Yasin et al. 2014). Use of the PMP for delivering ranibizumab, an 
angiogenic inhibitor, for 90 days was demonstrated to be safe. However, four of the 
eleven patients received a lower than target dose (Humayun et al. 2014). PMP safety was 
previously assessed in a 1-year canine study (Gutiérrez-Hernández et al. 2014). 
Humayun et al. patented the technology and created the company Replenish Inc. 
(Pasadena, CA, USA), which produces Replenish MicroPumps.  
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Figure 7. Replenish MicroPump schematic and drug release mechanism. (A) Replenish MicroPump 
implanted on the sclera beneath the conjunctiva. (B) Replenish MicroPump drug release mechanism: 
electrodes in the electrolysis chamber generate an electric potential electrolyzing H2O into H2 and O2 when 
the device is turned on. This creates pressure on the diaphragm that shifts drug in drug reservoir and 
displaces it through the cannula. 

 

2.5.2. NEMS 

2.5.2.1.  NEMS for constant delivery 

At the nanoscale, the properties of fluids under confinement can be beneficially 
leveraged. Nanochannels constitute highly precise and accurate delivery vehicles for the 
delivery of therapeutics in a controllable manner. When the size of the channels shrinks 
to the size of the diffusing analytes, wall-to-molecule interactions play a dominant role in 
molecular release, causing constrained and saturated diffusion (Ziemys et al. 2011; 
Ziemys et al. 2010). Therefore, nanochannels can passively control the release of 
molecules through concentration-driven transport as long as the drug reservoir is 
supersaturated (Bruno et al. 2018). Taking advantage of these nanoscale effects, 
constant, sustained release of drugs can be achieved by judiciously tailoring the size and 
surface chemistry of nanochannels. This nanochannel approach was developed by 
various groups, with pioneering studies of silicon nanochannels conducted by Ferrari et 
al. and Desai et al. in the 1990s (Chu et al. 1997; Desai et al. 1999; Ferrari et al. 1995; 
Grattoni et al. 2009; Wen-Hwa Chu et al. 1999).  

Nanochannel membranes can easily be mounted on a drug reservoir to achieve constant 
rate, zero-order kinetic drug release from the reservoir. These implants are still in the 
preclinical phase but have a high market acceptability due to low manufacturing costs. 
The titanium oxide nanotube membrane, NanoPortal Membrane (Nano Precision 
Medical, Emeryville, CA, USA), is attached to a small, rice grain-sized cylindrical implant 
(Figure 8A). This implant was designed to be subcutaneously implanted through an in-
office procedure. Currently, this technology is in preclinical development to release 
glucagon-like peptide-1 agonists for 3 months to up to 1 year (Nano Precision Medical; 
Nano Precision Medical; Nano Precision Medical). A larger cylindrical titanium device 
measuring 4 cm × 4 mm has two membranes with NANOPOR™ (Delpor Inc., San 
Francisco, CA, USA) technology fixed at each end (Figure 8B) (Delpor; Delpor). DLP-202 
and DLP-414 can release hGH for 3 months and exenatide for 3–6 months, respectively 
(Delpor; Delpor). To maintain constant release, drugs must be soluble to form 
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supersaturated solutions within the drug reservoir to saturate the nanochannels. Insoluble 
drugs cannot saturate nanochannels and thus do not have zero-order kinetics. Prozor™ 
(Delpor Inc., San Francisco, CA, USA) technology enables release of insoluble drugs by 
maintaining an acidic pH in the drug reservoir (Delpor). DLP-114 and DLP-119 are a 6–
12-month formulation of risperidone and 3-month formulation of olanzapine, respectively. 
Both are antipsychotic drugs, with risperidone used to treat schizophrenia and olanzapine 
used to treat bipolar disorder (Delpor; Delpor). 

 
Figure 8. NEMS translational research devices. (A) Schematic of nanoportal membrane from Nano 
Precision Medical showing how the nanotubes are the rate-limiting step for drug release from the reservoir 
(Image used with permission from Nano Precision Medical). (B) Drug-versatile Delpor Inc. implant with two 
membranes with NANOPOR™ technology fixed at each end (Image used with permission from Delpor 
Inc.). 

 

The nanochannel Delivery System (nDS) has nanochannels as small as 2.5 nm with tight 
tolerances on size, geometry, and surface properties. It was further developed by Grattoni 
et al. and is currently in clinical translation (Grattoni et al. 2011c; Grattoni et al. 2011a; 
Grattoni et al. 2009). The nDS membrane, a 5 × 20 × 12.3 mm or 43 × 28.5 × 8.7 mm 
silicon chip, represents the core of the nDS implantable technology (Figure 9A). The 
membrane exploits the previously mentioned nanoscale phenomena to passively control 
the constant release of drugs, biological molecules, and nanoparticles without requiring 
movable components or actuation (Figure 9B) (Fine et al. 2010; Grattoni et al. 2011a). 
The implant contains the nDS membrane, a mechanically robust shell, and loading ports 
with sealing components. This simple architecture allows for high effective loading 
efficiency, which, depending on the size and shape of the implant, may range from 60–
90% (Figure 9C). This technology is suitable for the use of drugs in liquid, suspension, 
solid, and powder forms in water, organic solvent, or lipid-based formulations. This offers 
flexibility in terms of its employment for a broad spectrum of therapeutic applications, 
enabling the delivery of drugs in their most stable formulation for long-term treatment. 
Transcutaneous refilling allows the treatment of chronic pathologies over several years 
without need for explantation and replacement. 
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Figure 9. nDS. (A) Differently sized mechanically robust silicon microfabricated nDS membranes, which 
house a defined number of densely packed slit-nanochannels to achieve constant and sustained delivery 
of therapeutics over extended periods of time. (B) Drug release diffusion path through nDS membrane: first 
from drug reservoir to perpendicular microchannels, then rate-limiting horizontal nanochannels, and then 
out through perpendicular microchannels. (C) The membrane is conveniently mounted on a drug delivery 
reservoir with a size and shape that can be optimized for the therapeutic application, drug, duration of 
treatment, and site of implantation. (D) Image of NDES with nDS membrane next to ruler to illustrate its 
small size. (E) Dynamically controlled nDS membrane mounted on polyether ether ketone, sized 24 × 34 × 
4.5 mm3, with an 800-µl drug reservoir chamber and a circuitry chamber with the electronics and battery. 

 

The nDS technology was validated in vitro and in vivo in rodents, dogs, pigs, and non-
human primates with a constant, sustained release of drug molecules and nanoparticles 
over a broad range of molecular sizes at release rates relevant for medical applications 
(Di Trani et al. 2019; Ferrati et al. 2015; Ferrati et al. 2013; Filgueira et al. 2016; Fine et 
al. 2010; Grattoni et al. 2011c; Sih et al. 2013). The nDS can sustain release of HIV PrEP 
antiretroviral drugs, tenofovir alafenamide fumarate, and emtricitabine for 83 days in non-
human primates and allow transcutaneous drug refilling (Chua et al. 2018). Grattoni et al. 
developed a cylindrical intratumoral device approximately 3.5 mm long with a silicone cap 
at one end and a smaller nDS on the other end (Figure 9D). This device, termed the 
nanofluidic-based drug eluting seed (NDES), has a reservoir capacity of 3.3–5 μl and is 
percutaneously delivered intratumorally via minimally invasive insertion with a trocar. The 
authors demonstrated that the intratumoral sustained release of CD40 and OX40 from 
the NDES increases immune cell infiltration. Thus, the nDS nanochannel platform has the 
potential to expand available clinical options for intratumoral immunotherapy delivery 
(Chua et al.; Di Trani et al. 2017; Hood et al. 2016).  

  



27 

2.5.2.2.  NEMS for tunable delivery 

Some diseases require a variable rather than a constant drug delivery dose. The 
passively controlled nDS membrane can be accompanied by electrodes to adjust the 
delivery rate of drugs, allowing for programmable dose modulation, remote titration, and 
responses to sensor feedback (Fine et al. 2011; Grattoni et al. 2011b). After applying a 
1.5V direct current electrical field across the membrane, ionic species redistribute across 
the nanochannels, causing ionic concentration polarization that can be modified to tune 
drug release rate (Bruno et al. 2016; Bruno et al. 2015; Di Trani et al. 2017; Grattoni et 
al. 2011a). The dynamically controlled nDS membrane can be mounted on a drug 
reservoir remotely controlled via Bluetooth Low Energy communication (Figure 9E). This 
technology has been validated in vitro, demonstrating changes in methotrexate release 
when transmembrane potential is applied. A disadvantage of this device is that its 
volumetric loading efficiency is low (22%) due to the volume of the circuitry chamber. 
However, this implant is an adaptable research tool for drug development and 
pharmacological studies (Di Trani et al. 2017). 

To summarize, MEMS and NEMS take advantage of micro- and nanoscale transport 
properties for drug delivery. Nanofluidics enables zero-order drug release kinetics for 
months with no potentially dangerous initial burst release. Although most are not yet FDA-
approved, there is great potential to make small implants that can treat a wide variety of 
diseases. Table 3 shows a comparison of advantages and limitations of MEMS and 
NEMS.  
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Table 3. Comparison between MEMS and NEMS. 

Implant Development 
Status Advantages Limitations 

Microchip 
Human trial 
 
 

• Reservoir-specific trigger 
• Drug versatility 
• Remote control of drug 

administration 
 

• Large size 
• Extremely small drug 

reservoir 
• Very low loading 

efficiency 
• Complex technology 
• Requires battery 
• Difficult insertion and 

removal procedures 
• High fabrication and 

assembly costs 
• Pulsatile drug release 
• Rigid implant 
 

Replenish 
MicroPump Human trial 

• Refillability 
• Drug versatility 
• The Eye™ programmable 

doses 
• Human safety evaluated 

• Requires battery  
• Difficult insertion 

procedure 
• High manufacturing cost 
• Rigid implant 

nDS Translational 
research 

• Zero-order kinetics 
• High loading efficiency 
• Drug and reservoir 

versatility  
• Scalability  
• Transcutaneous refilling 
• Remote tunable release 
• Systemic or site-specific 

drug release 

• High rates of drug 
delivery (mg/day) require 
large membrane surface 
area 

• Difficult insertion and 
removal procedures 

• Rigid implant 
 

NanoPortal 
Membrane  

Translational 
research 

• Drug versatility 
• Zero-order kinetics 
• Small size and optimal 

shape 
• High loading efficiency 
 

• Drug release for 3 
months to 1 year 

• Implant must be 
exchanged 

• Rigid implant 

NANOPOR™ 
technology  

Translational 
research 

• Zero-order kinetics 
• Prozor™ technology for 

insoluble drugs 
• Small size and optimal 

shape  
• High loading efficiency 
• Low manufacturing cost 

• Implant must be 
exchanged 

• Rigid implant 
 

 

2.6. Sites of implantation 
Although implants offer refined and efficacious means for controlled drug delivery, they 
all require placement by a healthcare professional. Surgical procedures vary based on 
the site of implantation and are associated with potential challenges and adverse effects. 
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Although side effects are usually mild, they can be significant in some cases. Here, we 
describe various insertion procedures and provide an overview of their most common 
challenges to provide insight that can aid in the development of the next generation of 
drug delivery implants. Figure 10 illustrates the different sites of implantation for implants. 

 
Figure 10. Sites of implantation for FDA-approved implants and devices in clinical trials. 

 

2.6.1. Intraocular placement  

In addition to drug loading efficiency, the implantation procedure of a device is also of 
great importance when designing an implant. The end goal is the use of a minimally 
invasive in-office procedure by a trained healthcare professional that does not require 
post-operative care. Both ILUVIEN® and Retisert® posterior chamber implantations are 
performed in a doctor’s office, as they require aseptic conditions and anesthesia. 
ILUVIEN® is minimally invasive, whereas Retisert® is invasive due to its shape. The small 
cylindrical shape of ILUVIEN® fits inside a needle and permits intravitreal injection (Figure 
11A). A benefit is that there is no need for stitches as the sclera can self-heal from the 
needle wound, reducing complications (Borkar et al. 2017; Logan et al. 2016). By 
contrast, Retisert® requires sclerotomy along with blood vessel cauterization to insert the 
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irregularly shaped device and sutures to anchor it within the posterior chamber (Figure 
11B). The sclerotomy incision also requires subconjunctival antibiotics and a steroid 
injection (Bausch & Lomb; Yasin et al. 2014). The incision must be re-opened for removal, 
but the implant can be replaced using the same anchoring suture in the sclera. However, 
some ophthalmologists prefer to insert a new Retisert® at another incision site, leaving 
the old implant in place. If the patient requires a third implant, ophthalmologists will 
replace the first implant (Nicholson et al. 2012). Retisert® limitations could be addressed 
by changing the implant shape to a cylinder to allow a non-invasive procedure. The 
irregularly shaped Retisert® device contains 0.59 mg FA compared with 0.19 mg in the 
smaller, cylinder-shaped ILUVIEN®. Accordingly, multiple smaller cylinder implants could 
be injected into the vitreous humor to maintain the therapeutic dose for DME treatment. 

 
Figure 11. Implantation procedures. (A) ILUVIEN® intravitreal insertion. (B) Retisert® sutured in posterior 
chamber. (C) Replenish MicroPump episcleral placement. (D) Implanon®, Nexplanon®, SUPPRELIN® LA, 
and Vantas® insertion in the inner arm with personalized applicator. (E) Four Probuphine® implants 
positioned in fan-shaped distribution in the inner arm. (F) SynchroMed™ II, Codman® 3000, and Prometra® 
pump surgery for abdominal subcutaneous placement of the pump and intrathecal catheter. (G) 
SynchroMed™ II pump surgery for abdominal subcutaneous placement of the pump and intravenous 
catheter. (H) GemRIS™ and LiRIS intravesical insertion with a catheter-like tool.  
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Even though implantable devices offer the obvious and needed advantages of site-
specific therapeutic delivery, there are some limitations and challenges directly related to 
the physical presence of an object in the eye. Patients must be monitored for the most 
common complications, intraocular pressure elevation and endophthalmitis, after 
implantation, because a foreign device is introduced into a pressure-regulated chamber 
(FDA Reference IDs: 2955048; 3635981) (Alfaqawi et al. 2017; Bausch & Lomb; Borkar 
et al. 2017; Logan et al. 2016; Parrish et al. 2016; Wright and Hall 2016; Yasin et al. 
2014). Although ILUVIEN® has the convenience of a suture-less procedure, there are 
reports of implant migration into the anterior chamber, blocking the visual axis, and 
dislodgement into the infusion cannula during vitrectomy (Andreatta et al. 2017; El-
Ghrably et al. 2015; Moisseiev and Morse 2016; Papastavrou et al. 2017). Reported 
Retisert® adverse effects are mostly sclerotomy-related: hypotony, temporary decrease 
in visual acuity, cataract formation, choroidal detachment, retinal detachment, vitreous 
hemorrhage, wound dehiscence, implant dislocation, and scleral melt (FDA Reference 
ID: 2955048) (Almeida et al. 2015; Chang et al. 2015; Freitas-Neto et al. 2015; Petrou et 
al. 2014; Yasin et al. 2014). For these reasons, the doctor performs indirect 
ophthalmoscopy to verify correct placement of the implant, adequate central retinal artery 
perfusion, and absence of complications (FDA Reference IDs: 2955048; 3635981) 
(Bausch & Lomb; Yasin et al. 2014). Nonetheless, as previously mentioned, the benefits 
of both of these implants outweigh the few complication reports. 

An approach to avoiding placement of foreign devices in the vitreous humor is to anchor 
an implant episclerally and deliver drugs into the posterior chamber through a cannula, 
like the Replenish MicroPump. The PMP reservoir and intraocular cannula are sutured 
episclerally between the superior and lateral rectus muscles to impede movement (Figure 
11C). A sclerotomy is required, but the incision is small as only the cannula must be 
inserted into the posterior chamber, followed by suturing of the conjunctiva (Humayun et 
al. 2014). An advantage of the PMP is its ease of access and the possibility of refilling the 
drug reservoir, eliminating future device removal or replacement (Yasin et al. 2014). A 
major limitation of the PMP is that it has not undergone clinical trials, so although it has a 
refill feature, its safety and efficacy have yet to be established. 

2.6.2. Upper inner arm subcutaneous placement 

The subcutaneous tissue is advantageous for drug delivery because the gastrointestinal 
tract is bypassed, thus improving drug bioavailability for systemic administration (Kumar 
and Pillai 2018). Also, the implantation site should be discrete but readily accessible for 
a quick in-office procedure and not uncomfortable to the patient. Thus, the most widely 
used implantation site in the clinic is the upper inner arm, for which implants are cylindrical 
and have a personalized applicator device that facilitates their insertion. Implant 
placement is an in-office procedure performed by a trained healthcare provider that takes 
approximately 10 minutes. Implanon®, Nexplanon®, SUPPRELIN® LA, and Vantas® are 
inserted in the inner side of the non-dominant upper arm approximately 8–10 cm above 
the medial epicondyle of the humerus after injection of local anesthesia (Figure 11D) 
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(FDA Reference IDs: 2887911, 3080389, 4099967, 4100681). Probuphine® implants are 
inserted at the same site but require a minor incision followed by insertion of four implants. 
These are positioned in a close fan-shaped distribution 4–6 mm apart with the fan opening 
toward the shoulder (Figure 11E) (FDA Reference ID: 4215185) (Itzoe and Guarnieri 
2017; Smith et al. 2017). Interestingly, different subcutaneous implantation sites have 
been adapted to meet the patient’s needs. Nexplanon® was inserted in the scapular 
region in patients at risk of self-removal of the implant (Pragout et al. 2018). In elderly 
patients, Vantas® is subcutaneously inserted in the abdominal region due to patient-
limited arm mobility (Woolen et al. 2014). 

When inserting implants into the upper arm, it is important to avoid the sulcus between 
the biceps and triceps muscles and the neurovascular bundle that lies deeper in the 
subcutaneous tissue to avoid complications such as peripheral nerve injury and 
paresthesia (Laumonerie et al. 2018). Equally important, the presence of the device must 
always be verified immediately after insertion to circumvent implant migration. There are 
reports of difficulty removing Implanon®/Nexplanon® devices associated with peripheral 
nerve injury and implant migration (Barlow-Evans et al. 2017; Chevreau et al. 2018; 
Chung et al. 2017; Diego et al. 2017; Guiahi et al. 2014; Laumonerie et al. 2018; Odom 
et al. 2017). Regardless, the benefits are indisputable given the high efficacy rate and 
that most common adverse effects reported for these implants include erythema, 
hematoma, application site pain, and edema are quick to resolve  (FDA Reference IDs: 
2887911, 3080389, 4099967, 4100681, 4215185) (Davis et al. 2014; Donnelly et al. 2015; 
Eugster 2015; Fisher et al. 2014; Itzoe and Guarnieri 2017; Pedroso et al. 2015; Serati et 
al. 2015; Shumer et al. 2016; Silverman et al. 2015; Simon et al. 2016; Smith et al. 2017). 

2.6.3. Abdominal subcutaneous placement  

The size of peristaltic and infusion pumps necessitates catheters for site-specific drug 
delivery and restricts them to a subcutaneous abdominal implantation site. SynchroMed™ 
II, Codman® 3000, and Prometra® pumps require surgery under general anesthesia, 
resulting in a significantly higher costs, as this procedure take 1–3 hours in an operating 
room due to the requirement for fluoroscopy for intrathecal catheter placement and 
verification (Flowonix Medical Inc 2017; Medtronic 2017). At this implantation site, 27% 
of reported complications of intrathecal delivery are related to surgical procedures 
(Stetkarova et al. 2010). A surgeon implants a filled pump subcutaneously in the abdomen 
in a pump pocket no more than 2.5 cm from the surface of the skin and connects the 
intracatheter (Figure 11F). The pump pocket and the spinal incision site are irrigated, 
sutured, and covered in dressing to avoid infection (Flowonix Medical Inc 2017; Medtronic 
2017). For intravenous treprostinil administration, a catheter is inserted into the superior 
vena cava via a subclavian, cephalic, jugular, or axillary puncture, anchored to the 
venotomy site, and connected to the abdominal pump pocket (Figure 11G) (Bourge et al. 
2016). 

A benefit of these pumps is transcutaneous drug refill, allowing longer treatment 
durations. However, potential severe complications from erroneous subcutaneous 
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injection of drug during device refilling have been reported (Maino et al. 2014; Perruchoud 
et al. 2012; Ruan et al. 2010). With this in mind, ultrasound-guided pump refill is a feasible 
and simple technique that reduces the probability of refill-related complications (Gofeld 
and McQueen 2011; Saulino and Gofeld 2014). Common minor adverse effects reported 
for SynchroMed™ II, Codman® 3000, and Prometra® pumps are implant site pain, 
edema, and hematoma (Codman & Shurtleff; Ethans et al. 2005; Pope and Deer 2017; 
Rauck et al. 2013). As previously mentioned, these pumps have movable components 
that control drug delivery, increasing the risk of device malfunctions. There are reports of 
cases in which the pump had to be explanted due to pump failures (Kalyvas et al. 2014; 
Riordan and Murphy 2015; Sgouros et al. 2010). These discoidal pumps are limited by 
their size and therefore necessitate catheters to deliver the drug to the site of interest. 
Given that most complications are attributable to catheter malfunctions, implants should 
be redesigned to omit the need for catheters (Ethans et al. 2005; Kalyvas et al. 2014; 
Miracle et al. 2011; Stetkarova et al. 2010). Even though abdominal subcutaneous 
placement of pumps clearly has limitations and challenges, the devices have had a 
positive impact on improving patient health and living conditions, outweighing the 
complications and reported adverse effects.  

2.6.4.  Intravesical placement 

Other implants that have a drug release rate dependent on the targeted organ are 
GemRIS and LiRIS. Both of these site-specific devices are placed in the bladder as an 
in-office procedure that does not require an operating room. Insertion of the implant was 
a priority in their design, as it changes shape after it is implanted in the bladder. At first, it 
is shaped as a long tube positioned in a catheter-like tool that enables easy insertion into 
the bladder (Figure 11H). After delivery, the implant wire restructures the implant into a 
pretzel-like shape that impedes expulsion of the device through the urethra. After the 
treatment period, the implant is removed via cystoscopy (Matheson 2014; Nickel et al. 
2012). Possible complications are yet to be reported, as these implants are currently in 
clinical trials. 

2.6.5. Next generation of implantable drug delivery systems 

The complexity and limitations of surgical procedures for implantation and explantation 
have significant effects on patient acceptability of the technology. As such, future device 
designs should employ minimally invasive approaches, smaller implant volumes, and 
fewer insertion-explantation procedures to fully leverage their potential. Cylindrical 
devices, such as the polymeric implants Implanon®/Nexplanon®, SUPPRELIN® LA, 
Vantas, and ILUVIEN® and the osmotic pumps GemRIS, LiRIS, and Viadur®, have 
minimally invasive insertion procedures. Yet, their major disadvantage is the need for 
implant replacement if the patient wishes to continue the medication. For this reason, 
implants intended to be inserted subcutaneously in the inner arm need to incorporate a 
drug refill feature, like pumps. As previously mentioned, the discoidal subcutaneous 
abdominal pumps SynchroMed™ II, Codman® 3000, and Prometra® II have this feature, 
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but the pump size is a key limitation, as it requires surgery for implantation-explantation. 
If implants are to become a mainstream drug administration route, implants should be 
carefully designed with a small volume for minimally invasive implantation and chronically 
sustained drug delivery eluding insertion-explantation with drug refillability.  

Even if new implants are designed with these considerations, patient counseling will be 
crucial to increase acceptability. Implantation procedures lower patient acceptance 
because all procedures guarantee pain and discomfort, even if only from the local 
anesthetic. Therefore, patients will require counseling to show the potential cumulative 
benefits of prolonged compliance-free therapy, with optimized drug delivery far 
outweighing potential risks and immediate discomfort (Danckwerts and Fassihi 1991; 
Kumar and Pillai 2018; Rajgor et al. 2011). Also, data demonstrating the value of using 
implants over conventional treatment could drive insurance companies to cover the costs. 
Insurance companies may be more willing to pay for less expensive conventional therapy 
than to reimburse an outpatient procedure to insert the implant as well as cover the costs 
associated with the implant (i.e. refilling, removal, etc.). 

2.7. Deployment in the developing world 
The burden of chronic diseases in developing countries is rapidly increasing and has 
unfavorable social, economic, and health consequences (Alwan et al. 2010). Often, these 
countries have unreliable healthcare services that incite poor health practices, medication 
non-adherence and subsequently increase mortality rates. An important cause of non-
adherence in developing countries is the high cost of therapeutics and paucity of health 
resources, which results in waste and underutilization of already limited resources. Also, 
healthcare center visits are linked to patient compliance since these trips are time-
consuming and expensive.  To ensure that all countries receive quality healthcare, 
national and international agencies must invest in developing countries (Atinga et al. 
2018; Fullman et al. 2017; Pagès-Puigdemont et al. 2016; World Health Organization 
2003). A proposal to resolve medication non-adherence due to lack of health resources 
and healthcare centers are long-term drug delivery devices. The Bill and Melinda Gates 
Foundation, among others, strive to resolve this issue by supporting different companies 
for the development of long-term sustained release implants that can be administered in 
developing countries.  

Pregnancy is not a chronic disease but does require sustained prenatal care to ensure 
that both the baby and mother are healthy. Sustainable Development Goals call for a 
reduction in maternal deaths to fewer than 70 per 100,000 by 2030 (Kassebaum et al. 
2016). Moreover, Millennium Development Goals call for universal access to reproductive 
healthcare, specifically contraceptives. Providing free contraception implants to girls and 
women in developing countries could benefit 120 million women and help prevent 
approximately 30 million unintended pregnancies, which in turn would reduce infant and 
maternal mortality by 280,000 and 30,000 deaths, respectively (Bill & Melinda Gates 
Foundation).  
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The Bill and Melinda Gates Foundation invested in Microchips Biotech to develop a 
microchip that releases levonorgestrel, a progestin, for 16 years and can be stopped at 
any time with a wireless controller (Lee 2014). Jadelle® (Bayer, Leverkusen, Germany) 
is a polymer-based levonorgestrel-releasing implant similar to Implanon®. Jadelle® was 
prequalified by the World Health Organization in 2009, and the Jadelle Access Program 
was launched by the Bill and Melinda Gates Foundation and Bayer in 2013. The goal of 
this program is to deliver 27 million implants in 6 years. Bayer will supply the Jadelle® 
implants, and the Foundation will cover default risk. Although Jadelle® is approved in the 
US, it was not sold as of 2015 (Bayer AG Pharmaceuticals).  

The Bill and Melinda Gates Foundation has also taken interest in the prevention of HIV 
and supported the research of Intarcia Therapeutics, Inc. to develop a pump that can 
store enough drug doses for 6–12 months, enabling people in developing countries to 
have HIV protection (Intarcia Therapeutics Inc). Although the Bill and Melinda Gates 
Foundation has taken a big step toward investing in drug delivery implants in developing 
countries, more efforts are needed. 

Feasibility of deploying implants mentioned in this review in developing countries is 
predominantly connected with simplicity in device implantation and patient acceptance. 
As previously discussed, larger abdominal pumps would not be as attainable because 
they require invasive surgery, healthcare provider refilling training and are expensive. 
Agencies and foundations should invest in deploying intraocular devices considering 
ILUVIEN® is a promising candidate for diabetic macular edema treatment due to 
prolonged release and no need for explantation. Tunable implants are also an 
encouraging solution in developing countries being that healthcare providers can adjust 
medication regimes and monitor patients through telemedicine, thus decreasing 
healthcare center visits. Even though implantable drug delivery systems have proven to 
be effective with minor reported adverse effects, a major limitation is patient acceptance. 
Some studies revealed one of the reasons for medication non-adherence is that patients 
usually prefer spiritual or divine healing causations beyond medical treatment, as a result 
of low trust in medication efficacy and fear of side effects (Atinga et al. 2018; Pagès-
Puigdemont et al. 2016). If patients begin to trust medication efficacy, then acceptance of 
implants will undoubtedly increase in developing countries. 

 

2.8. Conclusions 
The treatment of chronic diseases will shift from oral dosing to implantable drug delivery 
devices as they obviate patient non-adherence and potentially limit side effects. Different 
passive and dynamic drug delivery technologies have received FDA approval, are in 
clinical trials, or are in an advanced stage of development. Consideration of current 
implantation procedures can further improve implant designs and thereby increase patient 
acceptability. Long-term delivery devices for chronic illness treatment with minimally 
invasive approaches for implantation should be employed for use in developing countries 
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and to reduce DALYs. In conclusion, advanced implantable drug delivery devices hold 
promise as more effective treatment tools, transforming the clinical landscape of 
therapeutics given the growing incidence of chronic diseases. 
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3.1. “Abstract 
Preexposure prophylaxis (PrEP) with antiretrovirals (ARV) can prevent human 
immunodeficiency virus (HIV) transmission, but its efficacy is highly dependent on strict 
patient adherence to daily dosing regimen. Long-acting (LA) ARV formulations or delivery 
systems that reduce dosing frequency may increase adherence and thus PrEP efficacy. 
While cabotegravir (CAB) long-acting injectable (CAB LA), an integrase strand transfer 
inhibitor (INSTI), reduces dosing frequency to bimonthly injections, variable 
pharmacokinetics (PK) between patients and various adverse reactions necessitate 
improvement in delivery methods. Here we developed a subcutaneously implantable 
nanofluidic device for the sustained delivery of CAB formulated with 2-hydroxypropyl-β-
cyclodextrin (βCAB) and examined the pharmacokinetics (PK) in Sprague-Dawley rats 
for 3 months in comparison to CAB. Our study demonstrated βCAB treatment group 
maintained clinically-relevant plasma CAB concentrations 2 times above the protein-
adjusted concentration that inhibits viral replication by 90% (2 × PA-IC90) and drug 
penetration into tissues relevant to HIV-1 transmission. Further, we successfully fitted 
plasma CAB concentrations into a PK model (R2=0.9999) and determined CAB apparent 
elimination half-life of 47 days. Overall, our data shows the potential of sustained release 
of βCAB via a nanofluidic implant for long-term PrEP delivery, warranting further 
investigation for efficacy against HIV infections. 
 
Keywords: HIV, cabotegravir, PrEP, implant, formulation 
 

3.2. Introduction 
HIV-1 has infected 77.3 million people since the start of the epidemic and is now a 
pandemic with approximately 36.9 million people living with the illness and approximately 
1.8 million new infections occurring yearly1. The Joint United Nations Programme on 
HIV/AIDS (UNAIDS) spent substantial resources to combat this disease and established 
a strategic roadmap toward reducing the number of new infections below 500,000 by 
2020. However, the 2016 ‘Prevention Gap Report’ from the UNAIDS indicated that 
attempts to reach this milestone have derailed, with increasing HIV incidence in some 
countries2. Considerable efforts are focused on prevention strategies, of which PrEP with 
ARVs are proven to be effective at reducing the incidence of HIV-1 infection as observed 
in the HPTN 052-TaSP, Partners PrEP, and iPrEx studies3-5. Thus far, Truvada, an oral 
fixed-dose formulation of two nucleotide reverse transcriptase inhibitors, tenofovir 
disoproxil fumarate (TDF) and emtricitabine (FTC) (TDF/FTC), is the only Food and Drug 
Administration (FDA)-approved ARV for HIV-1 PrEP. Daily oral Truvada dosing confirmed 
by detectable drug levels has demonstrated 92% risk reduction in HIV-1 infection in men 
and transgender women who have sex with men and 90% in sexually active heterosexual 
adults4-9. On the contrary, poor adherence to PrEP exhibited no relative risk reduction on 
the rates of HIV-1 acquisition8,10,11.  
 
Prevention is paramount and superior strategies for HIV-1 PrEP are needed to improve 
adherence and reach the goal of ending the pandemic by 203012. In light of this, extensive 
global endeavors are focused on developing biomedical tools to expand HIV PrEP 
implementation and adherence. Long-acting (LA) ARV formulations or delivery systems 
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are emerging strategies that could vastly improve adherence to HIV-1 PrEP by offering 
the advantage of systemic delivery for prolonged periods of time. One such molecule is 
cabotegravir (CAB), an integrase strand transfer inhibitor, currently undergoing clinical 
investigation as an oral and LA intramuscular injectable for HIV-1 treatment and 
prevention in the LATTE-2 study13. In fact, CAB monotherapy has shown no major 
integrase resistance mutations in comparison to resistance observed in Truvada14,15. CAB 
LA exhibits a half-life of approximately 40 days enabling monthly or bimonthly injections 
consequently improving patient PrEP adherence16,17. Currently, CAB LA is in clinical 
studies evaluating safety and efficacy in comparison to daily oral Truvada (NCT03164564 
and NCT02720094)18,19. However in HPTN 077, 90% of participants reported injection 
site pain while 5% discontinued from the study from adverse events16,20,21. Further, results 
from this study demonstrated more frequent dosing resulted in more consistent 
pharmacokinetic parameters, but high inter-individual variability have been observed with 
CAB LA21. Thus, CAB LA displays inconsistent pharmacokinetics, likely due to multiple 
factors including the amount of drug, tissue composition at the site of injection, gender 
and body mass index (BMI)17,22. Considering these limitations, CAB delivery methods 
must be improved. 
 
Implantable drug-releasing systems could vastly improve adherence to HIV-1 PrEP by 
offering the advantage of constant local or systemic delivery for prolonged periods of time. 
Monthly vaginal rings containing ARVs are promising yet they have shown limited 
acceptability and success in reducing the risk of HIV-1 infection compared to daily 
Truvada regimen23-26. Some preliminary studies using subcutaneous ARV implants have 
demonstrated the potential of implants for HIV PrEP27,28. For example, the Medici Drug 
Delivery System™, a subcutaneous osmotic pump from Intarcia Therapeutics Inc. is 
undergoing development for controlled systemic PrEP delivery29. Long-term drug release 
from subcutaneous implants could reduce variability observed with CAB LA. 
 
In this study, we explored a nanofluidic technology for the sustained delivery of CAB for 
HIV PrEP. The technology builds on our previous work on implantable delivery devices 
for HIV PrEP30. Here we increased CAB solubility by developing a formulation with 2-
hydroxypropyl-β-cyclodextrin (termed βCAB) and used this formulation in a nanofluidic 
implant to achieve long-term CAB release in vivo. Briefly, we assessed the solubility of 
the modified βCAB with the purpose of enhancing the release from our implant and tested 
this in vitro. We then performed a pharmacokinetic study in healthy Sprague Dawley rats 
and developed a PK model to compare our formulation and delivery strategy with oral 
CAB and CAB LA. Overall our study establishes that improving CAB solubility in βCAB 
increases the drug release rate from the nanofluidic implant and observed plasma drug 
concentrations have predictable pharmacokinetics, overcoming the PK limitations of CAB 
LA.  
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3.3. Materials and methods 

3.3.1. Materials 

All reagents were acquired from Fisher Scientific unless noted otherwise. Cabotegravir 
was acquired from Selleckchem. 

3.3.2. CAB solubility in aqueous solutions of 2-hydroxypropyl-β-cyclodextrin  

Saturated solutions of CAB in PBS, and in 10%, 30%, 50% (w/w) HPbCD in PBS were 
prepared by stirring the excess of CAB in corresponding solutions at 37 ⁰C overnight. 
Saturated solutions were subsequently filtered through a 0.2 μm nylon centrifugal filters 
and used in high-performance liquid chromatography (HPLC) analysis. A standard curve 
was prepared using DMSO solutions of CAB at concentrations of 62.5, 125, 250, 500, 
750, and 1500 μg/mL (g/L). High-performance liquid chromatography (HPLC) analysis 
was performed on an Agilent Infinity 1260 system equipped with diode array and 
evaporative light scattering detectors using 3.5µm 4.6×100 mm Eclipse Plus C18 column 
and water/acetonitrile as eluent. Peak areas were analyzed at 256 nm absorbance. 

3.3.3. 2-hydroxypropyl-β cyclodextrin CAB (βCAB) formulation 

A suspension of CAB (398 mg) in 35.82 mL of methanol was added to a stirring solution 
of 2-hydroxypropyl-β-cyclodextrin (HPbCD) (796 mg) in 33.82 mL of water at room 
temperature. Methanol was evaporated using a rotary evaporator and the resulting water 
suspension was frozen and lyophilized to yield the final product as a white fluffy solid. 

3.3.4. Nanofluidic systems 

For this study the selection of nanofluidic implants was based on drug reservoir volume 
and availability in our laboratory at the time of analysis. Two types of biocompatible and 
interchangeable materials were used for the drug reservoirs: polyether ether ketone 
(PEEK) and 6AI4V titanium. A discoidal PEEK implant possessing a drug reservoir 
volume of 1.4 mL was used for βCAB, where 2-hydroxypropyl-β-cyclodextrin is making 
up 80% of the formulation mass. A smaller 6Al4V titanium implant hosting a reservoir of 
0.2 mL was employed for release of non-formulated CAB. Both types of implants were 
each mounted with a nanofluidic membrane. Briefly, the nanofluidic membrane 
possesses 340,252 13 nm channels densely organized in square arrays and connected 
to the membrane inlet and outlet via arrays of microchannels (Fig. 1). Channels of 13 nm 
in size were selected based on algorithm previously developed by our laboratory31,32. The 
membrane is microfabricated in silicon and coated in biocompatible SiC and TaN for 
bioinertness. The nanochannels were created with a tungsten sacrificial layer technique 
as it has been previously reported by our group. Detailed information regarding the 
membrane structure and fabrication are available in the literature31,32. 
 
Implants were washed, autoclaved and maintained in a sterile field throughout the 
assembly and loading processes. Silicone (NUSIL Technology # MED3-4213) was added 
to the venting port and cured at 60 ⁰C overnight. Membranes were affixed to the drug 
reservoir with implantable grade UV epoxy (EPOTEK # OG116-31). PEEK and titanium 
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reservoirs were loaded with 400 mg of βCAB and 80 mg of CAB, respectively, and sealed 
with UV epoxy to ensure no drug leakage. Priming was performed by injecting PBS 
through the loading/venting port with a 30-gauge needle while maintaining another 30 
gauge needle in the port to release air from the reservoir.  

 

 
 
Figure 1. The nanofluidic implant for subcutaneous HIV PrEP delivery. (A) Rendered image of cross-
section of PEEK (left) and titanium (right) drug reservoirs. (B) Assembled PEEK βCAB (left) and titanium 
CAB (middle) drug reservoirs and 13 nm nanofluidic membrane (right). (C) SEM image of nanochannel 
membrane cross-section displaying drug release through perpendicular microchannels and horizontal 
nanochannels r, reservoir, e, epoxy, m, nanochannel membrane, s, implant shell. 

3.3.5. In vitro release study 

Discoidal PEEK implants mounted with 13 nm nanochannel membranes were loaded with 
either 5 mg CAB (n=5) or 150 mg βCAB (n=5) and placed in sink solution of 20 mL 1X 
PBS which was agitated at 37 ⁰C. A 500 µL sample was removed and replaced with fresh 
PBS every other day for 10 days. Samples were stored at 4 ⁰C until analysis. High-
performance liquid chromatography (HPLC) analysis was performed on an Agilent Infinity 
1260 system equipped with diode array and evaporative light scattering detectors using 
3.5µm 4.6×100 mm Eclipse Plus C18 column and water/acetonitrile as eluent. Peak areas 
were analyzed at 256 nm absorbance. 
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3.3.6. Pharmacokinetic study 

The pharmacokinetics study was conducted at the Comparative Medicine Program 
(CMP), Houston Methodist Research Institute (HMRI), Houston, TX. All animal 
experiments were carried out according to the provisions of the Animal Welfare Act, PHS 
Animal Welfare Policy, and the principles of the NIH Guide for the Care and Use of 
Laboratory Animals. The humane use of animals in research and all procedures detailed 
in the IACUC protocol number AUP-0717-0040 were approved by the Institutional Animal 
Care and Use committee at HMRI. Three (3)-months old male Sprague-Dawley rats (n= 
9) were purchased from Envigo (Houston, Texas, USA) and used in the study. Animals 
were housed under standard conditions and had ad libitum access to water and a 
standard laboratory diet.  
 
Carprofen wafers were administered 24 and 48 hours pre-implantation and 24, 48 and 72 
hours post-implantation. The anesthetized animal was placed in ventral recumbency and 
the subscapular surgical site aseptically prepared. In the subscapular region, a skin 
incision was made perpendicular to the vertebral column. Caudal blunt dissection within 
the incision line created a subcutaneous pocket sufficient for implant placement. The 
βCAB- or CAB-loaded PEEK or titanium nanofluidic device was placed in the 
subcutaneous pocket with the nanofluidic membrane facing the dermis. The skin and 
subcutaneous incisions were closed with absorbable monofilament sutures. Blood was 
collected in K2EDTA coated tubes once biweekly for 3 months by puncturing the 
saphenous vein. Plasma was separated from blood by centrifugation at 5,000 × g for 12 
min at 4 ⁰C and stored at -80 ⁰C until analysis. 

3.3.7. Sample and data analysis 

CAB quantification was performed using validated liquid chromatographic-mass 
spectrometric (LC-MS) methods by the Clinical Pharmacology Analytical Laboratory at 
the Johns Hopkins University School of Medicine. LC-MS methods were validated in 
accordance with FDA, Guidance for Industry: Bioanalytical Method Validation 
recommendations, and assays were developed and validated using human matrices. 
Assay lower limits of quantification were 25 ng/mL and 0.05 ng/sample for plasma and 
tissue, respectively.  Tissue results were normalized to weight of tissue homogenized and 
evaluated. The tissue CAB was validated using remnant human luminal tissue. 
 
Skin tissues were fixed in 10% buffered formalin, embedded in paraffin, cut into 5 µm 
sections and stained with hematoxylin & eosin (H&E) at the Research Pathology Core of 
Houston Methodist Research Institute (HMRI), Houston, TX, USA.  
 
PK analysis was performed using PKSolver add-in for Microsoft Excel developed by 
Zhang et al.33. GraphPad Prism 7 (version 7.04; GraphPad Software, Inc., La Jolla, CA) 
was used to plot all graphs and perform statistical analyses. Data are represented as 
mean ± SD. 
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3.4. Results and discussion 

3.4.1. CAB formulation with 2-hydroxypropyl-β-cyclodextrin 

Drug release through the nanochannel membrane proceeds via passive diffusion and the 
release is driven by a difference in drug concentrations across the membrane. CAB 
solubility in aqueous solutions is low (4.8 μg/mL in PBS), which makes it an ideal 
candidate for long-acting injectable formulations. However, to achieve appreciable 
release rates from reservoir based systems such as ours, solubility needed to be 
enhanced for lipophilic CAB. 
 
We investigated the solubilization enhancement of CAB by a commonly used excipient 
HPβCD. HPβCD forms host-guest complexes with lipophilic molecules: 

 

CD][CAB][HP
CD]HP[CABK


−

=  

All tested solutions were saturated against CAB, therefore [CAB] = 4.8 μg/mL = 1.2×10-5 
M and the association constant K equals the slope of the line in [CAB-HPβCD] – 
[CAB]×[HPβCD] coordinates and was 7.2 ± 0.1 ×102 M-1 (Figure 2 and Supplementary 
Information). Although, the binding constant is poor and 724 eq of HPbCD per CAB are 
needed for complexation, the initial cyclodextrin concentration in βCAB-loaded implants 
is high at ca. 20% (w/w) or 0.16 M. In this solution CAB solubility is enhanced by over 100 
times and equals 0.16 M × 1.2×10-5 M × 7.2×102 M-1 = 1.4×10-3 M = 0.56 mg/mL. 
 

 
Figure 2. Solubilization of CAB by HPβCD. Concentration of CAB-HPβCD is linearly dependent on the 
concentration of HPβCD, consistent with 1:1 inclusion complex stoichiometry. 
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3.4.2. Nanofluidic delivery implant assembly 

To achieve sustained release of βCAB or CAB in this study, we utilized our nanofluidic 
technology for controlled drug delivery (Fig. 1)30,34-41. The nanofluidic system leverages a 
difference in drug concentration between the drug reservoir and interstitial fluid to drive 
passive drug release. The membrane presents geometrically organized arrays of densely 
packed nanochannels, which are connected to the surface via inlet and outlet 
microchannels. For a more in depth description and analysis of these membranes, the 
reader is referred to32,37,39,40,42-44. By considering the physicochemical properties of 2-
hydroxypropyl-β-cyclodextrin and CAB, we selected nanochannels of 13 nm based on an 
algorithm developed through a systematic investigation of various drugs31,34,37,39,40. While 
a difference in concentration drives the drug molecules from the implant reservoir to the 
surrounding subcutaneous environment, the release rate is highly dependent on the 
properties of the drug molecule or molecular complex (solubility, hydrophobicity, net 
molecular charge, and molecule solvated radius), the drug formulation characteristics, 
and the size and surface potential of the silica nanochannels. In this context, the channel 
size of 13 nm was rationally selected for both βCAB or CAB based on our selection criteria 
described elsewhere32.  
 
All discoidal PEEK implants used for in vitro release were loaded with either 150 mg of 
βCAB or 5 mg of CAB solid powder. Implants used in the pharmacokinetic study were 
loaded with either 400 mg of βCAB or 80 mg of CAB solid powder. The amount of CAB 
and βCAB used in vitro and in vivo was established by considering the solubility of both 
compounds, the estimated release rates and the duration of experiment. In each of the in 
vitro and in vivo experiments the mass of drug used was in excess with respect to the 
cumulative released amount at the end of the analysis. To remove excess air between 
solid particles and to ensure drug saturation within the reservoir, PEEK and titanium 
nanofluidic devices were primed with 1 mL and 0.15 mL of PBS, respectively. Hermetic 
sealing was confirmed after implants were placed in PBS under vacuum and no bubbles 
were observed around the seal. Loaded and primed nanofluidic implants were kept in 
sterile PBS until implantation. Substantial amount of residual drug within the nanofluidic 
implants confirmed that the amount of CAB and βCAB was adequate, and the difference 
in loading did not affect the release rate from the devices. 

3.4.3. CAB and βCAB in vitro release 

We evaluated the rate of drug released from nanofluidic devices loaded with βCAB 
formulation and compared it with devices loaded with CAB alone in vitro. Although we 
initially observed a moderate burst release, as of day 2, drug release was steady in both 
groups (Fig. 3). As expected, the increase in the overall CAB solubility caused by 
complexation with HPβCD had a profound effect on the rate of drug efflux from the device. 
Thus, CAB-filled implants were releasing on average 1.44±0.12 µg of CAB per day while 
βCAB-filled ones were releasing 7.84±1.29 µg per day, corresponding to 5.44 increase in 
the release rate. It should be noted that although the drug solubility in βCAB-loaded 
devices increased ca. 100 times, we did not observe a proportional increase in the release 
rate. This discrepancy is likely due to saturation of the diffusive transport capacity of the 
nanofluidic membrane, which controls the release rate similar to an hourglass.  
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Figure 3. Release of drug from CAB- and βCAB- loaded nanofluidic implants into PBS sink solution. The 
slopes correspond to average release rate, µg/day. 

3.4.4. Pharmacokinetic profile of CAB concentration in plasma over 91 days 

CAB efficiency in preventing HIV infection is correlated with its concentration in plasma, 
specifically, the protein-adjusted concentration that inhibits viral replication by 90% (PA-
IC90)45,46. As preventive levels in rats are not established, we arbitrarily chose 166 ng/mL 
as the relevant threshold for prevention. This level corresponds to the PA-IC90 previously 
determined in a NHP study, which demonstrated ≥97% protection from rectal 
simian/human immunodeficiency virus (SHIV) challenge46,47.  For that reason, we 
investigated CAB plasma levels in rats implanted with βCAB-filled implants and compared 
them to CAB plasma concentrations in rats implanted with CAB alone for a period of three 
months (Figure 4). 
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Figure 4. CAB plasma concentrations were evaluated via LC-MS analysis in male Sprague-Dawley rats 
after implantation of βCAB (n=6) and CAB (n=3) filled nanofluidic implants over a period of 91 days. Dotted 
horizontal lines represent 1 × and 4 × PA-IC90 (166 and 664 ng/mL), respectively. Data are expressed as 
mean ± SD. For each time point CAB and βCAB concentrations were compared using two-tailed Welch’s 
t-test, for every pair the p-value was ≤0.01 (*). 
 
Rats implanted with CAB alone had steady plasma concentrations of CAB throughout the 
study. With the exception of day 7, however, plasma concentrations were below the value 
of 166 ng/mL. In contrast, the animals implanted with βCAB-filled devices had significantly 
higher CAB plasma concentrations. Throughout the entire duration of the study, CAB 
plasma concentrations remained above 2×PA-IC90, with the lowest concentrations 
observed on day 91 at 329 ± 121 ng/mL. Moreover, for the first 35 days after the 
implantation, CAB concentration was above 4×PA-IC90, with the maximum average 
concentration of 899 ng/mL observed on day 21. In our study, we achieved plasma CAB 
concentrations above 2×PA-IC90 for 3 months in our βCAB treatment group. These data 
not only demonstrated the benefit of using βCAB formulation over CAB itself, but also that 
βCAB- loaded nanofluidic implants could maintain relevant preventive concentrations of 
CAB in plasma for at least 3 months. We emphasize that while promising, these results 
achieved in rats will require further demonstration and validation in non-human primates 
and humans.  
 
Our results indicate the plasma concentrations of CAB from βCAB did not reach steady-
state. We ascribe this to a progressive decrease in cyclodextrin concentration inside the 
implant, which leads to a decrease in CAB solubility and reduction in the CAB release 
rate. The release profile for βCAB continuously decays from day 21 to 91. Despite this, 
CAB plasma concentrations showed all rats in βCAB treated group maintained CAB levels 
above 2×PA- IC90 throughout the study, as opposed to the 600 mg CAB LA dose in clinical 
trials where 95% of participants achieved 1×PA- IC90 for 8 weeks19. Sustained release of 
βCAB from nanofluidic implant is able to attain higher CAB plasma concentrations and 
for a month longer than CAB LA.  
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Plasma results obtained with CAB alone imply that a steady release rate was achieved 
and maintained for the duration of the study. In this case CAB was loaded into the device 
in powder form in excess of its solubility limit. In this condition, a small amount of CAB is 
dissolved in the PBS used to prime the implants after loading, establishing a 
concentration at the limit of solubility. As CAB is released from the implant, solid CAB is 
dissolved within the implant reservoir, maintaining a consistent difference in concentration 
between the reservoir and surrounding tissue and a steady release rate. 
 
Although our device can deliver CAB effectively, its major limitation is that it requires 
explantation and re-implantation for drug refill. Nonetheless, this can be addressed with 
a refillable implant, which we have previously demonstrated30.  

3.4.5. Pharmacokinetic model 

CAB plasma concentrations were used to develop a pharmacokinetic model for CAB 
released from CAB- and βCAB-loaded nanofluidic devices. In the case of CAB alone, the 
plasma concentration of the drug did not display separate distribution and elimination 
phases. Instead by day 7 it has already reached a steady-state, which was maintained 
throughout the observation period at 142 ± 64 ng/mL (Figure 5A). Steady-state 
concentration (Css) is directly proportional to the drug release rate from the implant, which 
in this case was insufficient to reach therapeutically relevant Css levels, reinforcing the 
need for adopting an enhanced CAB formulation in the nanofluidic implant. 
 
The observed decline in plasma concentrations from the βCAB-formulated implant was 
biexponential, suggesting that the average absorption rate was faster than the rates of 
distribution and elimination (Figure 4B). We fitted observed plasma concentration values 
using a two compartment (plasma, periphery) extravascular input model (R2=0.9999). The 
calculated elimination half-life was 47.4 days and disposition half-life (t½ β) was 104 days. 
Our results showed that the nanofluidic membrane assures a steady release rate. The 
prolonged elimination is similar to that observed in CAB LA with a mean of 38 days and 
far superior to oral CAB with a mean of 40 hours. But unlike CAB LA, the release rate and 
PK are not influenced by multiple factors, including tissue composition at the site of 
injection, gender and BMI16,21,48. According to the PK model, the maximum concentration 
Cmax of 931 ng/mL was achieved at Tmax=15.8 days (Table 1) compared to Cmax of 1.58 
and 2.51 μg/mL in females and males respectively, after a single 600 mg CAB LA 
injection. Moreover, our PK model demonstrated that concentration above 4 × PA-IC90 
was maintained for 39 days, and above 2 × PA-IC90 for the entire duration of the study.  
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Figure 5. Plasma concentrations of CAB in rats implanted with CAB- and βCAB-loaded nanofluidic 
implants. (A) Plasma concentrations of CAB (mean ± SD) in rats implanted with CAB-loaded nanofluidic 
devices. Blue line depicts the average CAB concentration across all time points. Dotted horizontal line 
represents 1 PA-IC90. (B) Plasma concentrations of CAB (mean ± SD) in rats implanted with βCAB-loaded 
nanofluidic devices. Dashed lines represent 1 × and 4 × PA-IC90. Blue line depicts the fitted PK model. 

 
Table 1. Pharmacokinetic parameters of cabotegravir released by βCAB-loaded nanofluidic implants  

Parameters βCAB 
t½ (elimination), d 47.4 

t½ α, d 14.8 
t½ β, d 104 
tmax, d 15.8 

Cmax, ng/mL 931 
AUC0-t (ng/mL × d) 53698 
AUC0-∞ (ng/mL × d) 101266 

 

3.4.6. CAB concentration in tissues at day 91 

To investigate drug distribution in organs and tissues relevant to HIV transmission or viral 
reservoirs, we analyzed CAB concentration in rectum, cheek, penis, spleen, mesenteric 
lymph nodes, and adipose tissue49-51. Tissues from the rats implanted with CAB-loaded 
nanofluidic devices demonstrated CAB levels below the lower limit of quantitation (LLQ). 
In contrast, rats implanted with βCAB-loaded devices had significant drug levels in all 
tissues analyzed. Tissue concentrations were 19 ± 10 ng/g in rectum, 13 ± 6 ng/g in cheek 
(with an outlier at 167 ng/g), 26 ± 15 ng/g in penis, 8 ± 3 ng/g in spleen, 22 ± 8 ng/g in 
lymph nodes, and 9 ± 3 ng/g in adipose tissue (Figure 6).  These results indicate that 
subcutaneous delivery from our nanofluidic implant facilitated drug distribution to various 
HIV-associated anatomical compartments. The tissue concentrations achieved are 
comparable to those reported by Bowers et al. in which rats were given a single oral 
suspension of [14C]cabotegravir (30 mg/kg) for PK analysis. Similar to our study, Bowers 
et al. detected the highest concentration of [14C]cabotegravir in plasma, which was 
sustained throughout the study. The low tissue: plasma ratios (from 1:13 in penis to 1:39 
in spleen) observed are attributable to high plasma protein binding of CAB >99% found 
in humans46,52. Nevertheless, low tissue:plasma ratios of CAB in nonhuman primates 
showed protection against rectal and vaginal SHIV challenges47,53,54. In addition, our 
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βCAB-loaded devices achieved higher tissue concentration with a longer duration of drug 
penetrance of 91 days as compared to the 28 days observed with oral CAB-treated rats 
in a study performed by Bowers et al.16. Moreover, we had quantifiable CAB levels in 
rectal tissue on day 91, in comparison to results below LLQ reported from 400 mg CAB 
LA dose in a clinical study48. Improved penetration can be achieved by derivatizing CAB 
and altering its biodistribution: for example, Zhou et al. prepared myristolated-CAB and 
demonstrated that it was able to achieve significantly higher CAB tissue concentrations 
compared to CAB LA22. Importantly, even though there are currently no reported results 
correlating CAB tissue concentration with preventive efficacy, we demonstrated drug 
penetration into HIV-relevant tissues. 

 
Figure 6. CAB concentration from βCAB-loaded nanofluidic implants in tissues relevant to HIV transmission 
or reservoir (rectum, cheek, penis, spleen, lymph node (LN) and adipose tissue) at study termination (day 
91). Data are expressed as mean ± SD. 

3.4.7. Toxicity of nanofluidic device implantation and histological analysis of 
tissue surrounding implant 

The poor binding constant of βCAB means that once βCAB is released from the 
nanofluidic implant it is diluted by the interstitial fluid and it disassociates into CAB and 
HPβCD. Therefore we postulate that the adverse effects of βCAB formulation are not 
different from those of CAB or HPβCD alone. No toxicity was reported in the CAB LA 
clinical trials despite higher CAB plasma concentrations were achieved. In light of this, no 
systemic toxicity is expected for CAB released from our implants. Further, as HPβCD 
levels are lower than what is known to cause histopathological changes55, no systemic 
toxicity is likely.  
 
Consistent with our previous in vivo studies using our nanofluidic implants, which are 
demonstrated to be biocompatible, the well-being of the animals throughout the study 
was indicative of device safety and tolerability30,35,36,40,41. The implantation site healed 
rapidly with no sign of inflammation or infection (Figs. 7A,B)  and animals did not display 
signs of complications throughout the study. The weight loss after implantation was 
rapidly regained, corresponding to short-term effects typical of surgical procedures (Fig 
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7C). Histological assessment of the skin adjacent to the nanofluidic implant demonstrated 
normal skin morphology. Analysis of the fibrotic capsule surrounding either the PEEK 
(βCAB) (Fig. 7D) or titanium (CAB) (Fig. 7E) implant showed minimal inflammation, 
characteristic of medical device implantation. The fibrotic capsule of βCAB implant was 
thicker (335 µm) than that of CAB implant (154 µm). The thicker fibrotic capsule observed 
in βCAB implants could be attributable to the material since PEEK is hydrophobic and 
may induce fibroblast recruitment, while titanium is known to have a lesser inflammatory 
potential56,57. However, considering the observed drug plasma concentrations, the fibrotic 
capsules did not affect drug release. Regardless, future studies will utilize titanium 
implants to reduce fibrotic capsule thickness. 
 
 

 
Figure 7. (A) Device implantation surgery on male Sprague-Dawley rat with arrow pointing at CAB-loaded 
nanofluidic implant placement in subcutaneous pocket. (B) Healed βCAB nanofluidic device implantation 
site day 49 post-surgery. (C) Rat weights in both groups throughout the study. Vertical dotted line and arrow 
indicate implantation day. Data are expressed as mean ± SD. For each time point CAB and βCAB rat 
weights were compared using Sidak’s multiple comparison test, for every pair no significance was detected. 
(D) Representative haemotoxylin and eosin (H&E) stain of rat skin surrounding βCAB nanofluidic implant. 
(E) Representative H&E stain of rat skin surrounding CAB-nanofluidic implant. All images taken at 10x 
magnification, scale bar is 400 µm. Arrow points at fibrotic capsule surrounding implant with minimal 
inflammation.  
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3.5. Conclusions 
We developed a CAB formulation with 2-hydroxypropyl-β-cyclodextrin (βCAB) and 
demonstrated sustained release in our implantable nanofluidic device. The rats implanted 
with βCAB-loaded devices achieved and maintained clinically relevant plasma CAB 
concentrations for the whole duration of the study (3 months). Furthermore, the 
pharmacokinetic profile was well fitted with two-compartment extravascular model, which 
can be used to determine drug depletion necessitating device replacement or refilling. It 
also revealed long CAB elimination half-life (47 days) and long disposition half-life (t½ β, 
104 days). Based on these results, future studies will entail adjusting the composition of 
our βCAB formulation to extend the release and improve on tissue penetration. 
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4.1. “Abstract 
Pre-exposure prophylaxis (PrEP) using antiretroviral oral drugs is effective at preventing 
HIV transmission when individuals adhere to the dosing regimen. Tenofovir alafenamide 
(TAF) is a potent antiretroviral drug, with numerous long-acting (LA) delivery systems 
under development to improve PrEP adherence. However, none has undergone 
preventive efficacy assessment. Here we show that LA TAF using a novel subcutaneous 
nanofluidic implant (nTAF) confers partial protection from HIV transmission. We 
demonstrate that sustained subcutaneous delivery through nTAF in rhesus macaques 
maintained tenofovir diphosphate concentration at a median of 390.00 fmol/106 peripheral 
blood mononuclear cells, 9 times above clinically protective levels. In a non-blinded, 
placebo-controlled rhesus macaque study with repeated low-dose rectal SHIVSF162P3 
challenge, the nTAF cohort had a 62.50% reduction (95% CI: 1.72% to 85.69%; p=0.068) 
in risk of infection per exposure compared to the control. Our finding mirrors that of 
tenofovir disoproxil fumarate (TDF) monotherapy, where 60.00% protective efficacy was 
observed in macaques, and clinically, 67.00% reduction in risk with 86.00% preventive 
efficacy in individuals with detectable drug in the plasma. Overall, our nanofluidic 
technology shows potential as a subcutaneous delivery platform for long-term PrEP and 
provides insights for clinical implementation of LA TAF for HIV prevention. 
 
Keywords: Nanofluidics, HIV pre-exposure prophylaxis, tenofovir alafenamide, 
implantable devices, drug delivery 
 

4.2. Introduction 
The approval of Descovy® (200 mg emtricitabine [FTC]/25 mg tenofovir alafenamide 
[TAF]) as the second HIV pre-exposure prophylaxis (PrEP) medication, following 
Truvada® (200 mg FTC/300 mg tenofovir disoproxil fumarate [TDF]) is fueling global 
efforts to end the AIDS pandemic by 2030.[1] Compared to Truvada®, Descovy® offers 
safety advantages with lower systemic tenofovir (TFV) concentrations without 
compromising overall preventive efficacy in men who have sex with men 
(NCT02842086).[2] The efficacy of these agents to prevent sexual HIV infection is 
exceptional, provided that individuals strictly adhere to the dosing regimen.[3-5] According 
to the iPrEx study, seven doses of Truvada® per week correlated with 99% PrEP efficacy, 
whereas the rate dropped to 76% with two doses per week.[6] Motivated by challenges of 
pill fatigue and PrEP accessibility, various biomedical developments have emerged 
aiming at improving therapeutic adherence and expanding HIV PrEP implementation. 
 
Long-acting (LA) antiretroviral (ARV) formulations and delivery systems offer systemic 
delivery for prolonged periods, obviating the need for frequent dosing. Currently, LA ARV 
strategies for HIV PrEP are largely geared towards developing single-agent drugs for 
prevention instead of combinatorial formulations.[7-16] Focusing on a single drug allows for 
maximal drug loading, while minimizing injection volumes (for injectables). In the case of 
LA ARV implants, a single drug formulation affords smaller size dimensions for minimally-
invasive and discreet implantation.[17, 18] Importantly, single-agent LA ARVs offer benefits 
of cost-effectiveness as well as reduced complexity in terms of development. Of 
relevance, a single-agent injectable LA ARV, cabotegravir, is currently in clinical trials for 
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PrEP efficacy evaluation (NCT02076178, NCT02178800, NCT02720094, 
NCT03164564).[19, 20] Thus far, islatravir (MK-8591) remains the only single-agent ARV 
LA ARV implant to reach clinical testing for safety and pharmacokinetics assessment.[21]  
 
Given the potency and safety advantages of TAF compared to TDF, numerous LA TAF 
strategies are under development involving biodegradable[9-11] or non-biodegradable[12, 

13] polymeric implants, transcutaneously refillable devices[14], and an osmotic pump 
system.[15] While some LA TAF systems have achieved targeted preventive tenofovir 
diphosphate (TFV-DP) concentrations in peripheral blood mononuclear cells (PBMC) 
(40.0 fmol/106 cells)[9, 12, 14], none has undergone efficacy studies for protection from HIV 
transmission. Thus, considering the concentrated research efforts on developing LA TAF 
systems, it is of utmost importance to evaluate the efficacy of LA TAF as a single-agent 
drug for HIV prevention.  
 
Here, we present the first efficacy study of LA TAF for HIV PrEP. We used a nonhuman 
primate (NHP) model of repeated low-dose rectal challenge with simian HIVSF162P3 
(SHIVSF162P3), which recapitulates human HIV transmission. We assessed the efficacy of 
sustained subcutaneous delivery of TAF via a novel nanofluidic (nTAF) implant as a 
single-agent PrEP regimen for protection from SHIVSF162P3 infection. We investigated the 
pharmacokinetics and biodistribution of TAF, as well as safety and tolerability of the 
implant. 

4.3. Results 

4.3.1. Nanofluidic implant assembly 

We leveraged a newly designed silicon nanofluidic membrane technology[22] for sustained 
drug elution independent of actuation or pumps. The nanofluidic membrane (6 mm  6 
mm with a height of 500 m) is mounted within a medical-grade titanium drug reservoir 
(20 mm length × 13 mm width × 4.5 mm height) (Figure 1A). The nanofluidic membrane 
contains 199 circular microchannels, each measuring 200 m in diameter and 490 m in 
length. Hexagonally distributed in a circular configuration (Figure 1B), each microchannel 
leads to 1400 parallel slit-nanochannels (Figure 1C), for a total of 278,600 nanochannels 
per membrane. The nanochannels (length 10 m, width 6 m) are densely packed in 
square arrays organized in circular patterns. The whole membrane surface is coated by 
an innermost layer consisting of silicon dioxide (SiO2), and a surface layer of silicon 
carbide (SiC), which provides biochemical inertness for long term implantable 
applications (Figure 1D).[23, 24]   
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Figure 1. The nanofluidic implant for subcutaneous TAF HIV PrEP delivery. A) Rendered image of cross-
section of titanium drug reservoir where r is the reservoir, s the implant shell, m is the nanochannel 
membrane, and e the epoxy. B) Assembled titanium TAF drug reservoir with 200 nm nanofluidic membrane. 
Image taken at 0.5 x magnification, scale bar is 1 mm. C) Top-view of SEM image of nanochannel 
membrane. Scale bar is 100 µm. D) FIB image of nanochannel membrane cross-section displaying 
perpendicular nanochannels. Zoom-in on nanochannel layers colored for identification. Scale bar is 2 µm 
(SiC, silicon carbide, SiO2, silicon oxide, Si, silicon). E) Representative top view SEM image of nanochannel 
membrane from nTAF after 4 months in vivo. Scale bar is 2.5 µm. F) Representative top view SEM image 
of nanochannel membrane from nPBS after 4 months in vivo. Scale bar is 2.5 µm. G) Comparison of 
representative AFM image of control membrane prior to implantation with nPBS and nTAF membranes 
after 4 months in vivo. Scale bar is 2.5 µm. H) EDX analysis of surface elements below SiC coating of 
membrane from nTAF compared to nPBS after 4 months in vivo. I) Cumulative release of drug in vitro 
(mean ± SEM) from nTAF into sink solution (n=5).  

Drug diffusion across the membrane is driven by concentration difference between the 
drug reservoir and the subcutaneous space. The drug is loaded in the implant in powder 
form and is continuously solubilized in the interstitial fluids penetrated within the implant 
via capillary wetting of the membrane. Drug release is determined by both nanochannels 
and drug solubilization kinetics. Within the nanochannels, diffusivity of drug molecules is 
defined by steric and electrostatic interactions with channel walls. The size of 
nanochannels is selected to saturate drug transport, rendering it steady and independent 
from the concentration gradient.[25, 26] The release rate can be finely tuned by selecting 
the suitable number of nanochannels per membrane.[27] Therefore, the nanofluidic 
membrane passively achieves constant and sustained drug delivery obviating the need 
of mechanical components.[28-31] 
 
In this study, we evaluated suitable nanochannel sizes through a molecular transport in 
silico model previously developed by Di Trani et al.[25], which is based on the molecular 
size and physicochemical properties of TAF.  A nanochannel size of ~190 nm was 
ultimately selected. PrEP implants were loaded with solid powder TAF (nTAF), while 
control implants were loaded with phosphate buffered saline (nPBS) and welded shut. 
Membrane stability was evaluated after 4 months of subcutaneous implantation via 
scanning electron microscopy (SEM) (Figure 1E and F) along with atomic force 
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microscopy (AFM) (Figure 1G) and energy dispersive x-ray spectroscopy (EDX) (Figure 
1H). We compared surface morphology between a control non-implanted membrane and 
nTAF and nPBS membranes implanted after 4 months. We observed similar roughness 
surface morphology by AFM for the nPBS (Ra, 10.2 nm; Rq, 19.6 nm) membranes and 
nTAF (Ra, 14.9 nm; Rq, 25.4 nm), with a slight increase in roughness with respect to the 
control membrane (Ra, 1.23 nm; Rq, 6.15 nm). The EDX showed the same abundance of 
elements at the surface in both membranes, indicating that TAF does not alter the 
membrane composition. These results demonstrate that TAF does not affect membrane 
stability even after prolonged implantation.  
 
Nanochannel size selection was confirmed via in vitro release testing. Short-term in vitro 
drug release from nTAF showed a linear cumulative release of 81.85 ± 12.55 mg (mean 
± SEM) of TAF over 20 days (Figure 1I). However, an increase of TAF degradation 
products was observed throughout the study, attributable to decrease in TAF stability 
(Figure S1 and S2, Supporting Information).  

4.3.2. nTAF pharmacokinetic profile in NHP 

For in vivo evaluation of pharmacokinetic (PK) and PrEP efficacy, rhesus macaques were 
subcutaneously implanted with either nTAF (n=8) or control nPBS (n=6) in the dorsum for 
4 months. We used TFV-DP concentration in PBMC of 100.00 fmol/106 cells as the 
benchmark prevention target, which exceeds the clinically protective level in the iPrEX 
trial.[6, 9] Preventive TFV-DP PBMC concentrations were surpassed one day post-
implantation (median, 213.00 fmol/106 cells; IQR, 140.00 to 314.00 fmol/106 cells) and 
maintained at a median of 390.00 fmol/106 cells (IQR, 216.50 to 585.50 fmol/106 cells) for 
4 months (Figure 2A). During the washout period, TFV-DP PBMC concentrations 
decreased to below the limit of quantitation (BLOQ) within 6 weeks of device retrieval. 
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Figure 2. Pharmacokinetics and tissue distribution of TAF from PrEP group implanted with subcutaneous 
nTAF. nTAF implants (n=7) were retrieved after 4 months and washout concentrations (open circles) were 
followed in 3 animals. A) Intracellular TFV-DP PBMC concentrations of PrEP cohort throughout the study. 
B) TAF and TFV concentrations in the plasma of PrEP cohort throughout the study. Green and blue dotted 
horizontal lines represent lower LOQ TFV and TAF concentrations, 1.00 ng/mL and 0.03 ng/mL, 
respectively. C) Tissue TFV-DP concentrations upon nTAF removal after 4 months of implantation in a 
subset of animals (n=4). D) Tissue TFV-DP levels after the 2-month washout period in a subset of animals 
(n=3). Data are presented as median ± IQR in panels A and B. 

Plasma TFV concentrations were consistently higher than plasma TAF for the duration of 
the PK study (Figure 2B). Notably, TFV concentrations increased as TAF concentrations 
decreased, beginning at the 3-month time point. This is attributable to the limited stability 
of TAF and degradation to TFV within the implant, as was observed in vitro (Figure S1 
and S2, Supporting Information).[32] Plasma TAF and TFV levels (median, 0.51; IQR, 0.30 
to 0.91 ng/mL; and median, 7.81; IQR, 6.17 to 9.97 ng/mL, respectively) were within range 
of that achieved with oral TAF dosing of NHP.[33] Within a week post-device retrieval, TAF 
and TFV concentrations were BLOQ.  
 
Estimated half-life (t1/2) PK of TAF and TFV were below 1.87 ± 0.32 and 1.84 ± 0.63 days, 
respectively, as BLOQ was achieved in under a week (Table 1). Individual TFV-DP 
concentrations for each animal were fitted to an intravenous bolus injection two-
compartment model (Figure S3A-D, Supporting Information). During the washout period, 
TFV-DP PBMC concentrations had an average first-order elimination rate constant of 
0.14 ± 0.028 days-1. 
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Table 1. Plasma TAF and TFV half-lives and PBMC TFV-DP elimination rate constant pharmacokinetics in 
nTAF washout NHPs. 

Analyte 
NHP 
PrEP  

5 

NHP 
PrEP 

6 

NHP 
PrEP 

7 
Average Standard 

deviation 

Plasma TAF t1/2 (days) <2.24 <1.71 <1.67 <1.87 ±0.32 

Plasma TFV t1/2 (days) <2.55 <1.61 <1.35 <1.84 ±0.63 

PBMC TFV-DP k10 (1/day) 0.18 0.13 0.13 0.14 ±0.028 

 
We measured TFV-DP concentrations after device retrieval (n=4) (Figure 2C) and after 
the washout period (n=3) (Figure 2D) in tissues relevant to HIV-1 transmission or viral 
reservoirs. Specifically, we assessed cervix, urethra, rectum, tonsil, liver, spleen, axillary 
lymph nodes (ALN), mesenteric lymph nodes (MLN), inguinal lymph nodes (ILN), and 
cervical lymph nodes (CLN). Drug penetration from subcutaneous TAF delivery was 
observed at varying levels in all tissues after device retrieval (Figure 2C). After the two-
month washout period, TFV-DP concentrations were quantifiable in the tonsil, spleen and 
lymph nodes (Figure 2D) and BLOQ in tissues highly associated with HIV-1 transmission, 
specifically the cervix and rectum. TFV-DP concentrations in the tonsil were above 75.00 
fmol/mg, suggestive of longer clearance or better penetration.  

4.3.3. nTAF efficacy protection against virus 

We next assessed whether sustained nTAF delivery as a subcutaneously delivered 
monotherapy could protect the macaques against rectal SHIVSF162P3 infection. Prior to 
rectal challenge, the animals were subjected to a two-week “conditioning phase” (Figure 
3A) to allow for reaching the benchmark target preventive intracellular TFV-DP PBMC 
concentrations of 100.00 fmol/106 cells (Figure 2A). Animals in both PrEP (n=8) and 
control (n=6) cohorts were rectally challenged weekly with low-dose SHIVSF162P3 for up to 
10 inoculations and continually monitored for drug PK throughout the study (Figure 3A). 
The SHIV inoculation dosage used are similar to human semen HIV RNA levels during 
acute viremia, thus recapitulating high-risk or acute HIV infection in humans. Therefore, 
this animal model is considered more aggressive, as the risk of infection per exposure 
markedly exceeds the risk in clinical settings.[34]  
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Figure 3. PrEP efficacy of nTAF. A) Schematic of study design. Conditioning phase to reach TFV-DP PBMC 
concentrations above 100 fmol/106 cells. Rectal challenge phase with up to 10 weekly low-dose SHIVSF162P3 
exposures. TAF PK continuation phase followed by nTAF explantation from all animals and euthanasia of 
4 animals. TAF washout was observed in the remaining 3 animals for 2 months prior to euthanasia. B) 
Kaplan-Meier curve representing the percentage of infected animals as a function of weekly SHIV exposure. 
PrEP (n=8) vs control (n=6) group; censored animals represented with black slash. Statistical analysis by 
Mantel-Cox test. C) Median peak viremia levels in breakthrough animals at initial viral load detection. D) 
Cell-associated viral DNA loads of tissues in PrEP group. Animals PrEP 1-5 were infected while PrEP 6 
and 7 (blue box) remained uninfected throughout the study. MLN, mesenteric lymph nodes, ILN, inguinal 
lymph nodes, ALN, axillary lymph nodes, CLN, cervical lymph nodes. 

To monitor for SHIVSF162P3 infection, we evaluated weekly cell-free viral RNA in the 
plasma. Rectal challenges were stopped upon initial detection of plasma viral RNA, which 
was confirmed after a consecutive positive assay. Two of eight macaques from the nTAF 
group (25.00%) were uninfected after 10 weekly rectal SHIVSF162P3 challenges (Figure 
3B).  Based on the number of infections per total number of challenges, the nTAF group 
had a reduced risk of infection per-exposure of 62.50% (95% CI, 1.72% to 85.69%; 
p=0.068), in comparison to the control group. However, because of the small sample size, 
the result is not very precise, as indicated by the lower bound of the confidence interval. 
Prophylaxis with nTAF increased the median time to infection to 5 challenges compared 
to 2 challenges in the control cohort (p=0.38). After device explantation, there was no 
spike in viremia, indicative of PrEP efficacy of nTAF monotherapy in the two uninfected 
animals. While Kaplan-Meier analysis demonstrated delayed and reduced infection in 
some animals, there was no statistical significance (p=0.15) between nTAF and nPBS 
groups.  
 
TAF-treated infected NHPs had blunted SHIV RNA peak viremia (median; 3.80 × 104 
vRNA copies/mL; IQR, 1.60 × 103 to 2.09 ×105 vRNA copies/mL) in comparison to control 
groups (median; 3.01 × 105 vRNA copies/mL; IQR, 9.00 × 103 to 7.25 × 106 vRNA 
copies/mL) (Figure 3C). However, differences in SHIV RNA levels at initial detection were 
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not statistically significant between control and infected PrEP animals (p=0.18 by Mann-
Whitney test).  
 
At euthanasia, we assessed the residual SHIV infection in various tissues collected from 
the nTAF cohort by measuring cell-associated SHIVSF162P3 provirus DNA (Figure 3D). 
Tissues from PrEP 1-4 were assessed after 4 months of nTAF implantation, and after 2 
months of drug washout for PrEP 5-7. SHIV DNA was detectable in the MLN in 4/5 of the 
infected PrEP NHPs. Animals PrEP 5 (infected) and PrEP 6 and 7 (uninfected), had no 
detectable SHIV DNA in any of the tissues analyzed.  

4.3.4. Drug stability in vivo within nTAF 

To evaluate drug stability in nTAF after 4 months of in vivo implantation, we extracted 
residual contents from the implant and analyzed for TAF and the sum of TAF with its 
hydrolysis products (TAF*) (Table 2). Residual drug within the implant ranged 30.75 – 
71.12% of the initial loaded amount. Further, TAF* within the implant was predominantly 
composed of TAF hydrolysis products, including TFV, with TAF stability ranging 18.21 - 
43.08% (Figure S4, Supporting Information). Therefore, augmented TAF hydrolysis to 
TFV within the implant most likely contributed to increased TFV levels observed in plasma 
towards the end of the study. The nTAF implants had a mean release rate of 1.40 ± 0.39 
mg/day, which was sufficient to sustain intracellular TFV-DP concentrations above 100.00 
fmol/106 PBMCs throughout the duration of the study.  
 
Table 2. Residual drug analysis from nTAF implants at explantation via high performance liquid 
chromatography (HPLC) and UV-Vis spectroscopy. 

NHP 
PrEP 

TAF loaded 
(mg) Residual TAF* (mg) TAF stability 

(%) 
TAF release rate 

(mg/day) 

1 341.50 161.87 30.76 1.60 

2 330.10 217.65 12.28 1.00 

3 337.10 215.57 18.21 1.09 

4 382.10 241.01 31.78 1.26 

5 457.60 325.43 43.08 1.18 

6 449.30 279.46 18.70 1.52 

7 342.60 105.34 22.26 2.12 

 

4.3.5. nTAF safety and tolerability in NHP 

To assess nTAF safety and tolerability, we histologically examined the tissue surrounding 
the implants after 4 months of implantation, through immunohistochemical analysis 
(Figure 4A) and semiquantitative histopathological assessment. Specifically, we 
evaluated the fibrotic capsule in contact with either the titanium reservoir (Figure 4B) or 
TAF-eluting nanofluidic membrane (Figures 4C-D, S5A-H, Supporting Information). 
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Histological analysis via hematoxylin and eosin (H&E) demonstrated foreign-body 
response, which is typical of medical implants. While fibrotic capsules exhibited limited 
cellular infiltration (Figures S5A-H, Supporting Information), assessment of slides stained 
for the presence of macrophages (Figure 4E) and lymphocytes (Figure 4F) show a low-
level influx of immune cells (Figures S6A and B, Supporting Information). DAPI staining 
demonstrated healthy nuclei in the areas with increased cellular infiltration. Also, the 
inflammatory response was localized as the surrounding subcutaneous tissue and 
underlying skeletal muscle was healthy (Figure 4G) Further, analysis of the fibrotic area 
in contact with TAF-releasing membrane via acid-fast bacteria (AFB) (Figure S7A, 
Supporting Information) and Grocott methenamine silver staining (Figure S7B, 
Supporting Information), which evaluates for presence of bacteria and fungi, respectively, 
were negative.  
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Figure 4. Histological inflammatory response to nTAF and control nPBS; and toxicology assessment of 
nTAF in the kidney and liver. A) Representative H&E stain of NHP skin surrounding PrEP nTAF, with B) 
fibrotic capsule in contact with titanium implant; 20 × magnification. Fibrotic capsule in contact with TAF-
releasing membrane was assessed via C), D) H&E, 20 × magnification; E) immunofluorescence staining of 
CD45 (red), CD 14 (green) and DAPI nuclear stain (blue), 100 × magnification; F) immunofluorescence 
staining of CD45 (red), CD 3 (green) and DAPI nuclear stain (blue), 100 × magnification. G) Representative 
H&E stain of underlying skeletal muscle near implant site, 20 × magnification. H) Representative H&E stain 
of NHP skin surrounding control nPBS. Fibrotic capsule in contact with titanium implant was assessed via 
I), J), K) H&E, 20 × magnification, L) immunofluorescence staining of CD45 (red), CD 14 (green) and DAPI 
nuclear stain (blue), 100 × magnification; M) immunofluorescence staining of CD45 (red), CD 3 (green) and 
DAPI nuclear stain (blue), 100 × magnification. N) Quantification of CD45+, CD14+, and CD3+ cells in fibrotic 
capsule surrounding nTAF and nPBS implants. Data are presented as mean ± SD. Statistical analysis using 
two-tailed p<0.05 unpaired t test. O) Implant reactivity scores and placebo-adjusted implant reactivity 
scores (Spair). Data are presented as mean ± SD. P) Comparison of total histological characteristic scores 
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between nTAF and nPBS implants with Generation B (Gen B) TAF and placebo implants. Data are 
presented as mean ± SD. Statistical analysis using two-tailed p<0.05 unpaired t test.  Q) Comparison of 
average Spair reactivity grade between nTAF and Generation B (Gen B) implants from Su et al.[12] Spair values 
0.0-2.9, 3.0-8.9, 9.0-15.0, and >15.1 colored as green, yellow, orange and red, respectively, represent no 
reaction, slight reaction, moderate reaction, and severe reaction, respectively. R) Representative H&E stain 
of kidney from PrEP nTAF group demonstrating normal histology, in comparison to S) representative H&E 
stain of kidney from control NHP similarly showing no nephrotoxicity; 20 × magnification. T) Creatinine 
activity measurements from nTAF cohort. Liver enzymes, U) aspartate aminotransferase (AST), and V) 
alanine aminotransferase (ALT) from nTAF cohort. Baseline levels (0 month) were measured before 
implantation of nTAF.  All data are presented as mean ± SD (n=7). Images A and H taken at 4 × 
magnification and stitched together. Scale bar in 20 and 100 × magnification is 200 and 10 µm, respectively.  

In parallel, as a control, the tissue surrounding nPBS implants were histologically 
assessed (Figure 4H), specifically the fibrotic capsule (Figure 4I-K), which was thinner 
and denser than the nTAF. Similarly, the tissue surrounding the control implant was 
negative for macrophages (Figure 4L), lymphocytes (Figure 4M), bacteria (Figure SC, 
Supporting Information) or fungi (Figure S7D, Supporting Information). However, blinded 
quantification of CD45+, CD14+, and CD3+ cells in fibrotic capsules surrounding nTAF and 
nPBS implants (Figure 4N) revealed similar cellular findings in both groups. Although, the 
nTAF group exhibited a statistically significant increase in inflammatory cells (p=0.021) 
and lymphocytes (p=0.049). 
 
Further, histopathological characteristics of tissue surrounding the implant site were 
scored by three board-certified pathologists from different institutions blinded to the 
groups. Briefly, the assessment of inflammatory response to a foreign-body was 
evaluated in accordance to the inflammation scoring system adopted from Su et al.[12, 35] 
The scoring system (scaled from 0 to 4) assessed the presence of characteristics relevant 
to inflammatory response to a foreign body: polymorphonuclear cells, lymphocytes, 
macrophages, giant cells, necrosis, capsule thickness and tissue infiltrate (Table S1, 
Supporting Information). After 4 months of implantation, the total histological score (scale 
0 to 32) was 11.9 ± 5.1 and 8.2 ± 1.5 in the nTAF and nPBS groups, respectively (Figure 
4O and Table S2, Supporting Information). Furthermore, the average implant reactivity 
score in the nTAF group was 19.7 (scale 0 to 56) and nPBS was 13.0 (Figure 4O). 
Notably, nTAF exhibited a statistically significant (p=0.025) lower total histological score 
than other TAF implants previously reported in the literature. As an example, TAF-
releasing polymeric implants termed “Generation B TAF (Gen B TAF)” presented in Su et 
al.[12] showed significantly worse pathology scores (Figure 4P). Comparative analysis 
shows that nTAF implants were not statistically different than nPBS and placebo implant 
from Su et al. (Gen B placebo). Moreover, the average placebo-adjusted implant reactivity 
scores (Spair) for nTAF compared Gen B TAF were 6.7 and 32.0, respectively (Figure 4Q). 
In summary, tissue response to our nTAF implants (average release rate 1.40 ± 0.39 
mg/day) was qualified as slight reaction. This is contrast with the results obtained with 
Gen B TAF implants, for which tissue response was determined as severe reaction 
despite the release rate was approximately 1/10 of nTAF. 
 
As TFV is implicated in nephrotoxicity and hepatotoxicity, we evaluated the kidney and 
liver in the animals with nTAF implants. The kidney of an untreated NHP from a prior 
study was used as a historical control, because nPBS NHPs were transferred to another 
study after infection. Histological assessment of the kidney from nTAF cohort via H&E 
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analysis (Figure 4R) did not demonstrate necrosis or signs of damage, in comparison to 
control (Figure 4S). Further, creatinine levels were within normal limits throughout the 
study, suggesting that there was no detectable kidney damage in the nTAF cohort (Figure 
4T). Liver enzymes were monitored as surrogate markers for health; aspartate 
aminotransferase (AST) (Figure 4U), and alanine aminotransferase (ALT) (Figure 4V) 
measurements were within normal levels with respect to baseline values pre-nTAF 
implantation. Metabolic panel, complete blood count and urinalysis results were also 
within normal levels (Figures S8-V, S9A-N, Table S3, Supporting Information). 

4.4. Discussion 
This work represents the first ever preventive efficacy assessment of an implantable LA 
ARV platform and the foremost study of LA TAF as a single agent HIV PrEP regimen. 
Our finding that nTAF protected from SHIV infection with 62.50% reduction in risk of 
infection per exposure resembles that of TAF predecessor, tenofovir disoproxil fumarate 
(TDF). TDF monotherapy resulted in 60.00% protective efficacy in macaques[36], but 
clinically achieved 67% risk reduction and 86.00% preventive efficacy in individuals with 
detectable plasma tenofovir.[5, 37] 
 
There is no benchmark preventive level of TFV-DP in PBMCs for sustained subcutaneous 
administration of TAF. We used as a reference the TFV-DP concentration in PBMCs of 
100 fmol/106 cells, which conservatively exceeds the levels identified as protective in the 
iPrEX trial with Truvada® (cryopreserved PBMC, 16.00 fmol/106 cells; freshly lysed 
PBMC, 40.00 fmol/106 cells).[6] Other TAF-releasing implants are targeting 24-48 
fmol/106, a target that takes into consideration the 66% TFV-DP loss during 
cryopreservation in the iPrEX trial.[9, 11, 12] While not directly comparable to oral Truvada 
administration, we used 100 fmol/106 cells as rational target to exceed prior to start the 
viral challenges. Nonetheless, this is the first efficacy study with continuous TAF 
administration via the subcutaneous route. Our results show that by maintaining a median 
TFV-DP concentration of 390 fmol/106 PBMC (IQR, 216.50 to 585.50 fmol/106 PBMC) we 
achieved partial protection with 62.50% efficacy (95% CI, 1.72% to 85.69%). In light of 
our studies, it remains unclear what the preventive benchmark could be to establish 100% 
efficacy in a rectal challenge model. 
 
Most clinical studies evaluating PrEP adherence use plasma, PBMC or dried blood spots 
as surrogate markers to local tissue concentrations.[5, 6, 37, 38] However, breakthrough 
infection has occurred in individuals with high systemic drug concentrations, similar to the 
infected nTAF animals in our study. Therefore, it remains unclear if infection in some 
animals in our study could be attributable to inadequate TFV-DP concentrations in the 
site of viral transmission. In a study of weekly oral TAF as a single-agent PrEP against 
vaginal SHIV infection by the Center for Disease Control, TFV-DP PBMC levels were 
similar between the four infected and five uninfected animals.[33] However, only five out 
of nine animals had detectable vaginal TFV-DP concentrations (5 fmol/mg) prior to 
challenge.[33] It is also of interest to identify the turn-over rate of “TFV-DP positive” to 
“TFV-DP naïve” mononuclear cells systemically and locally at the site of transmission to 
improve dosing regimens. Garcia-Lerma et. al demonstrated that once weekly oral TAF 
dosing conferred low protection from HIV transmission, despite high systemic (>1000 
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fmol/106 PBMC) and rectal (median, 377 fmol/106 mononuclear cells) TFV-DP levels.[39] 
However, in the aforementioned study the animals were rectally challenged 3 days after 
the first weekly oral TAF dose. Thus, the long interval between drug dosing and virus 
exposure could have allowed for TFV-DP naïve mononuclear cells to repopulate at the 
site of transmission. Of relevance, on-demand local TFV delivery at HIV transmission 
sites, such as a TFV rectal douche, has shown to achieve high local tissue concentrations 
and favorable PK profiles in NHP with SHIV challenges.[40, 41] Therefore, we posit that 
PrEP efficacy could plausibly be improved if first-line target cells have sufficient TFV-DP 
concentrations prior to virus exposure. 
 
The present study was limited by the number of animals and the use of both sexes for 
rectal SHIV prevention. Future studies could address this issue by increasing the sample 
size and conducting separate sexes studies to evaluate protection against rectal or 
vaginal exposure. Further, because Descovy® is clinically approved for oral 
administration, scientific rigor could be strengthened with an additional group with daily 
oral TAF dosing as opposed to weekly dosing as performed in literature, in comparison 
to sustained subcutaneous delivery. Moreover, our study was limited by the instability of 
TAF within our implant, potentially contributing to increased TFV levels in plasma at the 
end of the study. Although we did not observe nephrotoxicity and hepatotoxicity, future 
studies will use a more stable formulation of TAF with urocanic acid[32, 42]  to maintain low 
TFV levels in plasma. Furthermore, assessing implant site concentrations of TAF, TFV, 
and TFV-DP could provide insight into tissue response to subcutaneous TAF 
administration. 
 
In summary, our innovative strategy of continuous low-dose systemic delivery of TAF 
obviates adherence challenges and provides similar protective benefit to that observed 
with oral TDF. Taken together, this work provides optimism for implementing clinical 
studies to assess the safety and efficacy of LA TAF platforms for HIV PrEP.  

4.5. Experimental Section 

4.5.1. Nanofluidic implant assembly 

Medical-grade 6AI4V titanium oval drug reservoirs were specifically designed and 
manufactured for this study. Briefly, a nanofluidic membrane possessing 278,600 
nanochannels (mean; 194 nm) was mounted on the inside of the sterile drug reservoir as 
described previously.[16] Detailed information regarding the membrane structure and 
fabrication was described previously.[30, 31] Implants were welded together using Arc 
welding. PrEP implants were loaded with ~300 - 457 mg TAF fumarate in solid powder 
form (Table 2) using a funnel in the loading port, while control implants were left empty in 
view of subsequent loading of sterile 1 X Phosphate Buffered Saline (PBS). A titanium 
piece that resembled a small nail was inserted into the loading port and welded shut. 
Implants were primed for drug release through the nanofluidic membrane by placing 
implants in 1 X Phosphate Buffered Saline (PBS) under vacuum. This preparation method 
resulted in loading of control implants with PBS. Implants were maintained in sterile 1X 
PBS in a hermetically sealed container until implantation shortly after preparation. TAF 
was kindly provided by Gilead Sciences, Inc. 



78 

4.5.2. In vitro release from nanofluidic implant  

In an effort to limit the amount of drug used, the in vitro release study was performed 
using nanochannel membranes with identical structure and channel size those adopted 
in vivo, but with a small number of nanochannels (n= 9,800 as compared to n=278,600 
for the full-size membrane). In vitro release results were then linearly scaled to account 
for the difference in nanochannels number. Medical-grade 6AI4V titanium cylindrical drug 
reservoirs (n=5) were assembled as described above, loaded with ~20.00 mg TAF 
fumarate and placed in sink solution of 20 mL 1 × PBS with constant agitation at 37°C. 
For analysis, the entire sink solution was retrieved and replaced with fresh PBS every 
other day for 20 days. The maximum TAF concentration regarding TAF saturation in sink 
solution was <10%, therefore maintaining sink condition. High-performance liquid 
chromatography (HPLC) analysis was performed on an Agilent Infinity 1260 system 
equipped with a diode array and evaporative light scattering detectors using a 3.5-µm 4.6 
× 100 mm Eclipse Plus C18 column and water/methanol as the eluent and 25 µL injection 
volume, as previously described.[32] Specifically, ammonia acetate buffered water (solvent 
A) and ammonia acetate buffered methanol (solvent B) at 2.00 mL/min flow rate gradient: 
0 min (5% B), 0.8 min (5% B), 3.8 min (100% B), 4.6 min (100% B), 5.2 min (5% B). Peak 
areas were analyzed at 260 nm absorbance.[32] 

4.5.3. Nanofluidic membrane assessment 

Silicon nanofluidic membranes structure and composition was assessed using different 
imaging techniques at the Microscopy – SEM/AFM core of the Houston Methodist 
Research Institute (HMRI), Houston, TX, USA. Inspection of structural conformation was 
performed via scanning electron microscopy (SEM; Nova NanoSEM 230, FEI, Oregon, 
USA), nanochannel dimension was measured on membrane cross sections obtained 
using gallium ion milling (FIB, FEI 235). Surface roughness was measured by atomic 
force microscopy (AFM Catalyst), surface chemical composition was evaluated with 
Energy-dispersive X-ray spectroscopy (EDAX, Nova NanoSEM 230).  

4.5.4. Animals and animal care 

All animal procedures were conducted at the AAALAC-I accredited Michale E. Keeling 
Center for Comparative Medicine and Research, The University of Texas MD Anderson 
Cancer Center (UTMDACC), Bastrop, TX. All animal experiments were carried out 
according to the provisions of the Animal Welfare Act, PHS Animal Welfare Policy, and 
the principles of the NIH Guide for the Care and Use of Laboratory Animals. All 
procedures were approved by the Institutional Animal Care and Use Committee (IACUC) 
at UTMDACC, which has an Animal Welfare Assurance on file with the Office of 
Laboratory Animal Welfare. IACUC #00001749-RN00. Indian rhesus macaques (Macaca 
mulatta; n=14; 6 males and 8 females) of 2-4 years and 2-5 kg bred at this facility were 
used in the study. All procedures were performed under anesthesia with ketamine (10 
mg/kg, intramuscular) and phenytoin/pentobarbital (1 mL/10 lbs, intravenous [IV]).  
 
All animals had access to clean, fresh water at all times and a standard laboratory diet. 
Prior to the initiation of virus inoculations, compatible macaques were pair-housed. Once 
inoculations were initiated, the macaques were separated into single housing (while 
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permitting eye contact) to prevent the possibility of SHIV transmission between the 
macaques. Euthanasia of the macaques was accomplished in a humane manner (IV 
pentobarbital) by techniques recommended by the American Veterinary Medical 
Association Guidelines on Euthanasia. The senior medical veterinarian verified 
successful euthanasia by the lack of a heartbeat and respiration. 

4.5.5. Minimally invasive implantation procedure 

An approximately 1-cm dorsal skin incision was made on the right lateral side of the 
thoracic spine. Blunt dissection was used to make a subcutaneous pocket ventrally about 
5 cm deep. The implant was placed into the pocket with the membrane facing the body. 
A simple interrupted tacking suture of 4-0 polydioxanone (PDS) was placed in the 
subcutaneous tissue to help close the dead space and continued intradermally to close 
the skin. All animals received a single 50,000 U/kg perioperative penicillin G 
benzathine/penicillin G procaine (Combi-Pen) injection and subcutaneous once-daily 
meloxicam (0.2 mg/kg on day 1 and 0.1 mg/kg on days 2 and 3) for postsurgical pain.  

4.5.6. Blood collection and plasma and PBMC sample preparation 

All animals had weekly blood draws to assess plasma TAF and TFV concentrations, 
intracellular TFV-DP PBMC concentrations, plasma viral RNA loads, and cell-associated 
SHIV DNA in PBMCs. Blood collection and sample preparation were performed as 
previously described.[14] Blood was collected in EDTA-coated vacutainer tubes before 
implantation; on days 1, 2, 3, 7, 10, and 14; and then once weekly until euthanasia. 
Plasma was separated from blood by centrifugation at 1200 × g for 10 min at 4 ⁰C and 
stored at -80 ⁰C until analysis. The remaining blood was used for PBMC separation by 
standard Ficoll-Hypaque centrifugation. Cell viability was > 95%. After cells were counted, 
they were pelleted by centrifugation at 400 × g for 10 min, resuspended in 500 µL of cold 
70% methanol/30% water, and stored at -80 ⁰C until further use.  

4.5.7. Pharmacokinetic analysis of TFV-DP in PBMC and TAF and TFV in plasma 

The PK profiles of TFV-DP in PBMC and TAF and TFV in plasma were evaluated 
throughout the 4 months of nTAF implantation. Due to early implant removal in one animal 
on day 43, seven animals were evaluated for drug PK. After device explantation, drug 
washout was assessed for an additional 2 months (n=3).  
 
Intracellular TFV-DP concentrations in PBMCs were quantified using previously 
described validated liquid chromatographic-tandem mass spectrometric (LC-MS/MS) 
analysis.[6, 43] The assay was linear from 5 to 6000 fmol/sample. Typically, 25 fmol/sample 
was used as the lower limit of quantitation (LLOQ). If additional sensitivity was needed, 
standards and quality controls were added down to 5 fmol/samples, as previously 
described.[43] Day 21 TFV-DP concentrations were omitted due to PBMC count below 
threshold.  
 
Plasma TAF and TFV concentrations were quantified using a previously described LC-
MS/MS assay.[44] Drugs were extracted from 0.1 mL plasma via solid phase extraction; 
assay lower limits of quantitation for TAF and TFV were 0.03 ng/mL and 1 ng/mL, 
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respectively.  The multiplexed assay was validated in accordance with FDA, Guidance 
for Industry: Bioanalytical Method Validation recommendations.[45]  

4.5.8. Tissue TFV-DP quantification 

Lymphoid tissues (mesenteric, axillary, and inguinal lymph nodes), rectum, urethra, 
cervix, tonsil, spleen, and liver were homogenized, and 50- to 75-mg aliquots were used 
for TFV-DP quantitation. Pharmacokinetic analysis of TFV-DP was conducted by the 
Clinical Pharmacology Analytical Laboratory at the Johns Hopkins University School of 
Medicine.  TFV concentrations in aforementioned tissue biopsies were determined via 
LC-MS/MS analysis. TFV-DP was measured using a previously described indirect 
approach, in which TFV was quantitated following isolation of TFV-DP from homogenized 
tissue lysates and enzymatic conversion to the TFV molecule.[43] The assay LLOQ for 
TFV-DP in tissue was 5 fmol/sample, and drug concentrations were normalized to the 
amount of tissue analyzed.[46] The TFV-DP tissue was validated in luminal tissue (rectal 
and vaginal tissue) in accordance with FDA, Guidance for Industry: Bioanalytical Method 
Validation recommendations[45]; alternative tissue types were analyzed using this method. 

4.5.9. PrEP nTAF efficacy against rectal SHIV challenge 

To study the efficacy of the PrEP implant against SHIV transmission, animals were 
divided into two groups, PrEP nTAF-treated [n=8; 4 male (M) and 4 female (F)] or control 
nPBS (n=6; 3 M and 3 F), in a non-blinded study. The PrEP regimen consisted of 
subcutaneously implanted nTAF for sustained drug release over 112 days. The efficacy 
of nTAF in preventing rectal SHIV transmission was evaluated using a repeat low-dose 
exposure model described previously.[36, 39, 47] Animals were considered protected if they 
remained negative for SHIV RNA throughout the study. Briefly, after PrEP-treated 
macaques achieved intracellular TFV-DP concentrations above 100.00 fmol/106 PBMCs, 
both groups were rectally exposed to SHIVSF162P3 once a week for up to 10 weeks until 
infection was confirmed by two consecutive positive plasma viral RNA loads. The 
SHIVSF162P3 dose was in range of HIV-1 RNA levels found in human semen during acute 
viremia.[47] 
 
Challenge stocks of SHIV162p3 were generously supplied by Dr. Nancy Miller, Division of 
AIDS, NIAID, through Quality Biological (QBI), under Contract No. 
HHSN272201100023C to the Vaccine Research Program, Division of AIDS, NIAID. The 
stock SHIV162p3 R922 derived harvest 4 dated 9/16/2016 (p27 content 173.33 ng/ml, viral 
RNA load >109 copies/ml, TCID50/ml in rhesus PBMC 1280) was diluted 1:300 and 1ml 
of virus was used for rectal challenge each time.  
 
For the challenge, the animals were positioned in prone position and virus was inoculated 
approximately 4 cm into the rectum. Inoculated animals were maintained in the prone 
position with the perineum elevated for 20 minutes to ensure that virus did not leak out. 
Care was also taken to prevent any virus from contacting the vagina area and to not 
abrade the mucosal surface of the rectum.  
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4.5.10. Infection monitoring by SHIV RNA in plasma and SHIV DNA in tissues 

Infection was monitored by the detection of SHIV RNA in plasma using previously 
described methods[48, 49] with modification. Viral RNA (vRNA) was isolated from blood 
plasma using the Qiagen QIAmp UltraSense Virus Kit (Qiagen #53704) in accordance 
with manufacturer’s instructions for 0.5 mL of plasma. vRNA levels were determined by 
quantitative real-time PCR (qRT-PCR) using Applied BiosystemsTM TaqManTM Fast Virus 
1-Step Master Mix (Thermofisher #4444432) and a primer-probe combination recognizing 
a conserved region of gag (GAG5f: 5’-ACTTTCGGTCTTAGCTCCATTAGTG-3’; GAG3r: 
5’-TTTTGCTTCCTCAGTGTGTTTCA-3’; and GAG1tq: FAM 5’- 
TTCTCTTCTGCGTGAATGCACCAGATGA-3’TAMRA). Each 20 µl reaction contained 
900 nM of each primer and 250 nM of probe, and 1x Fast Virus 1-Step Master Mix, 
plasma-derived vRNA sample, SIV gag RNA transcript containing standard, or no 
template control.  
 
qRT-PCR was performed in a ABI Step One Plus Cycler. PCR was performed with an 
initial step at 50°C for 5 min followed by a second step at 95°C for 20 sec, and then 40 
cycles of 95°C for 15 sec and 60°C for 1 min. Ten-fold serial dilutions (1 to 1 x 106 copies 
per reaction) of an in vitro transcribed SIV gag RNA were used to generate standard 
curves.  Each sample was tested in duplicate reactions.  Plasma viral loads were 
calculated and shown as viral RNA copies/mL plasma. The limit of detection is 50 
copies/ml. Infections were confirmed after a consecutive positive plasma viral load 
measurement. 
 
To detect viral DNA in tissue samples, total DNA was isolated from PBMCs or tissue 
specimens using the Qiagen DNeasy Blood & Tissue Kit (Qiagen #69504) according to 
the manufacturer’s protocol. DNA was quantified using a nanodrop spectrophotometer. 
qRT-PCR was performed using the SIV gag primer probe set described above.  Each 20 
µl reaction contained 900 nM of each primer and 250 nM of probe, and 1x TaqMan Gene 
Expression Master Mix (Applied Biosystems, Foster City, CA), macaque-derived DNA 
sample, SIV gag DNA containing standard, or no template control. PCR was initiated in 
with an initial step of 50°C for 2 min and then 95°C for 10 min. This was followed by 40 
cycles of 95°C for 15 sec, and 60°C for 1 min. Each sample was tested in triplicate 
reactions. Ten-fold serial dilutions of a SIV gag DNA template (1 to 1 x 105 per reaction) 
were used to generate standard curves. The limit of detection of this assay was 
determined to be 1 copy of SIV gag DNA. 

4.5.11. Device retrieval and macaque euthanasia 

A subset of PrEP-treated macaques (n=4), those with the highest viral load, were 
euthanized on day 112, while implants were retrieved on day 112 from the remaining 
PrEP-treated macaques (n=3) for continuation to a 2-month drug-washout period before 
euthanasia. SHIV-infected macaques in the control group (n=6) were transferred to 
another study (data not shown) and euthanized 28 days later. The implant was retrieved 
with a small incision in the skin and stored at -80 ⁰C until further analysis. Skin within a 2-
cm margin surrounding the implant was excised from euthanized macaques and fixed in 
10% buffered formalin for histological analysis. Macaques continuing in the washout 
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period underwent a skin punch biopsy of the subcutaneous pocket, and the skin incision 
was sutured with a simple interrupted tacking suture of 4-0 PDS; the specimen was fixed 
in 10% buffered formalin for histological analysis. The following tissues were collected 
from all animals at euthanasia (n=13): lymphoid tissues (mesenteric, axillary, and inguinal 
lymph nodes), rectum, urethra, cervix, tonsil, spleen, and liver. Tissues were snap-frozen 
and stored at -80 ⁰C until further analysis of TAF concentrations, viral RNA loads, and 
cell-associated SHIV DNA.  

4.5.12. Residual drug and nanofluidic membrane retrieval from explanted implants  

Upon explantation, the implants were snap frozen with liquid nitrogen to preserve residual 
drug for stability analysis. For residual drug retrieval, the implants were thawed at 4°C 
overnight. A hole was drilled on the outermost corner on the back of the implant using a 
3/64 titanium drill bit with a stopper. Drilling was performed on the back of the implant and 
distal to the membrane to avoid damage. Following drilling, 20 µL sample from the implant 
drug reservoir was aliquoted into respective 1.5 mL Eppendorf tubes with 0.5 mL 100% 
ethanol using a pipette. The implants were placed in 50 mL conical tubes with 40.0 g 70% 
ethanol. Each implant was flushed using a 19-gauge needle with 70% ethanol from the 
sink solution. For sterilization, the implants were incubated in 70% ethanol for 4 days and 
transferred to new conical tubes with fresh 70% ethanol for an additional 4 days. To 
ensure nanochannel membranes were dry, the implants were transferred to new conical 
tubes with 100% ethanol for a day and placed in 6-well plates to dry under vacuum. To 
protect the membrane during machining procedure, electrical tape was placed over the 
outlets. The implants were opened using a rotary tool with a diamond wheel. Titanium 
dust from machining procedure was gently cleaned from membrane with a cotton swab 
and 70% ethanol. To remove membrane from the implant, a drop of nitric acid (Trace 
Metal grade) was placed on the membrane overnight and rinsed with Millipore water the 
next day. Membranes were kept in hermetically sealed containers until analysis. 

4.5.13. TAF stability analysis in drug reservoir 

Liquid in the drug reservoir after explantation was collected with a pipette and diluted 25 
times with 100% ethanol. The samples were transferred to 0.2 µm nylon centrifugal filters 
and centrifuged at 500 G for 8 minutes at room temperature. An aliquot of 50 µL from the 
filtered samples were further diluted in 100 µL 100% ethanol. HPLC analysis of TAF was 
performed as aforementioned in the in vitro release section. 
 
Drug solids from within the implant were analyzed from the initial 40.0 g 70% ethanol sink 
solution. The samples were transferred to 0.2 µm nylon centrifugal filter and centrifuged 
at 500 G for 8 minutes at room temperature. An aliquot of 10 µL from the filtered samples 
was further diluted in 990 µL of deionized water. UV-vis spectroscopy was performed on 
a Beckman Coulter DU® 730 system. Peak areas were analyzed at 260 nm absorbance. 

4.5.14. Assessment of PrEP nTAF safety and tolerability 

Tissues were fixed in 10% buffered formalin and stored in 70% ethanol until analysis. 
Tissues were then embedded in paraffin, cut into 5 µm sections and stained with 
hematoxylin and eosin (H&E) staining at the Research Pathology Core HMRI, Houston, 
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TX, USA. H&E staining was performed on tissue sections surrounding the implant site 
and kidney. For immunohistochemistry evaluation of tissue sections, slides were stained 
with anti-CD45 conjugated to Texas Red (CD45 Monoclonal Antibody (HI30), PE-Texas 
Red Thermo Fisher), anti-human CD14 and anti-human CD3 conjugated to fluorescein 
isothiocyanate (Pharmingen). For negative controls, corresponding immunoglobulin and 
species (IgG)-matched isotype control antibodies were used. Nonspecific binding in 
sections was blocked by a 1-hour treatment in tris-buffered saline (TBS) plus 0.1% w/v 
Tween containing defatted milk powder (30 mg ml–1). Stained sections were mounted in 
Slow Fade GOLD with 4',6-diamidino-2-phenylindole (DAPI) (Molecular Probes, OR) and 
observed using a Nikon T300 Inverted Fluorescent microscope (Nikon Corp., Melville, 
NY). For verification of cell phenotype, each slide was scored by counting three replicate 
measurements by the same observer for each slide. All slides were counted at 20 × 
magnification without knowledge of the cell-specific marker being examined, and results 
were averaged with through a second reading by another observer. 
 
Semiquantitative histopathological assessment of inflammatory response to a foreign 
body was evaluated in accordance to the inflammation scoring system presented in Su 
et al.[12], which was adopted from a published standard.[35] Briefly, cells were counted via 
high power field (HPF) and scored (0-4) based on histological characteristics: 
polymorphonuclear cells, lymphocytes, plasma cells, macrophages, giant cells, necrosis, 
capsule thickness, and tissue infiltrate (see Table S1, Supporting Information). The 
scores reported by each pathologist were averaged per implant (see Table S2, 
Supporting Information). Then, the total histological characteristic scores were reported 
per group as the average of the sum of all histological scores of all implants. The reactivity 
grade for each implant was computed using Equation 1 from Su et al.[12] and the average 
placebo-adjusted implant reactivity score (Spair) was calculated by subtracting the result 
obtained for nPBS from nTAF. The Spair classification used in Su et al.[12] and published 
standard[35] was adopted: minimal to no reaction (0.0 < Spair < 2.9), slight reaction (3.0 < 
Spair < 8.9), moderate reaction (9.0 < Spair < 15.0), and severe reaction (Spair > 15.1). 

4.5.15. Assessment of TAF toxicity 

To assess TAF toxicity, a comprehensive metabolic panel was analyzed for each animal 
weekly during the rectal challenge phase of the study and biweekly afterward. Urine and 
CBCs were analyzed monthly to assess kidney and liver function and monitor the well-
being of the NHPs.  

4.5.16. Statistical analysis 

Plasma t1/2 PK analysis was performed in Microsoft Excel using 2 time points, days 112 
and 119. Results were expressed as actual t1/2 is less than obtained t1/2 (because day 
119 values were undetectable and were substituted with BLOQ values). PBMC PK 
analysis was performed using PKSolver add-in for Microsoft Excel developed by Zhang 
et al.[46] Data are represented as mean ± SD or median with interquartile range (IQR) 
between the first (25th percentile) and third (75th percentile) quartiles. The relative risk 
and relative risk reduction with 95% confidence intervals (95% CI) were estimated to 
examine the per-exposure effect of TAF, and the Fisher’s exact was used for the 
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comparison. The Mann-Whitney test was used to compare the median survival time and 
the differences in SHIV RNA levels at initial detection. The Kaplan-Meier analysis was 
performed between the PrEP and control groups, with the use of the number of 
inoculations as the time variable. The exact log-rank test was used to test the survival 
between the two groups. Unpaired t test was used to compare quantification of 
inflammatory cells between nTAF and nPBS and total histological characteristic scores 
between nTAF and nPBS implants with Gen B TAF and placebo implants. Data are 
presented as mean ± SD. All statistical analysis for calculation of the efficacy of TAF were 
performed with GraphPad Prism 8 (version 8.2.0; GraphPad Software, Inc., La Jolla, CA). 
Statistical significance was defined as two-tailed p<0.05 for all tests. 

4.6. Supporting Information 
Supporting Information is available from the Wiley Online Library and source data for 
figures and tables are available from the author upon request. 
 

 
 
Supporting Figure S1. Cumulative in vitro release of TAF from nTAF (n=5). Sum of TAF* shown in black. 
Data presented as mean ± SEM. 
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Supporting Figure S2. Representative HPLC chromatogram showing relative peak areas and retention 
times for TFV (RT= 1.52 min), TAF hydrolysis products (RT=3.207, 3.433 min), and TAF parent (RT=4.027 
min) from nTAF implant on day of in vitro release. 

 

 
Supporting Figure S3. (A) nTAF TFV-DP washout fitted to intravenous bolus injection two-compartment 
model to determine elimination rate constant. Data are presented as mean ± SD. (B) PrEP 5 nTAF TFV-
DP washout fitted to intravenous bolus injection two-compartment model to determine elimination rate 
constant. (C) PrEP 6 nTAF TFV-DP washout fitted to intravenous bolus injection two-compartment model 
to determine elimination rate constant. (D) PrEP 7 nTAF TFV-DP washout fitted to intravenous bolus 
injection two-compartment model to determine elimination rate constant. 
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Supporting Figure S4. Representative HPLC chromatogram showing relative peak areas and retention 
times for TFV (RT=0.567 min), TAF hydrolysis products (RT=2.593 min), and TAF parent (RT= 3.713 min) 
from nTAF implant upon explantation on day 112. 
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Supporting Figure S5. (A-F) Representative H&E NHP skin histology sections of fibrotic capsules in 
contact with TAF-releasing membrane. Inflammatory cells near peri-implant space, and collagen in the 
fibrotic capsule. (G-H) Masson Trichrome stains of (E-H), respectively, demonstrating collagen fibers in 
fibrotic capsule. All images taken at 20 × magnification with 200 µm scale bar. 
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Supporting Figure S6. Negative control of representative NHP skin histology section of fibrotic capsule in 
contact with TAF-releasing membrane (A) DAPI nuclear stain (blue) at 10 × magnification show where cells 
are clustered, image is negative for IgG isotype (red). (B) DAPI nuclear stain (blue) shows healthy nuclei 
and at 20 × magnification IgG isotype (red) and DAPI noise disappears.  
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Supporting Figure S7. Representative NHP skin histology section of fibrotic capsule in contact with TAF-
releasing membrane (A) AFB staining for presence of bacteria, (B) Grocott methenamine silver staining for 
presence of fungi. Representative NHP skin histology section in contact with control nPBS titanium implant 
(C) AFB staining for presence of bacteria, (D) Grocott methenamine silver staining for presence of fungi. 
All images stained negative and were taken at 20 × magnification with 200 µm scale bar. 
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Supporting Figure S8. (A-V) Metabolic panel of rhesus macaques with nTAF. Baseline value for 
comparison is on day 0 pre-implantation. All data presented as mean ± SD.  
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Supporting Figure S9. (A-N) CBC of rhesus macaques with nTAF. Baseline value for comparison is on 
day 0 pre-implantation. All data presented as mean ± SD. 
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Supporting Table S1. Histological characteristics scoring system used to evaluate inflammation near the 
implants. 

 Score Reactive 
inflammation 

multiplier 
(mj,r) 

 0 1 2 3 4 

Cell characteristic       
Polymorphonuclear 

cells 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Lymphocytes 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Plasma cells 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Macrophages 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Giant cells 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Tissue 
characteristic       

Necrosis 0 Minimal Mild Moderate Severe 2 

Capsule thickness 0 

Narrow 
band 
(<5 

cells) 

Moderate (5-
10 cells) 

Thick band 
(10-20 cells) 

Extensive 
thick band 1 

Tissue infiltrate 0 

Minimal 
focal 

invasion 
of local 
tissue 

Mild to 
multifocal 

inflammation 
in adjacent 

tissues 

Moderate 
inflammation 
in adjacent 

tissues 

Marked 
inflammation 
in adjacent 

tissues 

1 

Note: Reprinted from “A subcutaneous implant of tenofovir alafenamide fumarate causes 
local inflammation and tissue necrosis in rabbits and macaques”, by Su, J., 2020, 
Antimicrobial Agents and Chemotherapy, 64, e01893-19. Copyright © 2020 Su et al. 
Creative Commons Attribution 4.0 International license. 
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Supporting Table S2. Histopathological scores of nTAF (PrEP) and nPBS (Control) implants. 

Animal 15-166 (PrEP 1) Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 2 2 3 2.3 
Lymphocytes 3 2 3 2.7 
Plasma cells 3 0 1 1.3 
Macrophages 2 2 2 2.0 

Giant cells 2 1 0 1.0 
Necrosis 2 2 2 2.0 

Capsule thickness 3 4 4 3.7 
Tissue infiltrate 1 1 2 1.3 
Overall total 18 14 17 16.3 

Animal 17-087 (PrEP 2) Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 1 1 2 1.3 
Lymphocytes 2 1 2 1.7 
Plasma cells 2 0 1 1.0 
Macrophages 3 3 2 2.7 

Giant cells 2 1 0 1.0 
Necrosis 0 0 1 0.3 

Capsule thickness 3 4 3 3.3 
Tissue infiltrate 1 1 1 1.0 
Overall total 14 11 12 12.3 

Animal 17-063 (PrEP 3) Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 1 2 3 2.0 
Lymphocytes 2.5 2 3 2.5 
Plasma cells 2 0 1 1.0 
Macrophages 3 2 3 2.7 

Giant cells 2 1 1 1.3 
Necrosis 3 2 3 2.7 

Capsule thickness 2 4 4 3.3 
Tissue infiltrate 2 2 2 2.0 
Overall total 17.5 15 20 17.5 

Animal 15-112 (PrEP 4) Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 2 2 2 2.0 
Lymphocytes 2 2 2 2.0 
Plasma cells 1 0 0 0.3 
Macrophages 3 1 2 2.0 

Giant cells 1 0 0 0.3 
Necrosis 2 3 1 2.0 

Capsule thickness 2 3 2 2.3 
Tissue infiltrate 3 2 3 2.7 
Overall total 16 13 12 13.7 
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Animal 16-133 (PrEP 5) Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 0 0 0 0.0 
Lymphocytes 2 1 2 1.7 
Plasma cells 1 1 0 0.7 
Macrophages 1 0 1 0.7 

Giant cells 0 0 0 0.0 
Necrosis 0 0 0 0.0 

Capsule thickness 1 3 2 2.0 
Tissue infiltrate 1 1 0 0.7 
Overall total 6 6 5 5.7 

Animal 16-139 (PrEP 6) Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 0 0 NA NA 
Lymphocytes 0 0 NA NA 
Plasma cells 0 0 NA NA 
Macrophages 0 0 NA NA 

Giant cells 0 0 NA NA 
Necrosis No capsule 1(fat) NA NA 

Capsule thickness No capusle 0 NA NA 
Tissue infiltrate No capsule 0 0 NA 
Overall total 0 0 0 0 

Animal 17-010 (PrEP 7) Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 1 0 2 1.0 
Lymphocytes 1 0 2 1.0 
Plasma cells 1 0 1 0.7 
Macrophages 1 0 2 1.0 

Giant cells 0 0 0 0.0 
Necrosis 0 1 0 0.3 

Capsule thickness 1 0 3 1.3 
Tissue infiltrate 1 0 0 0.3 
Overall total 6 0 10 5.3 

Animal 15-162  
(Control 1) 

Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 0 1 2 1.0 
Lymphocytes 1 1 1 1.0 
Plasma cells 1 0 0 0.3 
Macrophages 2 1 2 1.7 

Giant cells 0 0 0 0.0 
Necrosis 0 0 0 0.0 

Capsule thickness 2 4 3 3.0 
Tissue infiltrate 0 0 0 0.0 
Overall total 6 7 8 7.0 
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Animal 17-048  
(Control 2) 

Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 0 0 NA NA 
Lymphocytes 0 0  NA 
Plasma cells 0 0  NA 
Macrophages 0 0  NA 

Giant cells 0 0  NA 
Necrosis No capsule 1(fat)  NA 

Capsule thickness No capsule 0 NA NA 
Tissue infiltrate No capsule 0 0 NA 
Overall total 0 0 0 0 

Animal 17-071 (Control 
3) 

Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 0 0  NA 
Lymphocytes 0 0  NA 
Plasma cells 0 0  NA 
Macrophages 0 0  NA 

Giant cells 0 0  NA 
Necrosis No capsule 0  NA 

Capsule thickness No capsule 0 NA NA 
Tissue infiltrate No capsule 0 0 NA 
Overall total 0 0 0 0 

Animal 16-131 (Control 
4) 

Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 0 0 1 0.3 
Lymphocytes 1.5 0 2 1.2 
Plasma cells 1 0 0 0.3 
Macrophages 2 0 2 1.3 

Giant cells 1 0 0 0.3 
Necrosis 0 0 0 0.0 

Capsule thickness 3 3 2 2.7 
Tissue infiltrate 1 0 1 0.7 
Overall total 9.5 3 8 6.8 

Animal 15-134 (Control 
5) 

Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 1 2 1 1.3 
Lymphocytes 1 2 2 1.7 
Plasma cells 1 0 1 0.7 
Macrophages 2 2 2 2.0 

Giant cells 1 1 1 1.0 
Necrosis 0 0 1 0.3 

Capsule thickness 3 3 1 2.3 
Tissue infiltrate 1 0 0 0.3 
Overall total 10 10 9 9.7 
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Animal 17-004 (Control 
6) 

Score 
Pathologist 1 Pathologist 2 Pathologist 3 Average 

Polymorphonuclear cells 0 1 1 0.7 
Lymphocytes 1.5 1 1 1.2 
Plasma cells 1 0 0 0.3 
Macrophages 2 2 2 2.0 

Giant cells 1 1 0 0.7 
Necrosis 0 0 0 0.0 

Capsule thickness 3 4 3 3.3 
Tissue infiltrate 1 1 1 1.0 
Overall total 9.5 10 8 9.2 

All pathologists are board-certified. Pathologist 1, 2 and 3 are from Houston Methodist 
Hospital, Baylor College of Medicine and Weill Cornell Medicine, respectively. Animals 
PrEP 6, Control 2 and Control 3 were not used to calculate total histological score 
because the implant site was not easily identifiable. 
Supporting Table S3. Urinalysis results in rhesus macaques with nTAF. Found in Excel File named: 
Supporting Table S3. 
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5.1. “Abstract 
HIV-1 is a chronic disease managed by strictly adhering to daily antiretroviral therapy 
(ART). However, not all people living with HIV-1 have access to ART, and those with 
access may not adhere to treatment regimens increasing viral load and disease 
progression. Here, a subcutaneous nanofluidic implant was used as a long-acting (LA) 
drug delivery platform to address these issues. The device was loaded with tenofovir 
alafenamide (TAF) and implanted in treatment-naïve simian HIV (SHIV)-positive 
nonhuman primates (NHP) for a month. We monitored intracellular tenofovir-diphosphate 
(TFV-DP) concentration in the target cells, peripheral blood mononuclear cells (PBMC). 
The concentrations of TFV-DP were maintained at a median of 391.0 fmol/106 cells (IQR, 
243.0 to 509.0 fmol/106 cells) for the duration of the study. Further, we achieved drug 
penetration into lymphatic tissues, known for persistent HIV-1 replication. Moreover, we 
observed a first-phase viral load decay of −1.14 ± 0.81 log10 copies/mL (95% CI, −0.30 to 
−2.23 log10 copies/mL), similar to −1.08 log10 copies/mL decay observed in humans. 
Thus, LA TAF delivered from our nanofluidic implant had similar effects as oral TAF 
dosing with a lower dose, with potential as a platform for LA ART. 

Keywords: HIV treatment; implantable drug delivery; viral load; TAF monotherapy; long-
acting TAF  

5.2. Introduction 
Advances in antiretroviral therapy (ART) have transitioned HIV-1 infection into a chronic 
disease. Daily ART regimens improve health, extend life and markedly reduce risk of HIV-
1 transmission[1]. The 2020 90-90-90 treatment target by the UNAIDS is to diagnose 90% 
of all people living with HIV-1 (PLWH), out of which 90% will receive continual ART, and 
90% of these will attain viral suppression. However, the treatment targets have not been 
met. In 2019 only 24.5 million out of 37.9 million PLWH had access to ART[2-3]. Further, 
ART adherence is an issue considering PLWH discontinue treatment due to pill burden, 
dosing frequency, food requirements and safety and tolerability concerns[4-5]. To 
address this issue, ART needs to shift to long-acting (LA) antiretrovirals to provide more 
convenient dosing, enhance tissue penetrance, improve resistance profiles and reduce 
toxicity[6]. 
 
Current LA ART undergoing clinical trials are once-weekly oral pills, and intramuscular 
and subcutaneous injectables. Islatravir, also known as MK-8591, is a nucleoside reverse 
transcriptase translocation inhibitor that suppresses plasma HIV-1 RNA by 1.2 log10 
copies per mL for at least 7 days after a single 0.5 mg oral pill in treatment-naïve PLWH 
(NCT02217904)[7-8]. Nanoformulations of cabotegravir, an integrase strand transfer 
inhibitor, and rilpivirine, a non-nucleoside reverse transcriptase inhibitor, are undergoing 
safety and efficacy testing comparing 4 week and 8 week intramuscular injections in the 
LATTE-2 study (NCT02120352)[9-10]. Lenacapavir, formerly known as GS-6207, is an 
HIV capsid inhibitor undergoing safety and efficacy testing as a 6 month subcutaneous 
injection in combination with other ART in the CAPELLA and CALIBRATE trials 
(NCT04150068, NCT04143594)[11-12]. In contrast, most approved ART drugs have poor 
solubility and thus are not suitable for LA injectable formulations[13]. 
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Implantable drug delivery systems are under development as another platform for LA 
ART[14]. A nonbiodegradable polymeric implant loaded with islatravir was 
subcutaneously administered to rats and uninfected nonhuman primates (NHP). The 
islatravir implant achieved clinically relevant drug concentrations in plasma and peripheral 
blood mononuclear cells (PBMC) for more than 6 months. However, islatravir implants 
have not undergone HIV treatment and prevention studies[15]. A cabotegravir formulation 
with 2-hydroxypropyl-β-cyclodextrin was loaded into a drug reservoir harboring a 
nanofluidic membrane and subcutaneously implanted in rats. This study evaluated 
pharmacokinetics and found drug levels were maintained above clinical values for 3 
months[16]. Another notable drug candidate for LA platform is tenofovir alafenamide 
(TAF), a potent drug widely used as a first-line ART regimen in combination with other 
antiretrovirals. For HIV-1 pre-exposure prophylaxis (PrEP), TAF is under development as 
a single-agent LA in several drug delivery systems[17-22], however, none of these 
systems have yet been tested for HIV-1 treatment. 
 
Here, we administered LA TAF monotherapy for the first time to simian HIV (SHIV)-
infected NHP. The purpose of this study was to demonstrate that subcutaneous LA TAF 
delivered from our nanofluidic implant was similar to oral TAF dosing. In this 1-month 
study, we evaluated intracellular tenofovir diphosphate (TFV-DP) concentrations in 
PBMC and logarithmic viral load reduction after implantation in simian HIV (SHIV)-
infected NHP. Further, we assessed TFV-DP concentrations in tissues of relevance to 
HIV-1 transmission and viral reservoirs. These data indicate the potential of our 
nanofluidic technology to transform HIV-1 therapeutic interventions as a versatile platform 
for LA ART. 

5.3. Materials and methods 

5.3.1. Nanofluidic membrane fabrication and characterization 

Silicon nanofluidic membranes were fabricated using common semiconductor 
manufacturing processes. Detailed fabrication steps and parameters are available 
elsewhere[23-24]. Briefly, a silicon on insulator wafer was vertically etched via a deep 
reactive ion etching to obtain a tightly packed array of slit nanochannels in the device 
layer (10 µm). On the opposite side, the handle wafer (400 µm) was etched via deep 
reactive ion etching to create a 200 µm wide cylindrical microchannels. Both etches were 
stopped at the SiO2 insulator layer (1 µm) which was removed using a buffered oxide 
etchant solution. To achieve the desired nanochannel size, ~275 nm of silicon dioxide 
(SiO2) was generated using wet thermal oxidation. Then, a thin ~100 nm layer of silicon 
carbide (SiC) was placed on top, using plasma-enhanced chemical vapor deposition. 
Individual nanofluidic membranes (6 mm × 6 mm) were obtained dicing the original wafer 
with an ADT dicing saw (ADT 7100 Dicing Saw, Advanced Dicing Technologies, 
Zhengzhou, China). The complete nanofluidic membrane featured 278,600 
monodisperse slit nanochannels organized in 199 groups of 1400 nanochannels. Each 
group was vertically connected to the opposite side microchannels, arranged in a 
hexagonal pattern for maximum structural stability. 
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The silicon nanofluidic membranes structure was assessed using scanning electron 
microscopy (SEM; Nova NanoSEM 230, FEI, Hillsboro, OR, USA) at the Microscopy—
SEM core of the Houston Methodist Research Institute (HMRI), Houston, TX, USA. 
Nanochannel size was measured on membrane cross-sections obtained via gallium ion 
milling (FEI Dual-Beam 235 FIB, FEI, Hillsboro, OR, USA). 
 
Nanochannel membranes were further characterized by filtering latex polystyrene 0.1, 
0.2, 0.3 and 0.46 µm beads (Sigma Aldrich, St. Louis, MO, USA) through the membrane. 
We used a custom-made, two-part PEEK fixture that featured a sink and a drug 
reservoir[23]. The nanofluidic membrane was clamped between the two fixture parts with 
M3 screws and silicon gaskets to avoid leakage (McMaster Carr, Elmhurst, IL, USA). The 
sink reservoir was filled with 200 µL of 100 mM KCl with pH adjusted to 3 using 1 M HCl 
(n = 3). Stock particle solutions were made with 1% (w/w) beads in 100 mM KCl (pH 3) 
with 0.1% TritonX for particle stabilization. The drug reservoir was filled with 200 µL of 
the stock solution for each bead size. Particle concentration in the sink solution was 
measured after 5 days using a UV/Vis spectrophotometer (DU730, Beckman Coulter, 
Pasadena, CA, USA) at 252 nm. 
 
SiO2 and SiC thicknesses and surface roughness () were determined by ellipsometry 
measurements using a J. A. Woollam M2000U ellipsometer (Lincoln, NE, USA). 

5.3.2. Nanofluidic implant assembly 

Oval-shaped medical-grade 6AI4V titanium implants measuring 20 × 13 × 4.5 mm (length 
× width × height) were machined using CNC milling (Groves Industrial Supply 
Corporation, Houston, TX, USA). The silicon membrane was glued to the implant using 
UV epoxy (OG116, Epoxy Technologies, Inc., Billerica, MA, USA) and cured for 2 h with 
a UV lamp (UVP UVL-18 EL Series, Analytik Jena US LLC, Upland, CA, USA). Implants 
were assembled and primed with 1X phosphate-buffered saline (PBS) as previously 
described[18] and were loaded with approximately 250 mg TAF fumarate. Implants were 
maintained in sterile 1X PBS in a hermetically sealed container until implantation shortly 
after preparation. The treatment nanofluidic implants loaded with TAF are referred to as 
nTAFt. TAF fumarate was provided in kind by Gilead Sciences, Inc. (Foster City, CA, 
USA). 

5.3.3. Ethics statement 

All animal procedures were conducted at the AAALAC-I accredited Michale E. Keeling 
Center for Comparative Medicine and Research, the University of Texas MD Anderson 
Cancer Center (UTMDACC), Bastrop, TX, USA. All animal experiments were carried out 
according to the provisions of the Animal Welfare Act, PHS Animal Welfare Policy and 
the principles of the NIH Guide for the Care and Use of Laboratory Animals. All 
procedures were approved by the Institutional Animal and Care and Use Committee 
(IACUC) at UTMDACC (IACUC #00001749-RN00 approval date September 19, 2017 – 
expiration date September 19, 2020). Indian rhesus macaques (Macaca mulatta: n = 6; 3 
males and 3 females) of 2–4 years and 2–5 kg bred at this facility were used in the study. 
All animals had access to clean, fresh water always and a standard laboratory diet. 
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Euthanasia of the macaques was performed using humane practices (IV pentobarbital) 
recommended by the American Veterinary Medical Association Guidelines on 
Euthanasia. Further, the senior medical veterinarian confirmed euthanasia by the 
absence of heartbeat and respiration. 

5.3.4. Study population 

The macaques used in this study were enrolled in a SHIV prevention study as controls (n 
= 6). Once a week, these macaques were rectally challenged with SHIVSF162P3 for up to 
10 weeks until initial detection of plasma SHIV RNA [18]. Macaques were weekly 
monitored for SHIV infection and infection was confirmed after a consecutive detection of 
plasma SHIV RNA. After 2 and 4 exposure challenges, 50 and 100% of macaques, 
respectively, tested SHIV-positive[18]. Upon confirmation of viral infection, animals were 
transferred to this treatment study. Macaques were implanted with nTAFt a week after 
confirmed infection via a minimally invasive 1 cm dorsal skin incision on the left lateral 
side of the thoracic spine as previously described[18]. 

5.3.5. Blood collection and plasma and pbmc sample preparation 

Blood collection and sample preparation were performed as previously described[17-18] 
to assess plasma viral load and intracellular TFV-DP concentrations in PBMC. Briefly, 
blood was drawn in EDTA-coated vacutainer tubes before implantation and then on the 
same timepoints that corresponded to the control cohort in the SHIV prevention study 
timeline[18]. Plasma was isolated from blood via centrifugation at 1200× g for 10 min at 
4 °C and stored at −80 °C until analysis. Afterwards, PBMC were separated from the 
residual drug by standard Ficoll-Hypaque centrifugation with over 95% cell viability. 
Subsequently PBMC were counted and centrifuged at 400× g for 10 min at 4 °C. Next, 
PBMC pellet was lysed in 500 µL of cold methanol/water (70%/30%, v/v) and stored at 
−80 °C until analysis. 

5.3.6. Pharmacokinetic analysis of TFV-DP in PBMC 

The pharmacokinetic (PK) profile of TFV-DP in PBMC was evaluated for a month after 
nTAFt implantation. In total, 5 animals were evaluated for drug PK due to implant 
malfunction in 1 animal with reported TFV-DP concentrations below limit of quantitation. 
Quantification of intracellular TFV-DP concentrations in PBMC was executed as 
previously described using validated liquid chromatographic-tandem mass spectrometric 
(LC/MS-MS) analysis[25-26] at the Colorado Antiviral Pharmacology Lab at the University 
of Colorado Anshultz Medical Campus. The lower limit of quantitation (LLOQ) in the assay 
was 25 fmol/sample. Standards and quality control were included to 5 fmol/samples as 
previously described[26] in samples that required additional sensitivity. 

5.3.7. Tissue TFV-DP quantification 

Tissues were collected at necropsy after a month of subcutaneous TAF treatment. To 
assess TFV-DP quantitation, 50- to 75-mg frozen tissue samples from urethra, cervix, 
rectum, tonsil, liver, spleen and lymphoid (axillary, mesenteric, inguinal and cervical 
lymph nodes) tissues were homogenized. PK analysis of tissue TFV-DP concentration 
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was conducted by the Clinical Pharmacology Analytical Laboratory at the Johns Hopkins 
University School of Medicine via previously described LC-MS/MS analysis[18, 26]. 
Briefly, isolated TFV-DP tissue was indirectly measured through enzymatic conversion to 
tenofovir (TFV) molecule[26]. Afterwards, TFV-DP concentrations were normalized by the 
weight of analyzed tissue[27]. The LLOQ in the assay was 5 fmol/sample. This method is 
validated for luminal tissue (rectal and cervical tissue) TFV-DP concentrations in 
compliance with the FDA, Guidance for Industry: Bioanalytical Method Validation 
recommendations[28]; the method is not validated for other tissues. Nonetheless, the 
remaining tissues were quantified using the same method. 

5.3.8. Infection monitoring by SHIV RNA in plasma 

Infection was monitored by detection of SHIV RNA in plasma using a modification[18] of 
previously described methods[29-30]. Infections were confirmed after a consecutive 
plasma viral load assay. All samples were tested in duplicate reactions and plasma viral 
loads were reported as viral RNA (vRNA) copies/mL of plasma. Standard curves were 
generated with 10-fold serial dilutions (1 to 1 × 106 copies per reaction) of an in vitro 
transcribed SIV gag RNA. The assay was considered positive above the 50 copies/mL 
limit of detection. 

5.3.9. TAF stability analysis in drug reservoir 

TAF stability analysis in drug reservoir was done as previously described[18]. Briefly, 
filtered drug reservoir samples were analyzed via high-performance liquid 
chromatography (HPLC) on an Agilent Infinity 1260 system (Agilent Technologies Inc., 
Santa Clara, CA, USA) equipped with a diode array and evaporative light scattering 
detectors using a 3.5-µm 4.6 × 100 mm Eclipse Plus C18 column and water/methanol as 
the eluent and 25 µL injection volume. Peak areas were analyzed at 260 nm absorbance. 
Drug solids from within the implant were analyzed via UV-vis spectroscopy on a Beckman 
Coulter DU® 730 system (Beckman Coulter, Pasadena, CA, USA). Peak areas were 
analyzed at 260 nm absorbance. 

5.3.10. Assessment of treatment nTAF safety and tolerability 

Skin tissues were fixed in 10% buffered formalin and stored in 70% ethanol until analysis. 
Afterwards, tissues surrounding the implant site were embedded in paraffin, cut into 5 µm 
sections and stained with hematoxylin and eosin (H&E) at the Research Pathology Core 
HMRI, Houston, TX, USA. Semiquantitative histopathological assessment of 
inflammation surrounding the implant site was performed by 2 board-certified pathologists 
from 2 different institutions blinded to the group: Sandra Demaria, M.D. from Weill Cornell 
Medicine and Andreana L. Rivera, M.D. from Houston Methodist Hospital. The 
pathologists scored all slides using the inflammation scoring system Su et al.[22] adapted 
from the ISO published standard[31] (Table S1, Supplementary Materials). Briefly, 
samples are scored based on the presence of inflammatory cell and tissue 
characteristics. Afterwards, scores reported by both pathologists were averaged per 
implant (Supplementary Table S1) to calculate the total histological characteristic score 
for the nTAFt group. Implant reactivity grade was calculated in accordance to Su et al.[22]. 
Next, the average placebo-adjusted implant reactivity score (Spair) was computed by 
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subtracting the implant reactivity grade of nPBS[18] from nTAFt. nPBS was the control 
implant loaded with PBS used in these same macaques in the SHIV prevention study[18]. 
The Spair classification of nTAFt was determined per the published standard: minimal to 
no reaction (Spair from 0.0 to 2.9), slight reaction (Spair from 3.0 to 8.9), moderate reaction 
(Spair from 9.0 to 15.0) and severe reaction (Spair > 15.1) [22,31]. 

5.3.11. Statistical analysis 

All statistical analysis for calculation of the efficacy of TAF were performed with GraphPad 
Prism 8 (version 8.2.0; 2019, GraphPad Software, Inc., La Jolla, CA, USA) and STATA 
version 16 (StataCorp. 2019. Stata Statistical Software: Release 16. College Station, TX: 
StataCorp LLC). Data were represented as mean ± SD; median with interquartile range 
(IQR) between the first (25th percentile) and third (75th percentile) quartiles. Correlations 
were calculated with Spearman correlation coefficients. Outliers were detected with the 
Grubbs test (α = 0.05) and removed from descriptive statistics. Wilcoxon matched-pairs 
signed rank test was used to compare logarithmic viral load reductions to baseline. 
Generalized estimating equations (GEE) were used to examine the association of week 
or TFV-DP PBMC concentration with the change in logarithmic viral load reduction. An 
autoregressive correlation structure was specified for within-subject association between 
repeated measurements for subject. Statistical significance was defined as two-tailed p < 
0.05. 

5.4. Results 

5.4.1. Nanofluidic implant assembly for treatment 

Our method to deliver long term acting ART leverages the unique properties of nanofluidic 
diffusion[32] to provide sustained drug release without the use of any active pumping 
mechanism[33-34]. The nanofluidic membrane 6 mm × 6 mm × 410 µm is epoxied within 
a medical-grade titanium drug reservoir (Figure 1A) and governs drug release from the 
implant[18, 23]. Specifically, the concentration difference between the drug reservoir and 
the subcutaneous space drives drug diffusion across the membrane. The nanometric 
channel size and related interplay of steric and electrostatic forces acting on molecules 
diffusing through the nanochannels alters free Fickian diffusion[35]. As a result, a 
constant and sustained release that is quasi-independent of the concentration difference 
across the membrane[32, 35] is achieved for a significant percentage of drug contained 
in the implanted reservoir (~85–95%). In this scenario, the release rate can be finely tuned 
by changing the nanochannels’ number and size[36]. Moreover, to maximize the 
volumetric loading efficiency, the drug reservoir was loaded with solid drug powder. As 
the interstitial fluid wets the membrane and enters the implant by capillary forces, the drug 
is solubilized and therefore able to diffuse through the membrane[37]. Thus, drug 
solubilization kinetics adds another layer of control over release rates from the implant. 
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Figure 1. The nanofluidic implant for subcutaneous tenofovir alafenamide (TAF) HIV-1 treatment delivery 
(nTAFt). (A) Top-view image of the assembled nTAFt with a zoom-in on the nanofluidic membrane 
demonstrating an SEM of the nanochannels. (B) Higher magnification of a top-view of SEM image of 
nanochannel membrane. (C) FIB image of nanochannel membrane cross-section showing drug release 
through vertically etched nanochannels. (D) Latex bead filtration through nanochannel. (E) Ellipsometry 
analysis of membrane surface. (F) Ellipsometry analysis of membrane surface. 

In this study, we used nanofluidic membranes with an average nanochannel size of ~280 
nm in accordance with the molecular size and physicochemical properties of TAF to 
achieve a suitable release rate[36]. Average nanochannel size was first assessed for 
every membrane by measuring the transmembrane nitrogen gas flow. In fact, 
transmembrane gas flow enables a nondestructive approach to membrane quality 
control[38]. Fitting the results with a previously developed algorithm[39], the average 
estimated size was 279 nm. We corroborated this result by measuring nanochannel 
dimensions from top-view (Figure 1B) images obtained via scanning electron microscopy 
(SEM) and cross-section (Figure 1C) obtained via FIB. 
 
To further characterize the nanochannel size we measured the diffusion rate of 
monodisperse latex beads across the nanofluidic membrane (Figure 1D). The latex beads 
employed had an average diameter of 100, 200, 300 and 460 nm. Amounts of released 
particles were normalized to 100 nm beads. As expected, the beads release decreased 
with an increase of their respective size due to enhanced steric and hydrodynamic 
interaction with the nanochannels. Diffused amounts of 300 nm beads were significantly 
reduced (72% reduction) compared to 100 nm beads, while 460 nm beads were almost 
completely stopped. 
 
Further, we assessed the thickness of the membrane layer and the surface roughness, 
before and after device implantation (Figure 1E,F). Ellipsometry measurement confirmed 
an average thickness of 275 nm for SiO2 and 100 nm for SiC. Both SiO2 and SiC showed 
no difference in thickness before and after implantation, confirming the inertness of the 
SiC outmost layer. SiC was purposely chosen as a membrane encapsulation layer 
because it offers biocompatibility and chemical inertness[40-47]. We previously 
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demonstrated in vitro its ability to withstand a simulated physiological environment even 
at accelerated condition (77 °C) for up to 4 months[23]. Conversely, membrane surface 
roughness showed a significant increase after implantation, which can reasonably be 
associated with cellular debris or surface protein adsorption. Although protein adsorption 
on LA drug delivery systems is generally considered nonideal, we have extensively 
showed that the membrane function and drug release rates are not negatively affected 
by this process [18, 48]. 

5.4.2. TFV-DP concentration in PBMC and tissues 

For evaluation of TFV-DP concentration in PBMC and tissues, SHIV-positive rhesus 
macaques were subcutaneously implanted with nTAFt (n = 5) in the dorsum for 1 month. 
Each macaque was implanted a week after confirmed seroconversion[18], thus time 0 
denotes the day of implantation. At which, the median viral load prior to nTAFt was 3.61 
× 105 copies/mL (95% CI, 3.11× 104 to 9.47 × 106). After implantation, TFV-DP PBMC 
concentrations were maintained at a median of 391.0 fmol/106 cells (IQR, 243.0 to 509.0 
fmol/106 cells) for the duration of the study (Figure 2A). A maximum TFV-DP PBMC 
concentration was observed in the first week after implantation at a median of 408.0 
fmol/106 cells (IQR, 297.3 to 516.5 fmol/106 cells); NHP 3 was determined an outlier by 
Grubbs. Thereafter, we observed median TFV-DP PBMC concentration of 480.0, 391.0 
and 243.0 fmol/106 cells (IQR, 269.0 to 634.5 fmol/106 cells; IQR, 204.5 to 461.5 fmol/106 
cells; IQR, 179.0 to 481.0 fmol/106 cells, respectively) within 2, 3 and 4 weeks after 
implantation, respectively. 

 
Figure 2. Tenofovir-diphosphate (TFV-DP) peripheral blood mononuclear cells (PBMC) and tissue 
distribution of TAF from subcutaneous nTAFt. nTAFt implants (n = 5) were retrieved after 1 month. (A) 
Intracellular TFV-DP PBMC concentrations of nTAFt. (B) Tissue TFV-DP concentrations upon euthanasia 
after 1 month of implantation. NHP, nonhuman primate, ALN, axillary lymph nodes, MLN, mesenteric lymph 
nodes, ILN, inguinal lymph nodes, CLN, cervical lymph nodes. 

We measured TFV-DP concentrations in tissues relevant to HIV-1 transmission or viral 
reservoirs after euthanasia (n = 5) (Figure 2B). Particularly, we assessed urethra, cervix, 
rectum, tonsil, liver, spleen, axillary lymph nodes (ALN), mesenteric lymph nodes (MLN), 
inguinal lymph nodes (ILN) and cervical lymph nodes (CLN). Drug penetration was 
observed at varying levels in all tissues after a month of subcutaneous TAF delivery 
(Figure 2B). Urethral, cervical and rectal tissues had lower median TFV-DP 
concentrations of 21.65 fmol/mg (IQR, 18.15 to 25.15 fmol/mg), 20.02 fmol/mg (IQR, 
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10.08 to 50.36 fmol/mg) and 46.64 fmol/mg (IQR, 22.14 to 59.34 fmol/mg), respectively. 
Tonsil, liver and spleen had higher median TFV-DP concentrations of 132.6 fmol/mg 
(IQR, 109.1 to 225.6 fmol/mg), 95.99 fmol/mg (IQR, 40.2 to 160.2 fmol/mg) and 225.0 
fmol/mg (IQR, 132.6 to 247.7), respectively. Notably, the highest median TFV-DP 
concentrations were observed in the lymph nodes fmol/mg, with 377.0 fmol/mg (IQR, 
156.6 to 1035 fmol/mg) in ALN, 271.7 fmol/mg (IQR, 134.0 to 417.5 fmol/mg) in MLN, 
222.3 fmol/mg (IQR, 141.6 to 363.1 fmol/mg) in ILN and 306.1 fmol/mg (IQR, 206.6 to 
491.0 fmol/mg) in CLN. Specifically, high lymphatic tissue concentrations are important 
since lymphatic viral persistence has been observed in humans with undetectable viral 
loads in blood[49]. 

5.4.3. nTAF treatment viral load reduction 

To evaluate treatment efficacy of LA TAF, we assessed the logarithmic viral load 
reduction in SHIV-infected NHP implanted with nTAFt (n = 6) (Figure 3A). After continuous 
TAF subcutaneous delivery, the first-phase change in plasma SHIV RNA compared to 
baseline levels was assessed individually for each NHP. NHP 1 had a first-phase SHIV 
RNA decay slope of −0.55 log10 copies/mL 4 days post-implantation. NHP 2 and 3 had a 
first-phase SHIV RNA decay slope of −0.30 and −1.71 log10 copies/mL, respectively, 5 
days post-implantation. NHP 4 and 5 had a first-phase SHIV RNA decay slope of −0.90 
and −2.23 log10 copies/mL a week post-implantation. Interestingly, NHP 6 had TFV-DP 
concentrations below LLOQ throughout the study yet had a first-phase SHIV RNA decay 
slope of −1.84 log10 copies/mL 5 days post-implantation. Overall, the mean first-phase 
change in SHIV RNA was −1.14 ± 0.81 log10 copies/mL (95% CI, −0.30 to −2.23 log10 
copies/mL; p = 0.031). 
  



110 

 
Figure 3. Viral load reduction and correlation with TFV-DP PBMC concentration. (A) Viral load reduction 
from baseline of nTAFt (n = 6). Change in SHIV RNA from baseline (log10 copies/mL) at week 1, 2, 3 and 4 
throughout continuous subcutaneous TAF dosing. Data are presented for each individual NHP. (B) NHP 1 
TFV-DP PBMC concentration correlation with plasma viral load. (C) NHP 2 TFV-DP PBMC concentration 
correlation with plasma viral load. (D) NHP 3 TFV-DP PBMC concentration correlation with plasma viral 
load. (E) NHP 4 TFV-DP PBMC concentration correlation with plasma viral load. (F) NHP 5 TFV-DP PBMC 
concentration correlation with plasma viral load. Statistical analysis on panels (B–F) performed by 
Spearman correlation. 

Throughout 2 weeks of sustained TAF delivery, the mean viral load reduction compared 
to baseline levels was −1.19 ± 0.50 log10 copies/mL (95% CI, 0.19 to −2.57 log10 
copies/mL; p = 0.063). However, the mean change in SHIV RNA from baseline reduced 
in 3 weeks to −0.67 ± 0.54 log10 copies/mL (95% CI, 0.004 to −1.34 log10 copies/mL; p = 
0.063). Subsequently, the mean change in SHIV RNA increased logarithmic viral load 
reduction to −0.76 ± 0.70 log10 copies/mL (95% CI, 0.11 to −1.63 log10 copies/mL; p = 
0.063) until study endpoint. Further, in Figure 3A there was a quadratic relationship 
between the week and the change in logarithmic viral load reduction (p < 0.001). The 
estimated change that fitted the trend line was −0.86, −1.26, −1.24 and −0.80 for week 1, 
2, 3 and 4, respectively. 
 
In addition, an intraindividual negative correlation coefficient between TFV-DP PBMC 
concentration and plasma viral load was observed in all NHP (Figure 3B–F). Viral load 
decreased per increasing intracellular TFV-DP concentration in PBMC. However, none 
had a Spearman correlation coefficient that was statistically significant. Moreover, an 
interindividual analysis demonstrated an inverse relationship between TFV-DP PBMC 
concentration and initial plasma viral load. For every one increase in TFV-DP PBMC 
concentration, the log10 (plasma viral load) would decrease by 0.0011 (95% CI: −0.0019, 
−0.0003, p = 0.009). Thus, a greater viral load reduction was observed in NHP with lower 
initial plasma viral loads. 
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5.4.4. TAF stability in drug reservoir 

To evaluate drug stability in nTAFt after 1 month of in vivo implantation, we extracted 
residual contents from the implant and analyzed for TAF and its hydrolysis products 
(TAF*) (Table 1). Residual drug within the implant ranged 45.31–76.34% of the initial 
loaded amount. Implant nTAFt from NHP 6 was removed from descriptive residual 
statistics because it malfunctioned and released 2.13% of the initial loaded amount. 
Further, TAF* within the implant was composed of TAF hydrolysis products, including 
TFV, with TAF stability ranging 41.29–61.86%. In contrast, a 96.71% TAF stability was 
observed in nTAFt from NHP 6. Thus, the increased stability was likely attributed to 
negligible TAF release[37]. The nTAFt implants had a mean release rate of 3.07 ± 1.10 
mg/day, which was enough to create a 1.14 ± 0.81 viral load log reduction within the first 
week. 
 
Table 1. nTAFt drug residual after 1 month implantation. 

nTAFt  
(NHP 

#) 

TAF Loaded 
(mg) 

Residual TAF* 
(mg) 

TAF Stability 
(%) 

TAF Release Rate 
(mg/day) 

1 244.1 173.36 61.86 2.53 

2 257.4 191.64 41.29 2.35 

3 244.1 110.61 47.50 4.77 

4 248.5 149.06 55.42 3.55 

5 253.0 193.15 48.27 2.14 

6 276.3 270.41 96.71 0.21 

5.4.5. Histological assessment of nTAFt safety and tolerability 

To assess nTAFt safety and tolerability, we examined the tissue surrounding the implants 
via histopathological analysis (Figure 4). Specifically, to evaluate tissue response to the 
implant and the drug, we examined the fibrotic capsule in contact with the titanium 
reservoir or TAF-releasing nanofluidic membrane. In the most ideal scenario for this 
analysis, implants and tissues would have been fixed and sectioned together[31]. 
However, analysis of drug residual within the implant was crucial for assessing stability 
and in vivo release rate. Further, by considering the challenges associated with cutting 
through titanium reservoir and silicon membrane, this was not feasible, and implant 
required removal prior to tissue histological processing. Nevertheless, it is important to 
note that during harvesting, after performing an incision in the fibrotic tissue, implants 
freely slipped out of the capsule. No cell adhesion was observed, indicating that the 
extraction of implants did not damage or remove cells and tissues at the interface between 
implant and fibrotic capsule. 
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Figure 4. Histological inflammatory response to nTAFt. (A) Representative H&E stain of NHP skin 
surrounding nTAFt in contact with the titanium reservoir. (B) Representative H&E stain of NHP skin 
surrounding nTAFt near the TAF-releasing nanofluidic membrane. (C) Grocott methenamine silver stain of 
NHP skin surrounding nTAFt in contact with the titanium reservoir. (D) Grocott methenamine silver stain of 
NHP skin surrounding nTAFt near the TAF-releasing nanofluidic membrane. (E) Acid-fast bacteria stain of 
NHP skin surrounding nTAFt in contact with the titanium reservoir. (F) Acid-fast bacteria stain of NHP skin 
surrounding nTAFt near the TAF-releasing nanofluidic membrane. All images taken at 10 × magnification 
with 400 µm scale bar. 
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Histopathological scoring of five implants via hematoxylin and eosin (H&E) reported a 
total histological characteristic score of 16.1 ± 2.0 (scale from 0 to 31) and an average 
implant reactivity score of 27.1 (scale 0 to 56) (Table S2, Supplementary Materials). The 
calculated Spair after a month of subcutaneous TAF delivery was 14.1, indicating a 
moderate reaction. This reaction could be attributable to the TAF release rate of 3.07 ± 
1.10 mg/day. Interestingly, Su et al.’s[22] Generation B TAF implants reported severe 
reactions with 20 times less dose than nTAFt. The histopathological assessment 
demonstrated moderate inflammation in the surrounding subcutaneous tissue in contact 
with the titanium reservoir (Figure 4A) and the underlying skeletal muscle near the TAF-
releasing nanofluidic membrane (Figure 4B). Further, as expected in foreign body 
reaction to implants, macrophages composed the majority of inflammatory cells[50]. To 
exclude macrophage recruitment from infection, the fibrotic capsule in contact with the 
reservoir and drug-eluting side were analyzed for fungi and bacteria via Grocott 
methenamine silver staining (Figure 4C,D) and acid-fast bacteria (AFB) (Figure 4E–F), 
respectively, and resulted negative. 

5.5. Discussions 
Our work represents the first report of treatment efficacy of an implantable LA ARV 
platform. In this 1-month monotherapy study in treatment-naïve SHIV-positive macaques, 
subcutaneous administration of TAF achieved high intracellular TFV-DP PBMC 
concentrations. Further, the nTAFt implants had a mean release rate of 3.07 ± 1.10 
mg/day, which demonstrated viral load reduction in treatment-naïve macaques with SHIV 
infection. After a month of implantation, the nTAFt had a moderate reaction compared to 
the slight reaction observed in NHP implanted with nTAF for 4 months[18]. This was 
expected since treatment regimens require higher doses than prevention regimens. 
 
Given that the NHP received a significantly lower dose of TAF, lower intracellular TFV-
DP PBMC concentrations were detected than the 8.2 µM recorded in subjects after 14 
days of 40 mg/day dose[6]. After 14 days of continuous TAF delivery at a release rate of 
approximately 3 mg/day, TFV-DP PBMC concentrations achieved a median of 0.96 nM 
(IQR, 0.54 to 1.27 nM). However, with 3.07 ± 1.10 mg/day of TAF, a smaller dose than in 
Descovy® (200 mg emtricitabine/25 mg TAF), we showed the mean first-phase change in 
SHIV RNA was −1.14 ± 0.81 log10 copies/mL (95% CI, −0.30 to −2.23 log10 copies/mL). 
We exhibited similar viral reduction (−0.94 and −1.08 log10 copies/mL) with 2- and 5-times 
less TAF than PLWH treatment-naïve subjects receiving 8 mg/day and 25 mg/day, 
respectively[51]. Moreover, the observed −1.14 viral load reductions within a week of 
continuous TAF exposure offers an early measure of long-term responses. Thus, 
changes in viral load levels as early as 6 days after treatment initiation can correlate with 
virologic response in the long-term[52]. Furthermore, in a clinical scenario, HIV-1 RNA 
levels and the rate at which changes in viral load emerges can be insightful into individual 
ART relative efficacy[6, 53]. Likewise, our short-term subcutaneous TAF delivery study 
viral reduction correlates with results from the 10-day oral TAF dosing which reported no 
resistance mutations known to reduce susceptibility to TFV[6, 51]. 
 
Another key point in this study is that lymphatic tissues achieved the highest TFV-DP 
concentration after a month of sustained subcutaneous TAF delivery from our nanofluidic 
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device. Our device released TAF at 3.07 ± 1.10 mg/day, a dose that was enough to show 
a viral load reduction in systemic blood and penetrate lymphatic tissues. Thus, by 
delivering TAF into the subcutaneous space, TAF bioavailability increases as it bypasses 
oral absorption kinetics and first-pass metabolism[54]. Further, with direct access to blood 
and circulatory systems, the nanofluidic membrane permits constant subcutaneous TAF 
release, increasing drug exposure to PBMC and lymphatic tissues[54-55]. Therefore, our 
nanofluidic platform addresses the concern of low intracellular drug concentrations in 
lymph nodes and lymphatic tissues with oral ART. Consequently, offering a solution to 
viral rebounds from low ART lymphatic tissue penetration in PLWH that discontinue 
ART[49]. Specifically, our nTAFt implant would continuously expose the lymphatic system 
to TAF, thus possibly overcoming viral persistence in lymphatic tissues. 
 
The present study was limited by the number of animals. However, the variation in first-
phase viral load decay between animals warrants further investigations on optimizing the 
treatment for individuals with different initial viral loads. Although restricted by scheduled 
NHP blood collections to another study[18] [18], similar timespans would offer additional 
statistical analysis. In addition, the study was limited with only one timepoint of tissue 
TFV-DP levels. Another earlier timepoint would offer insight on comparing tissue TFV-DP 
penetration after nTAFt implantation. Notably, in this study we assessed the ability of 
sustained TAF monotherapy to reduce the viral load. However, it is well understood that 
multi-drug regimens are required for HIV treatment for efficacy and to mitigate the risk of 
the onset of drug resistance[6, 51]. Therefore, for clinical relevance, in our future efforts 
we will focus on the implementation of the technology in the context of a multi-drug 
therapy. 

5.6. Conclusions 
In summary, our study provides evidence for the efficacy of the nTAFt as a potential LA 
ART platform for sustained subcutaneous TAF delivery. The approach shows promise in 
obviating patient adherence issues. In harnessing nanotechnology to continuously deliver 
TAF at a lower dose, our implant succeeded in reducing the viral load similarly to daily 
oral TAF regimens. Our results suggest that by sustained constant subcutaneous 
administration, a lower dose for TAF could be used. In principle this could reduce cost of 
treatment and adverse side effects observed with higher doses of TAF. Furthermore, our 
nanofluidic implant demonstrated the proof-of-principle that sustained subcutaneous 
delivery of ART enhances lymphatic tissue penetration. Clinical deployment of this 
nanofluidic approach for HIV treatment would require a multi-drug regimen. Thus, further 
studies are warranted. However, our nanotechnology platform shows promise for use in 
HIV-1 LA ART and improve therapeutic outcomes in PLWH. 

5.7. Supporting Information 
The following are available online at www.mdpi.com/xxx/s1, Table S1: Histopathological 
characteristic system to evaluate inflammation near the implants. Table S2: nTAFt 
histopathological scoring. 
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Supporting Table S1. Histological characteristics scoring system to evaluate inflammation near the 
implants. 

 Score Reactive 
inflammation 

multiplier 
(mj,r) 

 0 1 2 3 4 

Cell characteristic       
Polymorphonuclear 

cells 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Lymphocytes 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Plasma cells 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Macrophages 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Giant cells 0/HPF Rare, 
1-5/HPF 5-10/HPF Heavy 

infiltrate Packed 2 

Tissue 
characteristic       

Necrosis 0 Minimal Mild Moderate Severe 2 

Capsule thickness 0 

Narrow 
band 
(<5 

cells) 

Moderate (5-
10 cells) 

Thick band 
(10-20 cells) 

Extensive 
thick band 1 

Tissue infiltrate 0 

Minimal 
focal 

invasion 
of local 
tissue 

Mild to 
multifocal 

inflammation 
in adjacent 

tissues 

Moderate 
inflammation 
in adjacent 

tissues 

Marked 
inflammation 
in adjacent 

tissues 

1 

Note: Reprinted from “A subcutaneous implant of tenofovir alafenamide fumarate causes 
local inflammation and tissue necrosis in rabbits and macaques”, by Su, J., 2020, 
Antimicrobial Agents and Chemotherapy, 64, e01893-19. Copyright © 2020 Su et al. 
Creative Commons Attribution 4.0 International license. 
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Supporting Table S2. nTAFt histopathological scoring. 

Animal 15-162 (Treatment 1) 
Score 

Pathologist 1 Pathologist 2 Average 
Polymorphonuclear cells 3 2 2.5 

Lymphocytes 3 1 2.0 
Plasma cells 1 1 1.0 
Macrophages 3 3 3.0 

Giant cells 1 2 1.5 
Necrosis 0 1 0.5 

Capsule thickness 3 3 3.0 
Tissue infiltrate 1 2 1.5 

Overall total 15 15 15.0 

Animal 17-048 (Treatment 2) 
Score 

Pathologist 1 Pathologist 2 Average 
Polymorphonuclear cells 3 0 1.5 

Lymphocytes 3 1 2.0 
Plasma cells 0 1 0.5 
Macrophages 3 3 3.0 

Giant cells 0 1 0.5 
Necrosis 1 0 0.5 

Capsule thickness 3 3 3.0 
Tissue infiltrate 2 3 2.5 

Overall total 15 12 13.5 

Animal 17-071 (Treatment 3) 
Score 

Pathologist 1 Pathologist 2 Average 
Polymorphonuclear cells 1 1 1.0 

Lymphocytes 3 2 2.5 
Plasma cells 1 2 1.5 
Macrophages 2 3 2.5 

Giant cells 0 2 1.0 
Necrosis 2 2 2.0 

Capsule thickness 3 3 3.0 
Tissue infiltrate 1 3 2.0 

Overall total 13 18 15.5 
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Animal 16-131 (Treatment 4) 

Score 

Pathologist 1 
Pathologist 2 

(Note increase in 
eosinophils) 

Average 

Polymorphonuclear cells 3 2.5 2.8 
Lymphocytes 3 3 3.0 
Plasma cells 1 1 1.0 
Macrophages 3 3 3.0 

Giant cells 0 1 0.5 
Necrosis 3 2 2.5 

Capsule thickness 3 3 3.0 
Tissue infiltrate 1 3 2.0 

Overall total 17 18.5 17.8 

Animal 15-134 (Treatment 5) 

Score 

Pathologist 1 
Pathologist 2 

(Note increase in 
eosinophils) 

Average 

Polymorphonuclear cells 3 2 2.5 
Lymphocytes 3 3 3.0 
Plasma cells 2 2 2.0 
Macrophages 3 3 3.0 

Giant cells 0 1 0.5 
Necrosis 4 1 2.5 

Capsule thickness 4 2 3.0 
Tissue infiltrate 2 2 2.0 

Overall total 21 16 18.5 

Animal 17-004 (Treatment 6) 
Score 

Pathologist 1 Pathologist 2 Average 
Polymorphonuclear cells NA 0 NA 

Lymphocytes  1  

Plasma cells  1  

Macrophages  1  

Giant cells  0  

Necrosis  0  

Capsule thickness NA 1  

Tissue infiltrate 1 1 NA 
Overall total 1 5 0 

All pathologists are board-certified. Pathologist 1 and 2 are from Weill Cornell Medicine 
and Houston Methodist Hospital, respectively. Animal Treatment 6 was not used to 
calculate total histological score because the implant site was not easily identifiable. 
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6. Conclusions and future directions 
 

Overall, the nanofluidic implant was able to deliver constant and sustained levels of two 
ARV, CAB and TAF, subcutaneously. Accordingly, the nanofluidic implant obviates 
adherence issues and is a promising technology for HIV-1 prevention and treatment. 
Moreover, the βCAB-loaded nanofluidic implant successfully maintained clinically 
relevant CAB plasma concentrations throughout the 3-month study duration in rates. 
However, a limitation in this study was that βCAB implants required a larger volume than 
CAB implants because of the excipient, 2-hydroxylpropyl-β-cyclodextrin. Thus, future 
studies should select an excipient that enhances CAB solubility without compromising 
implant volume.  

Furthermore, the work presented on subcutaneous TAF delivery from the nanofluidic 
implant revolutionized the field of LA ARV implants. It was the first-ever preventive 
efficacy assessment of an implantable ARV for HIV. Prior to this work there was no 
information on whether TAF monotherapy could have been effective in the context of HIV-
1 PrEP. Numerous groups and substantial investments were focused in developments of 
TAF LA implants despite the lack of information of its potential efficacy. This study 
presents for the very first time the HIV PrEP efficacy of sustained TAF release from a 
subcutaneous implant. The results are important as they are the first to show that 100% 
protection is not achieved in a rectal challenge model, even with high TFV-DP levels in 
PBMC. In this context, it is worth noting these results are instrumental to the vast majority 
of groups that are targeting lower TFV-DP levels. Additionally, these results show that to 
this day it remains unclear what target cell/location and concentration needs to be 
achieved to prevent HIV infection. Additionally, this study showed a slight reaction to 
nTAF devices in contrast to the severe reaction observed in Gen B implants from Su et 
al23.  

Moreover, the nanofluidic implant demonstrated the proof-of-principle that sustained 
subcutaneous delivery of ARV can address the challenges of HIV-1 treatment. TAF 
monotherapy via the nanofluidic implant had a similar first-phase viral load reduction as 
oral dosing. In addition, subcutaneous administration of ARV improves lymphatic tissue 
concentrations compared to oral dosing. Thus, targeting latent viral reservoirs that are 
known to activate when ARV concentrations decrease. Whereas TAF monotherapy 
exhibited a viral load reduction, clinical deployment of the nanofluidic implant would 
require a multi-drug regimen. 

HIV PrEP is still a relatively new field with novel and more powerful ARV under 
development. The protective efficacy of the nanofluidic implant can be optimized by using 
a more potent ARV. The ideal ARV candidate would require a low dose to inhibit viral 
replication, is resistant to mutations and has a long circulating half-life. This would allow 
the development of a smaller implant that offers years of protection. In future studies, the 
nanofluidic implant will deliver islatravir (ISL), a nucleoside reverse transcriptase 
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translocation inhibitor34. Afterward, prevention will be assessed across several routes of 
HIV exposure: penile, vaginal, rectal and intravenous.   
 
In conclusion, the innovative strategy of continuous low-dose systemic delivery of ARV 
obviates adherence challenges. This work provides optimism for using LA PrEP implants 
in clinical studies to help and provides similar protective benefit to that observed with oral 
TDF. This work also shows promise on using subcutaneous drug delivery implants for 
HIV-1 treatment. Taken together, the nanofluidic implant has translatability potential and 
offers a new and convenient PrEP option to reduce HIV-1 acquisition and to treat HIV-1 
infection. 
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Advanced implantable drug delivery technologies: transforming
the clinical landscape of therapeutics for chronic diseases
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Abstract
Chronic diseases account for the majority of all deaths worldwide, and their prevalence is expected to escalate in the next
10 years. Because chronic disorders require long-term therapy, the healthcare system must address the needs of an increasing
number of patients. The use of new drug administration routes, specifically implantable drug delivery devices, has the potential to
reduce treatment-monitoring clinical visits and follow-ups with healthcare providers. Also, implantable drug delivery devices can
be designed to maintain drug concentrations in the therapeutic window to achieve controlled, continuous release of therapeutics
over extended periods, eliminating the risk of patient non-compliance to oral treatment. A higher local drug concentration can be
achieved if the device is implanted in the affected tissue, reducing systemic adverse side effects and decreasing the challenges and
discomfort of parenteral treatment. Although implantable drug delivery devices have existed for some time, interest in their
therapeutic potential is growing, with a global market expected to reach over $12 billion USD by 2018. This review discusses
implantable drug delivery technologies in an advanced stage of development or in clinical use and focuses on the state-of-the-art
of reservoir-based implants including pumps, electromechanical systems, and polymers, sites of implantation and side effects,
and deployment in developing countries.

Keywords MEMS . NEMS . Non-biodegradable polymers . Long-acting formulations . Implants

1 Introduction

Chronic disease can be defined as a disease that continues or
reoccurs over a long period of time. Chronic diseases encom-
pass cardiovascular diseases, diabetes, respiratory diseases,
and other disorders that affect a large number of people, are
costly to manage, and increase disability-adjusted life years
(DALYs) (Bernell and Howard 2016). With one DALYequal-
ing a year loss of disease-free life, DALYs are a measure of the
burden of disease across the population (World Health

Organization n.d.). Some chronic health disorders are manage-
able with appropriate treatment. However, the prevalence of
chronic diseases such as cardiovascular diseases, diabetes, can-
cers, respiratory diseases, and human immunodeficiency virus/
acquired immunodeficiency syndrome (HIV/AIDS) is steadily
increasing and expected to affect 157 million people in the US
by 2020 (Comlossy 2013). The global burden of chronic condi-
tions also continues to rise (Fig. 1) and is projected to account for
69% of all deaths worldwide, of which 80% will be in develop-
ing countries, by 2030 (Alwan et al. 2010; Samb et al. 2010). As
the global economic impact of chronic diseases is estimated to
reach $47 trillion in the next two decades, concerted efforts are
focused on relieving this burden (World Economic Forum and
Harvard School of Public Health 2011).

Traditional intervention via oral or intravenous administra-
tion of therapeutics has several limitations. Some drugs have
poor bioavailability and require multiple doses, augmenting
the risk of resistance and side effects as well as the potential
for drug abuse. Additionally, poor patient adherence has direct
effects on medication efficacy. Non-adherence is a major con-
cern, 30 to 50% of adults with chronic conditions in the US do
not take their medications as prescribed and this has been
correlated with 125,000 deaths and 10% of hospitalizations
annually. This results in an annual economic burden of $100
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billion USD in health care services (Cutler et al. 2018; Kini
and Ho 2018; Pagès-Puigdemont et al. 2016; Oung et al.
2017). Social and technological efforts such as patient educa-
tion services, health care provider interventions, reminder
tools, and electronic monitoring devices have tried to tackle
with medication non-adherence with no significant success
(Kini and Ho 2018; Pagès-Puigdemont et al. 2016; Oung
et al. 2017; World Health Organization 2003). Because of
the correlation between increased non-adherence and higher
illness prevalence there is an obvious need to find a solution
for medication non-adherence (Atinga et al. 2018; Pagès-
Puigdemont et al. 2016).

Compared with traditional systemic delivery, implant-
able drug delivery devices offer many advantages. Site-
specific implantation can bypass the absorption and

distribution phase of oral and peripheral regimens, resulting
in higher drug concentrations in targeted areas (Danckwerts
and Fassihi 1991). Thus, drug levels can be maintained in
the therapeutic window by virtue of controlled, continuous
release of therapeutics. Importantly, as this technology can
be used over extended periods, it eliminates the possibility
of poor patient compliance and decreases the discomfort of
parenteral treatment (Park 2014). Therefore implantable
drug delivery technologies provide site-specificity and deal
with medication non-adherence, transforming the clinical
landscape of therapeutics for chronic diseases.

Controlled drug delivery technologies have progressed
over the last six decades to third-generation modulated deliv-
ery systems, with increasing interest in long-term delivery
systems (Farina et al. 2017; Meng and Hoang 2012a; Park

Fig. 1 Top ten global chronic diseases by prevalence (Bertolote 2005; Ferkol and Schraufnagel 2014; Goldberg and McGee 2011; Steel et al. 2014; The
Global Cancer Observatory 2018; Vos et al. 2015; World Health Organization 2016)
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2014; Yun et al. 2015). Accordingly, the global market for
implantable drug delivery is growing—valued at $9.05 billion
USD in 2013 and expected to be $12.42 billion by the end of
2018. Newer, more easily applicable machineries improve the
scalability of implantable drug delivery devices. Companies
and small start-ups find implantable devices profitable be-
cause they are cost-effective and lower overall treatment cost
(Kumar and Pillai 2018), and there is high demand to file
patents on versatile implantable drug delivery devices that
can be tailored for multiple drugs (Coherent Market Insights
2017; Yang and Pierstorff 2012). Another potential benefit is
the opportunity for pharmaceutical companies to exploit med-
ications coming off patent, as patent expirations can be ex-
tended by creating new products that combine patented med-
ications and implantable devices (Beall et al. 2016).
Implantable drug delivery devices can also be advantageous
for less prevalent chronic diseases such as drug abuse, pain
management, and neurological disorders. Furthermore, tele-
medicine can allow physicians to remotely control drug re-
lease rate from the implant or maximize treatment effective-
ness through the use of artificial intelligence and machine
learning algorithms (Ross et al. 2017).

In this article, we highlight current technologies for
long-term drug delivery in advanced stages of develop-
ment or in clinical use, with a brief discussion of the
use, mechanism of function, advantages, and limitations
of each system. This review will demonstrate how ad-
vanced implantable drug delivery technologies can trans-
form the clinical landscape of therapeutics for chronic
illnesses. The drug delivery systems covered include
reservoir-based polymer systems, pumps, and electrome-
chanical systems, excluding polymeric fully degradable
systems and long-term delivery devices that are not
completely implanted, which are thoroughly revised else-
where (Kamaly et al. 2016; Majeed and Thabit 2018). We
further present a clinical perspective on sites of implanta-
tion and potential strategies to improve device develop-
ment associated with patient acceptance, and device de-
ployment in the developing world.

2 Reservoir-based polymer systems

Reservoir-based polymer systems are passive implants with a
simple design consisting of a drug core surrounded by a non-
degradable polymeric film (Fig. 2a). Drug release rate is con-
trolled by polymeric coating properties, such as polymer con-
figuration, molecular weight, and coating thickness, as well as
physicochemical properties of the drug, such as solubility,
particle size, and molecular weight. Historically, polymeric
systems have been employed for site-specific mid−/long-term
systemic drug administration after subcutaneous implantation.
However, most polymeric systems suffer from an initial drug

release burst, which can potentially reach toxic levels and
endanger the patient. After this burst, drug core concentrations
decrease, possibly to below their therapeutic window (Kumar
and Pillai 2018; Yang and Pierstorff 2012).

Polymer systems require constant drug concentration with-
in the drug core to achieve zero-order kinetic drug release.
These implants often employ the polymers silicone, polyvinyl
alcohol (PVA), and ethylene vinyl acetate (EVA). By contrast,
biodegradable implants use naturally occurring polymers
(e.g., human serum albumin, collagen, gelatin) or synthetic
polymers (e.g., polylactic acid, polyglycolic acid, polylactic-
co-glycolic acid copolymer) (Kumar and Pillai 2018; Yang
and Pierstorff 2012).

Son et al. (2017) developed a 3D-printed porous cylin-
drical device called Biocage that can be filled with a drug.
The Biocage is small enough to fit inside a 22-gauge needle
for direct delivery and robust enough to be implanted direct-
ly into the target issue. The Biocage has the following di-
mensions: 300-μm hollow inner diameter, 20-μm outer
wall, 40-μm solid base, 900-μm height, and 5-μm-
diameter pores (Fig. 2b). The creators demonstrated fluo-
rescent microsphere release from the implant but did not
determine the drug release rate. They also confirmed that
the Biocage can be used for local drug delivery within the
brain and explain how 3D printing offers structural and ma-
terial versatility to the device. However, although the mate-
rials are biocompatible and biodegradable, they are not yet
approved by the US Food and Drug Administration (FDA).
Nevertheless, this technological platform shows much
promise, as it offers drug versatility, has high drug loading
efficiency, and can be implanted within the target organ.

In 2006, the FDA approved a similar reservoir-based poly-
mer system, Implanon® (Merck, Kenilworth, NJ, USA), a
4 cm × 22 mm non-biodegradable implant, as a female
hormone-based contraceptive. An EVA copolymer rod en-
compasses 68 mg etonogestrel, which controls the daily re-
lease of progestin for up to 3 years. However, the release rate
decreases over time, from 60 to 70 μg/day in first couple of
weeks to 35–45, 30–40, and 25–30 μg/day at the end of the
first, second, and third year, respectively (FDAReference IDs:
3080389, 4,100,681) (Allen et al. 2016; Huber 1998).
However, another study extending its use to 5 years indicated
an efficacy of 100% (Ali et al. 2016), suggesting that if the
device is still effective after 5 years, patients have likely re-
ceived supraoptimal doses. Therefore, this implant should be
further improved to deliver at a constant rate for 3–5 years. In
some cases, the Implanon® was incorrectly inserted, making
its localization for removal difficult for healthcare profes-
sionals. This led to the design of Nexplanon®, a second-
generation device with the addition of the radiopaque ingredi-
ent barium sulfate, which entered the US market in 2011
(FDA Reference IDs: 3080389, 4,100,681) (Allen et al.
2016; Huber 1998).
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The Hydron® implant (Endo Pharmaceuticals Solutions
Inc., Malvern, PA, USA) consists of a hydrogel polymeric
reservoir called MedLaunch™ that is spun-cast into a
3.5 cm × 3 mm tube (Stevenson et al. 2012). Two of these
non-biodegradable reservoir-based polymeric system im-
p lan t s a r e a l r eady on the marke t : Van ta s® and
SUPPRELIN® LA. The drug core contains 50 mg histrelin
acetate in both implants, but the drug delivery rate is modi-
fied for the treatment of two different diseases (Fig. 2c). The
Vantas® implant delivers 50μg/day for 12months to relieve
symptoms of prostate cancer, whereas the SUPPRELIN®
LA implant releases 65 μg/day for 12 months to treat chil-
dren with central precocious puberty (FDA Reference IDs:
4099967, 2,887,911). Currently, there are no reports of de-
creasing drug release rates from these implants, which could
be attributed to their shorter treatment periods. The
Hydron® implant technology was also adapted to deliver
84 mg octreotride, a somatostatin analog, for up to 6 months
to treat acromegaly. However, the phase 3 clinical trial was
terminated for business reasons (NCT01295060) (Endo
Pharmaceuticals n.d.; Stevenson et al. 2012).

ProNeura™ (Titan Pharmaceuticals Inc., San Francisco,
CA, USA) is a non-biodegradable rod composed of an EVA
matrix and a drug formulation. The Probuphine® implant,
ProNeura™ with buprenorphine, was FDA-approved in
2016 for the maintenance treatment of opioid dependence.
Four 26 × 2.5 mm implants are needed to maintain therapeutic
drug levels (Fig. 2d). Each device contains 80 mg
buprenorphine hydrochloride, a partial opioid agonist, deliv-
ered at a controlled rate for up to 6 months (FDA Reference

ID: 4215185). Probuphine®has provedmore cost-effective than
sublingual buprenorphine, as it minimizes fluctuations in plasma
concentrations and reduces clinic and pharmacy visits by elimi-
nating the need for daily supervision (Barnwal et al. 2017; Carter
et al. 2017). Currently, preclinical studies are testing the use of
ProNeura™ to deliver a dopamine agonist (ropinirole) andT3 for
the treatment of Parkinson’s disease and hypothyroidism, respec-
tively (Titan Pharmaceuticals n.d.).

All above-mentioned reservoir-based polymer systems are
subcutaneously implanted in the inner arm, as they require
systemic therapeut ic levels . However, two non-
biodegradable implants are FDA-approved for intravitreal
management of ophthalmology-related diseases: Retisert®
(Bausch & Lomb, Rochester, NY, USA) and ILUVIEN®
(Alimera Sciences Inc., Alpharetta, GA, USA). Because ocu-
lar diseases affecting the posterior chamber require constant
drug exposure, both devices take advantage of the higher vis-
cosity in the vitreous humor, which increases drug half-life.
Retisert® treats chronic noninfectious uveitis and can achieve
drug release for 30 months but must then be removed (FDA
Reference ID: 2955048) (Borkar et al. 2017; Haghjou et al.
2011; Logan et al. 2016; Yasin et al. 2014). ILUVIEN® can
maintain therapeutic levels in the vitreous humor for up to
36 months for the treatment of diabetic macular edema
(DME) in vitrectomized and non-vitrectomized eyes (Carle
et al. 2014; Hawrami et al. 2016; Kumar et al. 2016;
Meireles et al. 2017; Pessoa et al. 2018). After 36 months, a
new implant can be inserted without removing the previous
implant, as no side effects have been reported from having
multiple implants in the eye (FDA Reference ID: 3635981)

Fig. 2 FDA-approved and experimental non-biodegradable reservoir-
based polymer systems. a Non-biodegradable polymer schematic
depicting an outer polymer coating encompassing an inner drug core. b
Drug-versatile 3D-printed Biocage device (a)Magnified light microscopy
image to detect porosity with 100-μm scale bar. (b) Biocage device boxed
in orange in relation to pencil tip and dime to appreciate its minute size
and how it can be inserted using a 22-gauge needle. (Image 2B adapted
from (Son et al. 2017) licensed under CC BY 4.0). c Vantas® and
SUPPRELIN® LA 50 mg histrelin acetate implants for prostate cancer
symptom relief and childhood central precocious puberty treatment,

respectively (Image reproduced from (Rudlang and Brasso 2016). d
Probuphine® 80 mg buprenorphine hydrochloride implant for opioid
dependence treatment (Image used with permission from Titan
Pharmaceuticals Inc.). e Retisert® implant design consists on a platform
for suturing device and drug core with 0.59 mg fluocinolone acetonide
enclosed in silicone elastomer cup with a PVA membrane outlet for
treating chronic noninfectious uveitis. f Intraocular ILUVIEN®
0.19 mg fluocinolone acetonide device for diabetic macular edema
treatment in relation to a grain of rice to demonstrate its size (Image is
courtesy of Alimera Sciences Inc.)

   47 Page 4 of 22 Biomed Microdevices           (2019) 21:47 



(Borkar et al. 2017; Hawrami et al. 2016; Logan et al. 2016;
Wang et al. 2013; Yasin et al. 2014).

Retisert® consists of a drug formulation tablet enclosed in
a silicone elastomer cup with an outlet consisting of a PVA
membrane (Fig. 2e). The tablet contains 0.59 mg fluocinolone
acetonide (FA), a corticosteroid, and the following inactive
ingredients: microcrystalline cellulose, PVA, and magnesium
stearate. Retisert® passively delivers FA into the vitreous hu-
mor for the treatment of chronic noninfectious uveitis affect-
ing the posterior chamber (FDA Reference ID: 2955048)
(Borkar et al. 2017; Haghjou et al. 2011; Logan et al. 2016;
Yasin et al. 2014). ILUVIEN® is a 3.5 × 0.37mm rod made of
polyimide with a non-permeable cap on one end and a perme-
able PVA membrane on the other end. The inside of the rod is
composed of a PVA matrix with 0.19 mg FA (Fig. 2f). This
implant is not the first line of therapy but is only approved for
DME eyes that did not respond to laser therapy and anti-
VEGF therapy (Elaraoud et al. 2016a; Figueira et al. 2017;
Massin et al. 2016). Real-world results indicate the efficacy of
ILUVIEN®, demonstrating improved best corrected visual
acuity and central foveal thickness (Alfaqawi et al. 2017;
Amoaku et al. 2015; Bailey et al. 2017; Bertelmann et al.
2013; Bertelmann and Schulze 2015; Cunha-Vaz et al. 2014;
Elaraoud et al. 2016b, c; El-Ghrably et al. 2017; Fusi-Rubiano
et al. 2018; Gonçalves et al. 2017; Mourtzoukos 2017; Quhill
and Quhill 2016; Saedon et al. 2017; Schmit-Eilenberger
2015; Syed 2017; Veritti et al. 2017; Yang et al. 2015).
Another implant, Vetrisert®, was FDA-approved for the treat-
ment of cytomegalovirus retinitis but was later discontinued.
A pellet of 4.5 mg ganciclovir was enclosed between PVA and
EVA and was found to relieve symptoms for up to 8 months
(Yasin et al. 2014). Vetrisert® was also effective in treating
cytomegalovirus retinitis in AIDS patients, extending the pro-
gression of retinitis from 15 to 226 days (Martin 1994).

In summary, reservoir-based polymer systems are the type
of implant that has received the most FDA approval and has
been on the market the longest. All use the same mechanism
of release: drug diffusion through non-biodegradable polymer
film. A comparison of their advantages and limitations is
shown in Table 1.

3 Pumps

3.1 Osmotic pumps

Osmotic pumps were developed in the 1950s by Rose and
Nelson for drug delivery in animals. Since then, numerous
designs have found clinical use for the treatment of hu-
man diseases (Keraliya et al. 2012; Santus and Baker
1995). Implantable osmotic pumps are drug delivery de-
vices developed for the sustained administration of thera-
peutics over extended periods of time ranging from

months to years. Osmotic pumps are conventionally com-
posed of a hollow cylinder containing a drug reservoir
and an osmotic engine separated by a movable piston.
The drug reservoir is directly connected to the outside
through micro-holes, and the osmotic engine is separated
from the outside by means of a semipermeable membrane.

The mechanism of osmotic pump-driven drug release
occurs after the pump is implanted. The osmotic engine,
which contains high concentration of osmolytes (i.e.,
salts), drives an osmotic flow of interstitial fluid through
the semipermeable membrane. The inward H2O flow in-
creases hydrostatic pressure in the osmotic reservoir,
which exerts force on the piston (Fig. 3a). The piston is
pushed toward the drug reservoir and causes injection of
the drug solution in an equivalent amount to the volume of
drug solution displaced. Ideally, this process is continuous
and terminates when the piston has displaced the entire
amount of drug solution and has reached the extreme end
of the drug reservoir. Other osmotic pumps have a different
design in which the osmotic engine surrounds the drug
reservoir (Fig. 3b). In these pumps, a high salt concentra-
tion in the osmotic engine displaces the drug out through
the micro-orifice at a controlled rate by compressing the
drug reservoir (Cobo et al. 2015; Herrlich et al. 2012;
Kumar and Pillai 2018; McConville 2011).

Viadur® (Bayer Healthcare Pharmaceuticals, Berlin,
Germany) was a non-biodegradable titanium osmotic implant
that utilized a DUROS® controlled release pump to adminis-
ter leuprolide acetate, a gonadotropin-releasing hormone ana-
log, for 12 months for the palliative treatment of advanced
prostate cancer (FDA Reference ID: 2888026) (Rohloff
et al. 2008). Despite successful clinical trials and FDA approv-
al, Viadur® was removed from the market in 2007 due to its
lack of cost-effectiveness and limited long-termmarket viabil-
ity. In general, the fabrication and assembly procedures as well
as the quality control of osmotic implants may ultimately be
too expensive to justify their clinical use as an alternative to
conventional drug administration approaches.

The Medici Drug Delivery System™ (Intarcia
Therapeutics Inc., Boston, MA, USA) is an osmotic mini-
pump tailored to hold a certain drug volume over different
dosing intervals (Intarcia Therapeutics n.d.-a). ITCA 650 uti-
lizes the Medici Drug Delivery System™ to achieve continu-
ous delivery of exenatide, a glucagon-like peptide-1 receptor
agonist, for the treatment of type 2 diabetes. The pump main-
tains exenatide release for 6 months and is undergoing further
development for a 1-year dose (Intarcia Therapeutics n.d.-c).
A challenge to delivering a 1-year dose is the necessity of
maintaining a constant concentration of osmolyte in the os-
motic engine over the entire duration of the treatment to
achieve constant drug elution. As such, the osmolyte must
be included in a supersaturated form to maintain its constant
concentration despite the inward flow of H2O. When a
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substantial amount of drug has been released, release rate may
decline as a result of reduced osmotic flow.

ITCA 650 has completed its phase 3 clinical trial, called
FREEDOM. However, the FDA issued a Complete Response
Letter regarding manufacturing aspects, and the device is cur-
rently on an FDA clinical hold (Genetic Engineering and
Biotechnology News 2018). Titanium osmotic pump
manufacturing can be very expensive, as these pumps require
extremely tight dimensional and geometrical tolerances as
well as lathe machining for minimal surface roughness in the
inner implant cavity. Intarcia is currently resolving these is-
sues, and the Medici Drug Delivery System™will be adapted
for the continuous delivery of HIV pre-exposure prophylaxis
(PrEP) (Intarcia Therapeutics n.d.-b).

Osmotic pumps have been further developed to improve
intravesical drug delivery using osmotic flow of H2O from
urine instead of interstitial fluid. GemRIS™ and lidocaine-
releasing intravesical system (LiRIS®) (TARIS Biomedical®,
Lexington, MA, USA), which utilize the TARIS® System, are
elastomeric tubular osmotic intravesical implants that deliver
gemcitabine and lidocaine, respectively, to treat bladder dis-
eases. The TARIS® System is a dual-lumen silicone tube con-
taining an osmotic engine encompassing the solid drug core in
one lumen and nitinol wireform in the other (Fig. 3c). The
permeability of silicone permits H2O from the urine to diffuse
through the osmotic engine into the drug core and dissolve the
drug. This creates an osmotic pressure in the osmotic engine
that forces drug solution out through the orifice (Fig. 3b).

Table 1 Comparison among non-biodegradable reservoir-based polymer systems

Implant Development status Advantages Limitations

Biocage Experimental • Small size
• Drug versatility
• Site-specific drug release
• Easy insertion procedure

• Materials not FDA-approved

Hydron® implant technology FDA-approved • 1-year drug release in comparison to
conventional drug administration

• Small size
• Easy insertion and removal procedures
• Alternative implantation sites

• Implant must be exchanged after 1 year
• Only one drug formulation (histrelin acetate)

Implanon®/Nexplanon® FDA-approved • 3-year drug release in comparison to
conventional drug administration

• Small size
• Easy insertion and removal procedures
• Radiopaque
• Alternative implantation sites
• Soft and flexible shape

• Implant must be exchanged after 3 years
• Patients likely initially receiving supraoptimal doses
• Decline in drug release rate over time

Probuphine® FDA-approved • Small size
• Easy insertion and removal procedures

• Four implants needed
• Implants must be removed after 6 months
• Not radiopaque

Retisert® FDA-approved • 30-month drug release
• Site-specific drug release

• Requires invasive surgery
• Implant must be exchanged
• Adverse side effects
• Not cost-effective

ILUVIEN® FDA-approved • 36-month drug release
• Cost-effective
• Site-specific drug release

• Non-biodegradable implant not removed from
vitreous humor after treatment

Fig. 3 Osmotic pump drug release schematics and FDA-approved
osmotic pump implant. a Osmotic pump drug release mechanism for
liquid drug formulations use a high salt concentration osmotic engine
driven by osmotic flow through semipermeable membrane to move
piston and displace drug through orifice. b Osmotic pumps with an

inner solid drug reservoir encompassed by a high osmolyte
concentration osmotic engine surrounded by semipermeable membrane
osmotically displace solubilized drug through orifice. c Intravesical
GemRIS™ implant loaded with solid gemcitabine for bladder cancer
treatment (Image adapted from (Cima et al. 2014))
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Intravesical osmotic pumps are currently undergoing clin-
ical trials. GemRIS™ completed a phase 1b clinical trial to
assess its safety and tolerability in muscle-invasive bladder
cancer patients (NCT02722538) (Taris Biomedical LLC
n.d.-a). GemRIS™ will also undergo a phase 1b clinical trial
with Opdivo® (nivolumab) in the same patient population as
well as two other clinical trials for non-muscle-invasive blad-
der cancer (NCT02720367) and muscle-invasive bladder can-
cer unfit for radical cystectomy (NCT03404791) (Taris
Biomedical LLC n.d.-b; Taris Biomedical LLC n.d.-c).

An advantage of the TARIS® System is that the drug is
loaded in solid form, which augments its loading efficien-
cy. Also, the implant does not have moving components,
decreasing the risk of potential failure and reducing fab-
rication costs. The device can achieve local sustained re-
lease of drug, minimizing side effects and frequent drug
catheter injections to the bladder. These implants have
received positive feedback from people who suffer from
bladder diseases seeking a new drug administration strat-
egy (Cima et al. 2014; Herrlich et al. 2012; Matheson
2014; Nickel et al. 2012; Taris Biomedical LLC n.d.-d).
Nonetheless, accidental rupture of the implant can cause
drug overdose from the dissolving solid drug core, and
the device may be difficult to efficiently remove from
the body without cystoscopy.

3.2 Peristaltic pumps

Peristaltic pumps have been used clinically for many years. In
1881, Eugene Allen was the first to patent the peristaltic pump
in the US for blood transfusions (US249285A) (Allen 1881;
INTEGRA Biosciences n.d.). Years later, cardiothoracic sur-
geon Dr. Michael DeBakey created the DeBakey pump that
was used in the Gibbon heart-lung machine in 1953 (Winters
2015). Positive displacement is the driving force for pumping
fluids contained in a tube inside the peristaltic pump. Rollers
attached to the external circumference of a rotor compress the
flexible tube, trapping liquid drug doses between rollers. As
the rotor rotates, the rollers displace the drug in the tube and
the tube returns to its natural state after passage of the drug, a
process known as peristalsis (Fig. 4a). This peristalsis trans-
ports the drug toward the pump outlet and into a catheter for
delivery to the target site.

This technology has been applied to create an implant-
able peristaltic pump capable of chronically administering
therapeutics at the target site (Berg and Dallas 2013).
However, the implant is relatively large to accommodate
the mechanical components, battery, and drug. As such, the
volumetric loading efficiency, defined as the ratio of drug
reservoir volume to implant volume, is greatly limited to
22–30% (Medtronic 2011). A disadvantage of this pump is
that its size restricts the implantation site, requiring a cath-
eter to administer the drug at the target site. This

technological platform is already on the market as the
SynchroMed™ II pump (Medtronic, Fridley, MN, USA),
an implantable FDA-approved system composed of a
pump reservoir, reservoir fill port, reservoir valve, pump
tubing, check valve, catheter port, and implanted catheter
(Fig. 4b) (Kosturakis and Gebhardt 2012; Pope and Deer
2015). Drug is percutaneously loaded in the reservoir fill
port and passes through the reservoir valve into the pump
reservoir. The design of the pump reservoir involves pres-
surized gas stored below the reservoir. Thus, at normal
body temperature, the gas expands and displaces the drug
in the pump reservoir into the pump tubing. The
SynchroMed™ II pump then transports the drug in a peri-
staltic motion through the pump tube, check valve, catheter
port, and implanted catheter, where it is released at the
target site (Bolash et al. 2015; Christo and Bottros 2014;
Meng and Hoang 2012b; Pope and Deer 2015).

This pump is FDA-approved for the chronic delivery of
treprostinil, morphine sulfate, and ziconotide. Intravenous
treprostinil, epidural/intrathecal morphine sulfate, and intra-
thecal ziconotide are delivered for the treatment of pulmonary
arterial hypertension, chronic intractable pain, and severe
chronic pain management, respectively (Bourge et al. 2016;
Medtronic 2017). In Sweden, the SynchroMed™ II pump is
administering intracerebroventricular PDFG-BB in
Parkinson’s disease patients in a phase 1/2a study evaluating
its safety and tolerability (NCT00866502) (Newron Sweden
AB n.d.; Paul et al. 2015).

Fig. 4 Peristaltic pump drug release mechanism and design. a Peristaltic
pump drug release mechanism: a central rotor with rollers attached to its
circumference rotates, compressing the flexible tube, trapping liquid drug
doses between rollers and displacing it through the catheter. b General
outer schematic of implantable pumps: a discoidal-shaped implant with a
central reservoir fill port that can be accessed percutaneously, a catheter
port that connects the catheter and implant, and suture loops to securely
anchor the implant in the abdominal pump pocket
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Chronic drug delivery requires careful dose monitoring by
a healthcare professional to maintain adequate therapeutic
levels. The SynchroMed™ II pump can be programmed by
telemetry to deliver a wide range of therapeutic flow rates,
thus personalizing the drug dose for each patient (Li et al.
2012; Medtronic 2017). Likewise, pain tolerance differs be-
tween patients, so an advantage of this pump is that the patient
can self-administer an additional dose through a personal therapy
manager (PTM), a handheld accessory with a lockout system
ensuring that the patient does not administer more drug than is
approved by the doctor (Bhatia et al. 2014). Currently, the PTM
is undergoing a phase 4 clinical trial for patient-controlled intra-
thecal analgesia with bupivacaine for chronic low back pain
(NCT02886286) (Ilias et al. 2008; Salim M Hayek and
University Hospitals Cleveland Medical Center n.d.).

Because these pumps require a battery, their lifespan is
limited to 4–7 years. Also, their low volumetric loading
efficiency of 22–30% requires a large pump and limits the
size of the reservoir compared with the volume of the
device. Consequently, patients must go to a healthcare
professional to refill the pump every 3–4 months, which
affects patient acceptability (Bolash et al. 2015; Christo
and Bottros 2014; Meng and Hoang 2012b; Pope and
Deer 2015). Another setback is reports that magnetic res-
onance imaging (MRI) temporarily stops the pump motor
rotor. As a result, all patients must undergo assessment of
pump motor function after an MRI (Kosturakis and
Gebhardt 2012; Pope and Deer 2015). Peristaltic systems
are also costly to manufacture (Rajgor et al. 2011).

3.3 Infusion pumps

Infusion pumps utilize a chlorofluorocarbon propellant,
whose change from liquid to gas at body temperature serves
as the driving force to deliver a drug. This implantable me-
chanical system is divided into two chambers: propellant and
drug. The drug chamber is a collapsible bellow that com-
presses as gas expands from the propellant chamber. This
forces the drug out through an exit port into the pump catheter
(Fig. 5). Because body temperature is constant, the drug is
delivered at a steady rate and is tunable by changing the drug
concentration in the drug reservoir. An advantage of infusion
pumps is that no battery is required for drug administration,
avoiding the need for replacement (Rajgor et al. 2011).

The Codman® 3000 pump (Codman & Shurtleff, Inc.,
Raynham, MA, USA) is an infusion pump FDA-approved
for intrathecal delivery of morphine sulfate for pain manage-
ment and hepatic arterial infusion of chemotherapy to the tu-
mor site. The pump achieves a constant flow rate by maintain-
ing a pump drive pressure of approximately 0.6 bar at body
temperature. There are different titanium Codman® 3000
pump drug reservoir sizes: 16, 30, or 50 ml. Thus, the
Codman® 3000 pump size depends on the model and can

measure 6.12–8.64 × 3.20–3.74 cm and weigh 98–173 g. As
a result, a disadvantage of the pump is its low volumetric
loading efficiency of 14–29%. However, the pump can be
transcutaneously refilled every 4–8 weeks through a self-
sealing silicone central port (Baert et al. 2008; Codman and
Shurtleff 2003; Codman & Shurtleff n.d.).

In a study evaluating baclofen delivery for severe spasticity
treatment, the Codman® 3000 pump demonstrated an accura-
cy higher than 90% (Ethans et al. 2005). Although this accu-
racy is similar to that of peristaltic pumps, the infusion pump
has a lifetime warranty advantage as it omits the battery.
Furthermore, a pilot study of the delivery of darunavir via
the caudal vena cava by the Codman® 3000 pump for HIV
PrEP confirmed a steady-state plasma drug concentration with
an average of 40 ng/ml in two dogs. This study also highlights
the versatility of the pump and catheter through its adaption to
deliver viscous solutions (Baert et al. 2008). Although the
Codman® 3000 pump is highly acceptable by patients, espe-
cially for hepatic arterial infusion for chemotherapy, its pro-
duction stopped in April 2018. This halt was likely due to low
profitability, with pumps costing from $7000 to $11,000 USD,
and low demand, with only 300 sales per year in the US
(Grady and Kaplan 2018).

Another dynamic implant that relies on a positive driving
force to modulate drug dosing is the Prometra® pump
(Flowonix Medical Inc., Mt. Olive, NJ, USA). This FDA-
approved chronic pain management pump delivers morphine
intrathecally and uses the same positive pressure gas expan-
sion actuation design as the Codman® 3000 pump but with
battery-powered valves for flow regulation (Fig. 4) (Christo
and Bottros 2014; Cobo et al. 2015; Kumar and Pillai 2018;
Wilkes 2014). The titanium device is relatively large to ac-
commodate the electrical components that permit remotely
controlled drug release, measuring 7.1 × 2 cmwith an unfilled
weight of 150 g and drug reservoir volume of 20 ml.
Programmable dose changes are a big advance for implants,

Fig. 5 Infusion pump drug release schematic. The infusion pump is
divided into two chambers: a collapsible drug reservoir and a propellant
chamber. At body temperature the propellant changes from liquid to gas
compressing the drug reservoir thus forcing the drug out through the
restrictor filter into the pump catheter. The drug reservoir is refilled with
a designated needle that closes the safety valve avoiding drug release
while refilling
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as they give patients the ability to self-administer drug from an
implant as they would with oral pills. The FDA-approved
patient therapy controller (PTC™) offers patients flexibility
to manage their pain (Deer and Pope 2015; Flowonix Medical
n.d.). Also, external control of dosing is a requirement for pain
management because dosing throughout the day is variable
(Kumar and Pillai 2018).

In a study of 110 patients with chronic pain, Prometra®
pumps had higher dosing accuracy when administering mor-
phine sulfate compared with SynchroMed™ II pumps
(Christo and Bottros 2014; Rauck et al. 2010). This could be
attributed to the Prometra® pump valves delivering more pre-
cise drug doses due to their employment of simple open-and-
closemechanisms. By contrast, SynchroMed™ II pumps have
a fixed drug dose between rollers that cannot be finely tuned.
Furthermore, the accuracy, efficacy, and safety of Prometra®
pumps were demonstrated in patients for up to 12 months
(Kalyvas et al. 2014; Rauck et al. 2010, 2013).

A major disadvantage of Prometra® pumps is the need to
completely remove medication prior to MRI, as magnetic
fields may open the valves and empty the drug reservoir,
causing drug overdose (Christo and Bottros 2014; Pope and
Deer 2015). To avoid this procedure and achieve an MRI-
compatible implant, a flow-activated safety valve (FAV™)
was incorporated in the new pump model, Prometra® II.
However, the pump was recalled in 2017 due to a failure of
the FAV™ during anMRI scan, resulting in a patient receiving
a fatal dose (U.S. Food and Drug Administration 2018).
Although Prometra® II was designed to prevent the need for
pre-MRI medication removal, the recall mandates emptying
the drug reservoirs in Prometra® and Prometra® II pumps
before an MRI scan (Flowonix Medical 2018). However, as
physicians and healthcare workers are aware of this necessity,
this is not a restrictive problem with careful monitoring.

In summary, pumps with different mechanisms of action
can be chosen depending on the patient’s disease, drug release
longevity, and site of implantation. Larger peristaltic and in-
fusion pumps can possibly be used to treat chronic diseases
due to their larger drug reservoir and refill feature, whereas
smaller osmotic pumps maintain constant drug release for
systemic or site-specific effects (Kumar and Pillai 2018). A
comparison of advantages and limitations of peristaltic, os-
motic, and infusion pumps is shown in Table 2.

4 Microfabricated systems

In the biomedical field, electromechanical systems offer
distinctive solutions for drug release related to precision
dosing. There is much interest in implants that incorpo-
rate this technology and are fabricated in the micro- and
nanometer range (Kumar and Pillai 2018). Microscopic
and nanoscopic devices with features in the microscale

and nanoscale array are termed microelectromechanical
systems (MEMS) and nanoelectromechanical systems
(NEMS), respectively.

When these implants are scaled down, the driving forces of
drug release change with respect to the decrease in area and
volume; forces such as adhesion and surface tension have a
greater effect onmolecules, which is convenient for controlled
drug delivery (Bhushan 2007). Given the incredible variety of
technologies proposed, in this section we will review some
representative MEMS and NEMS undergoing preclinical re-
search or clinical development.

4.1 Mems

Fluidic MEMS show potential for drug delivery
applications and can be integrated with electronic
components to al low remote control over drug
administration. Santini et al. (1999) developed one of
the first microfluidic devices capable of pulsatile release.
It consists of a microfabricated silicon wafer containing
an array of drug reservoirs capped by gold membranes
(Fig. 6a, b) (Maloney et al. 2005). The device allows
the selective opening of single reservoirs by applying an
electrical potential to the gold membranes. An electro-
chemical reaction causes the complete dissolution of the
membrane, allowing drug release (Fig. 6c). This technol-
ogy was adapted for leuprolide release by Microchips
Biotech, Inc. (Bedford, MA, USA).

Micro-CHIP allows the remote control of drug delivery.
This system utilizes electronic circuitry for radio-frequency
communication with the remote control unit for triggering
dissolution of capping reservoir membranes. This system is
complex and requires a power source consisting of a battery
(Fig. 6d), which occupies ~40% of the implant volume due to
the significant power consumption of the device. Micro-CHIP
has arrays of drug reservoirs of 300–600 nl each that can be
individually opened over time, creating a pulsatile delivery
profile (Farra et al. 2012; Grayson et al. 2004). To mimic
constant delivery, the reservoirs should be opened at frequent
time points. The rate of release from each reservoir can be
controlled by modification of the dissolving capping layer
(Santini et al. 2000).

Micro-CHIP devices have been developed for different
experimental applications. One of the most relevant appli-
cations is the delivery of leuprolide in a canine model
(Prescott et al. 2006). For this purpose, the implant con-
tains 100 drug reservoirs providing a total reservoir vol-
ume of 30 μl, corresponding to 2.5 mg leuprolide acetate
powder (Grayson et al. 2004). The device, with approxi-
mate dimensions of 4.5 × 5.5 × 1 cm3, has a volume of
approximately 30 ml, meaning that its nominal loading
efficiency is 0.1%. More recently, a different version of
Micro-CHIP was tested in a clinical trial (Farra et al.
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2012). This implant delivers teriparatide, synthetic human
parathyroid hormone fragments [hPTH(1–34)], which is
the only treatment approved for anabolic osteoporosis
and requires daily injection (Watson 2012). The device,
with approximate dimensions of 5.4 × 3.1 × 1.1 cm3, con-
tains 20 reservoirs containing 40 μg teriparatide each, pro-
viding a total reservoir volume of 12 μl. This Micro-CHIP
has a volume of approximately 15 ml and a nominal load-
ing efficiency of 0.08%. However, Farra et al. (2012) re-
port that the drug loading procedure does not allow com-
plete yield of all drug reservoirs, which reduces the effec-
tive loading efficiency to below 0.08%.

These implants have the benefit of being made of compo-
nents that can be microfabricated with conventional semicon-
ductor technologies. The shell can be machined or injection-
molded for the low-cost parallel fabrication of a large number
of parts. Nonetheless, the assembly, loading, and sterilization
of the device is expensive. Additionally, the extremely low
loading efficiency significantly limits its applicability for
long-term sustained delivery of therapeutics. However, the
Micro-CHIP will be tested with a variety of chronic drug

therapies since Teva Pharmaceuticals partnered with
Microchips Biotech Inc. in 2015 (Microchips Biotech 2015).

Humayun et al. developed prototypes of one of the first
ocular MEMS pumps for the treatment of DME and noninfec-
tious uveitis. The Posterior MicroPump Delivery System
(PMP) is implanted on the sclera beneath the conjunctiva
and delivers micro- and nanodoses intravitreally. The PMP
can be wirelessly programmed with The Eye™. The device
is 13 × 16 × 5 mm in size and is custom-contoured for a re-
duced front height to fit on the outer surface of the eye. The
PMP has a drug reservoir with a refill port, battery, electronics,
electrolysis chamber, and cannula (Fig. 7a). When the device
is turned on, an electrical potential electrolyzes H2O into H2

and O2, which returns to H2O when turned off. The gases
generate pressure on the drug reservoir and force the drug into
the cannula at a desired dose (Fig. 7b) (Cobo et al. 2015;
Gutiérrez-Hernández et al. 2014; Humayun et al. 2014;
Yasin et al. 2014). Use of the PMP for delivering ranibizumab,
an angiogenic inhibitor, for 90 days was demonstrated to be
safe. However, four of the eleven patients received a lower
than target dose (Humayun et al. 2014). PMP safety was

Table 2 Comparison among peristaltic, osmotic, and infusion pumps

Implant Development Status Advantages Limitations

SynchroMed™ II pump • FDA-approved
• Clinical trials:
NCT00866502, NCT02886286

• Transcutaneous refilling
• Telemetry dosing
• PTM patient self-administration
• Site-specific drug release with catheter

• Large size
• Needs battery
• Movable mechanical components
• Low volumetric loading efficiency
• Requires invasive surgery
• Pump and catheter malfunctions
• Requires specific drug formulation
• Drug instability requires refill every

3–4 months

Medici Drug Delivery
System™

• FDA clinical hold • Small size and optimal shape
• Drug versatility

• Holds less than 1 year dose
• Implant must be exchanged after 6 months
• Movable mechanical components

TARIS® System • Clinical trials:
NCT02722538,
NCT02720367, NCT03404791

• Small size and optimal shape
• Site-specific (intravesical)
• Drug released for weeks to months

for optimal treatment

• Difficult insertion and removal procedures

Codman® 3000 pump • FDA-approved
• Discontinued

• Transcutaneous refilling
• Overfill safety features
• Drug reservoir versatility
• Nominal flow rate versatility
• No battery
• Site-specific drug release with catheter

• Large size
• Requires invasive surgery
• Requires refill every 4–8 weeks to

expand bellow
• Low volumetric loading efficiency
• Requires specific drug formulation

Prometra® and
Prometra®
II pumps

• FDA-approved
•Recalled by FlowonixMedical

Inc.

• Dosing accuracy
• PTC™ patient self-administration
• Programmable drug doses
• Transcutaneous refilling
• Site-specific drug release with catheter

• Large size
• Needs battery
• Movable mechanical components
• Low volumetric loading efficiency
• Requires invasive surgery
• Pump and catheter malfunctions
• Requires specific drug formulation
•Drug instability requires refill every 3 months
• Drug reservoir must be emptied prior to

MRI scan
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previously assessed in a 1-year canine study (Gutiérrez-
Hernández et al. 2014). Humayun et al. patented the technol-
ogy and created the company Replenish Inc. (Pasadena, CA,
USA), which produces Replenish MicroPumps.

4.2 NEMS

4.2.1 NEMS for constant delivery

At the nanoscale, the properties of fluids under confinement
can be beneficially leveraged. Nanochannels constitute highly

precise and accurate delivery vehicles for the delivery of ther-
apeutics in a controllable manner. When the size of the chan-
nels shrinks to the size of the diffusing analytes, wall-to-
molecule interactions play a dominant role in molecular re-
lease, causing constrained and saturated diffusion (Ziemys
et al. 2011; Ziemys et al. 2010). Therefore, nanochannels
can passively control the release of molecules through
concentration-driven transport as long as the drug reservoir
is supersaturated (Bruno et al. 2018). Taking advantage of
these nanoscale effects, constant, sustained release of drugs
can be achieved by judiciously tailoring the size and surface
chemistry of nanochannels. This nanochannel approach was
developed by various groups, with pioneering studies of sili-
con nanochannels conducted by Ferrari et al. and Desai et al.
in the 1990s (Chu et al. 1997; Desai et al. 1999; Ferrari et al.
1995; Grattoni et al. 2009; Chu et al. 1999).

Nanochannel membranes can easily be mounted on a drug
reservoir to achieve constant rate, zero-order kinetic drug release
from the reservoir. These implants are still in the preclinical
phase but have a high market acceptability due to low
manufacturing costs. The titanium oxide nanotube membrane,
NanoPortal Membrane (Nano Precision Medical, Emeryville,
CA, USA), is attached to a small, rice grain-sized cylindrical
implant (Fig. 8a). This implant was designed to be subcutane-
ously implanted through an in-office procedure. Currently, this
technology is in preclinical development to release glucagon-
like peptide-1 agonists for 3 months to up to 1 year (Nano
Precision Medical n.d.-a; Nano Precision Medical n.d.-b;
Nano Precision Medical n.d.-c). A larger cylindrical titanium
device measuring 4 cm × 4 mm has two membranes with
NANOPOR™ (Delpor Inc., San Francisco, CA, USA) technol-
ogy fixed at each end (Fig. 8b) (Delpor n.d.-a; Delpor n.d.-f).
DLP-202 and DLP-414 can release hGH for 3 months and
exenatide for 3–6 months, respectively (Delpor n.d.-d; Delpor
n.d.-e). To maintain constant release, drugs must be soluble to
form supersaturated solutions within the drug reservoir to satu-
rate the nanochannels. Insoluble drugs cannot saturate
nanochannels and thus do not have zero-order kinetics.
Prozor™ (Delpor Inc., San Francisco, CA, USA) technology
enables release of insoluble drugs by maintaining an acidic pH
in the drug reservoir (Delpor n.d.-g). DLP-114 and DLP-119 are
a 6–12-month formulation of risperidone and 3-month

Fig. 6 30-ml Micro-CHIP device used for leuprolide release in dogs. a
Silicon wafer with 100 30 μl drug reservoirs capped by gold membranes.
b Assembled 30-ml Micro CHIP device. c Micro-CHIP drug release
schematic: an electrical potential to the gold membrane permits
selective opening of specific reservoir for drug release. d Internal
circuitry of the implant. (Image 6A, 6B, 6D adapted from (Prescott
et al. 2006))

Fig. 7 Replenish MicroPump schematic and drug release mechanism. a
ReplenishMicroPump implanted on the sclera beneath the conjunctiva. b
Replenish MicroPump drug release mechanism: electrodes in the
electrolysis chamber generate an electric potential electrolyzing H2O

into H2 and O2 when the device is turned on. This creates pressure on
the diaphragm that shifts drug in drug reservoir and displaces it through
the cannula

Biomed Microdevices           (2019) 21:47 Page 11 of 22    47 



formulation of olanzapine, respectively. Both are antipsychotic
drugs, with risperidone used to treat schizophrenia and
olanzapine used to treat bipolar disorder (Delpor n.d.-b;
Delpor n.d.-c).

The nanochannel Del ivery Sys tem (nDS) has
nanochannels as small as 2.5 nm with tight tolerances on size,
geometry, and surface properties. It was further developed by
Grattoni et al. and is currently in clinical translation (Grattoni
et al. 2009, 2011a c). The nDSmembrane, a 5 × 20 × 12.3 mm
or 43 × 28.5 × 8.7 mm silicon chip, represents the core of the
nDS implantable technology (Fig. 9a). The membrane ex-
ploits the previously mentioned nanoscale phenomena to pas-
sively control the constant release of drugs, biological mole-
cules, and nanoparticles without requiring movable compo-
nents or actuation (Fig. 9b) (Fine et al. 2010; Grattoni et al.
2011a). The implant contains the nDS membrane, a mechan-
ically robust shell, and loading ports with sealing components.
This simple architecture allows for high effective loading ef-
ficiency, which, depending on the size and shape of the im-
plant, may range from 60 to 90% (Fig. 9c). This technology is
suitable for the use of drugs in liquid, suspension, solid, and
powder forms in water, organic solvent, or lipid-based formu-
lations. This offers flexibility in terms of its employment for a
broad spectrum of therapeutic applications, enabling the de-
livery of drugs in their most stable formulation for long-term
treatment. Transcutaneous refilling allows the treatment of
chronic pathologies over several years without need for ex-
plantation and replacement.

The nDS technology was validated in vitro and in vivo in
rodents, dogs, pigs, and non-human primates with a constant,
sustained release of drug molecules and nanoparticles over a
broad range of molecular sizes at release rates relevant for
medical applications (Di Trani et al. 2019; Ferrati et al. 2013
2015; Filgueira et al. 2016; Fine et al. 2010; Grattoni et al.
2011c; Sih et al. 2013). The nDS can sustain release of HIV
PrEP antiretroviral drugs, tenofovir alafenamide fumarate, and
emtricitabine for 83 days in non-human primates and allow
transcutaneous drug refilling (Chua et al. 2018b). Grattoni
et al. developed a cylindrical intratumoral device approxi-
mately 3.5 mm long with a silicone cap at one end and a

smaller nDS on the other end (Fig. 9d). This device, termed
the nanofluidic-based drug eluting seed (NDES), has a reser-
voir capacity of 3.3–5 μl and is percutaneously delivered
intratumorally via minimally invasive insertion with a trocar.
The authors demonstrated that the intratumoral sustained re-
lease of CD40 and OX40 from the NDES increases immune
cell infiltration. Thus, the nDS nanochannel platform has the
potential to expand available clinical options for intratumoral
immunotherapy delivery (Chua et al. 2018a; Di Trani et al.
2017; Hood et al. 2016).

4.2.2 NEMS for tunable delivery

Some diseases require a variable rather than a constant drug
delivery dose. The passively controlled nDSmembrane can be
accompanied by electrodes to adjust the delivery rate of drugs,
allowing for programmable dose modulation, remote titration,
and responses to sensor feedback (Fine et al. 2011; Grattoni
et al. 2011b). After applying a 1 .5V direct current electrical
field across the membrane, ionic species redistribute across
the nanochannels, causing ionic concentration polarization
that can be modified to tune drug release rate (Bruno et al.
2015, 2016; Di Trani et al. 2017; Grattoni et al. 2011a). The
dynamically controlled nDS membrane can be mounted on a
drug reservoir remotely controlled via Bluetooth Low Energy
communication (Fig. 9e). This technology has been validated
in vitro, demonstrating changes in methotrexate release when
transmembrane potential is applied. A disadvantage of this
device is that its volumetric loading efficiency is low (22%)
due to the volume of the circuitry chamber. However, this
implant is an adaptable research tool for drug development
and pharmacological studies (Di Trani et al. 2017).

To summarize, MEMS and NEMS take advantage of
micro- and nanoscale transport properties for drug delivery.
Nanofluidics enables zero-order drug release kinetics for
months with no potentially dangerous initial burst release.
Although most are not yet FDA-approved, there is great po-
tential to make small implants that can treat a wide variety of
diseases. Table 3 shows a comparison of advantages and lim-
itations of MEMS and NEMS.

Fig. 8 NEMS translational
research devices. a Schematic of
nanoportal membrane from Nano
Precision Medical showing how
the nanotubes are the rate-limiting
step for drug release from the
reservoir (Image used with
permission from Nano Precision
Medical). bDrug-versatile Delpor
Inc. implant with two membranes
with NANOPOR™ technology
fixed at each end (Image used
with permission fromDelpor Inc.)
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5 Sites of implantation

Although implants offer refined and efficacious means for
controlled drug delivery, they all require placement by a
healthcare professional. Surgical procedures vary based on
the site of implantation and are associated with potential chal-
lenges and adverse effects. Although side effects are usually
mild, they can be significant in some cases. Here, we describe
various insertion procedures and provide an overview of their
most common challenges to provide insight that can aid in the
development of the next generation of drug delivery implants.
Figure 10 illustrates the different sites of implantation for
implants.

5.1 Intraocular placement

In addition to drug loading efficiency, the implantation proce-
dure of a device is also of great importance when designing an
implant. The end goal is the use of a minimally invasive in-
office procedure by a trained healthcare professional that does
not require post-operative care. Both ILUVIEN® and

Retisert® posterior chamber implantations are performed in
a doctor’s office, as they require aseptic conditions and anes-
thesia. ILUVIEN® is minimally invasive, whereas Retisert®
is invasive due to its shape. The small cylindrical shape of
ILUVIEN® fits inside a needle and permits intravitreal injec-
tion (Fig. 11a). A benefit is that there is no need for stitches as
the sclera can self-heal from the needle wound, reducing com-
plications (Borkar et al. 2017; Logan et al. 2016). By contrast,
Retisert® requires sclerotomy along with blood vessel cauter-
ization to insert the irregularly shaped device and sutures to
anchor it within the posterior chamber (Fig. 11b). The
sclerotomy incision also requires subconjunctival antibiotics
and a steroid injection (Bausch & Lomb n.d.; Yasin et al.
2014). The incision must be re-opened for removal, but the
implant can be replaced using the same anchoring suture in the
sclera. However, some ophthalmologists prefer to insert a new
Retisert® at another incision site, leaving the old implant in
place. If the patient requires a third implant, ophthalmologists
will replace the first implant (Nicholson et al. 2012). Retisert®
limitations could be addressed by changing the implant shape
to a cylinder to allow a non-invasive procedure. The

Fig. 9 nDS. a Differently sized
mechanically robust silicon
microfabricated nDS membranes,
which house a defined number of
densely packed slit-nanochannels
to achieve constant and sustained
delivery of therapeutics over
extended periods of time. b Drug
release diffusion path through
nDS membrane: first from drug
reservoir to perpendicular
microchannels, then rate-limiting
horizontal nanochannels, and then
out through perpendicular
microchannels. c The membrane
is conveniently mounted on a
drug delivery reservoir with a size
and shape that can be optimized
for the therapeutic application,
drug, duration of treatment, and
site of implantation. d Image of
NDES with nDS membrane next
to ruler to illustrate its small size.
e Dynamically controlled nDS
membrane mounted on polyether
ether ketone, sized 24 × 34 ×
4.5 mm3, with an 800-μl drug
reservoir chamber and a circuitry
chamber with the electronics and
battery
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irregularly shaped Retisert® device contains 0.59 mg FA
compared with 0.19 mg in the smaller, cylinder-shaped
ILUVIEN®. Accordingly, multiple smaller cylinder implants
could be injected into the vitreous humor to maintain the ther-
apeutic dose for DME treatment.

Even though implantable devices offer the obvious and
needed advantages of site-specific therapeutic delivery, there
are some limitations and challenges directly related to the phys-
ical presence of an object in the eye. Patients must be monitored
for the most common complications, intraocular pressure ele-
vation and endophthalmitis, after implantation, because a for-
eign device is introduced into a pressure-regulated chamber
(FDA Reference IDs: 2955048; 3635981) (Alfaqawi et al.
2017; Bausch & Lomb n.d.; Borkar et al. 2017; Logan et al.
2016; Parrish et al. 2016; Wright and Hall 2016; Yasin et al.
2014). Although ILUVIEN® has the convenience of a suture-
less procedure, there are reports of implant migration into the
anterior chamber, blocking the visual axis, and dislodgement
into the infusion cannula during vitrectomy (Andreatta et al.
2017; El-Ghrably et al. 2015; Moisseiev and Morse 2016;
Papastavrou et al. 2017). Reported Retisert® adverse effects
are mostly sclerotomy-related: hypotony, temporary decrease
in visual acuity, cataract formation, choroidal detachment, reti-
nal detachment, vitreous hemorrhage, wound dehiscence,

implant dislocation, and scleral melt (FDA Reference ID:
2955048) (Almeida et al. 2015; Chang et al. 2015; Freitas-
Neto et al. 2015; Petrou et al. 2014; Yasin et al. 2014). For these
reasons, the doctor performs indirect ophthalmoscopy to verify
correct placement of the implant, adequate central retinal artery
perfusion, and absence of complications (FDA Reference IDs:
2955048; 3635981) (Bausch & Lomb n.d.; Yasin et al. 2014).
Nonetheless, as previously mentioned, the benefits of both of
these implants outweigh the few complication reports.

An approach to avoiding placement of foreign devices in
the vitreous humor is to anchor an implant episclerally and
deliver drugs into the posterior chamber through a cannula,
like the Replenish MicroPump. The PMP reservoir and intra-
ocular cannula are sutured episclerally between the superior
and lateral rectus muscles to impede movement (Fig. 11c). A
sclerotomy is required, but the incision is small as only the
cannula must be inserted into the posterior chamber, followed
by suturing of the conjunctiva (Humayun et al. 2014). An
advantage of the PMP is its ease of access and the possibility
of refilling the drug reservoir, eliminating future device re-
moval or replacement (Yasin et al. 2014). A major limitation
of the PMP is that it has not undergone clinical trials, so
although it has a refill feature, its safety and efficacy have
yet to be established.

Table 3 Comparison between MEMS and NEMS

Implant Development status Advantages Limitations

Microchip Human trial • Reservoir-specific trigger
• Drug versatility
• Remote control of drug administration

• Large size
• Extremely small drug reservoir
• Very low loading efficiency
• Complex technology
• Requires battery
• Difficult insertion and removal procedures
• High fabrication and assembly costs
• Pulsatile drug release
• Rigid implant

Replenish MicroPump Human trial • Refillability
• Drug versatility
• The Eye™ programmable doses
• Human safety evaluated

• Requires battery
• Difficult insertion procedure
• High manufacturing cost
• Rigid implant

nDS Translational research • Zero-order kinetics
• High loading efficiency
• Drug and reservoir versatility
• Scalability
• Transcutaneous refilling
• Remote tunable release
• Systemic or site-specific drug release

• High rates of drug delivery (mg/day) require
large membrane surface area

• Difficult insertion and removal procedures
• Rigid implant

NanoPortal Membrane Translational research • Drug versatility
• Zero-order kinetics
• Small size and optimal shape
• High loading efficiency

• Drug release for 3 months to 1 year
• Implant must be exchanged
• Rigid implant

NANOPOR™ technology Translational research • Zero-order kinetics
• Prozor™ technology for insoluble drugs
• Small size and optimal shape
• High Loading efficiency
• Low manufacturing cost

• Implant must be exchanged
Rigid implant
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5.2 Upper inner arm subcutaneous placement

The subcutaneous tissue is advantageous for drug delivery
because the gastrointestinal tract is bypassed, thus improv-
ing drug bioavailability for systemic administration (Kumar
and Pillai 2018). Also, the implantation site should be dis-
crete but readily accessible for a quick in-office procedure
and not uncomfortable to the patient. Thus, the most widely
used implantation site in the clinic is the upper inner arm, for
which implants are cylindrical and have a personalized ap-
plicator device that facilitates their insertion. Implant place-
ment is an in-office procedure performed by a trained
healthcare provider that takes approximately 10 min.
Implanon®, Nexplanon®, SUPPRELIN® LA, and
Vantas® are inserted in the inner side of the non-dominant
upper arm approximately 8–10 cm above the medial
epicondyle of the humerus after injection of local anesthesia
(Fig. 11d) (FDA Reference IDs: 2887911; 3080389;
4099967; 4100681).Probuphine® implants are inserted at
the same site but require a minor incision followed by in-
sertion of four implants. These are positioned in a close fan-
shaped distribution 4–6 mm apart with the fan opening to-
ward the shoulder (Fig. 11e) (FDA Reference ID: 4215185)
(Itzoe and Guarnieri 2017; Smith et al. 2017). Interestingly,

different subcutaneous implantation sites have been adapted
to meet the patient’s needs. Nexplanon® was inserted in the
scapular region in patients at risk of self-removal of the
implant (Pragout et al. 2018). In elderly patients, Vantas®
is subcutaneously inserted in the abdominal region due to
patient-limited arm mobility (Woolen et al. 2014).

When inserting implants into the upper arm, it is important
to avoid the sulcus between the biceps and triceps muscles and
the neurovascular bundle that lies deeper in the subcutaneous
tissue to avoid complications such as peripheral nerve injury
and paresthesia (Laumonerie et al. 2018). Equally important,
the presence of the device must always be verified immedi-
ately after insertion to circumvent implant migration. There
are reports of difficulty removing Implanon®/Nexplanon®
devices associated with peripheral nerve injury and implant
migration (Barlow-Evans et al. 2017; Chevreau et al. 2018;
Chung et al. 2017; Diego et al. 2017; Guiahi et al. 2014;
Laumonerie et al. 2018; Odom et al. 2017). Regardless, the
benefits are indisputable given the high efficacy rate and that
most common adverse effects reported for these implants in-
clude erythema, hematoma, application site pain, and edema
are quick to resolve (FDA Reference IDs: 2887911; 3080389;
4099967; 4100681; 4215185) (Davis et al. 2014; Donnelly
et al. 2015; Eugster 2015; Fisher et al. 2014; Itzoe and

Fig. 10 Sites of implantation for FDA-approved implants and devices in clinical trials
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Guarnieri 2017; Pedroso et al. 2015; Serati et al. 2015;
Shumer et al. 2016; Silverman et al. 2015; Simon et al.
2016; Smith et al. 2017).

5.3 Abdominal subcutaneous placement

The size of peristaltic and infusion pumps necessitates cathe-
ters for site-specific drug delivery and restricts them to a sub-
cutaneous abdominal implantation site. SynchroMed™ II,
Codman® 3000, and Prometra® pumps require surgery under
general anesthesia, resulting in a significantly higher costs, as
this procedure take 1–3 h in an operating room due to the
requirement for fluoroscopy for intrathecal catheter placement
and verification (Flowonix Medical Inc. 2017; Medtronic
2017). At this implantation site, 27% of reported complica-
tions of intrathecal delivery are related to surgical procedures
(Stetkarova et al. 2010). A surgeon implants a filled pump
subcutaneously in the abdomen in a pump pocket no more
than 2.5 cm from the surface of the skin and connects the
intracatheter (Fig. 11f). The pump pocket and the spinal

incision site are irrigated, sutured, and covered in dressing to
avoid infection (Flowonix Medical Inc. 2017; Medtronic
2017). For intravenous treprostinil administration, a catheter
is inserted into the superior vena cava via a subclavian, ce-
phalic, jugular, or axillary puncture, anchored to the venotomy
site, and connected to the abdominal pump pocket (Fig. 11g)
(Bourge et al. 2016).

A benefit of these pumps is transcutaneous drug refill,
allowing longer treatment durations. However, potential se-
vere complications from erroneous subcutaneous injection of
drug during device refilling have been reported (Maino et al.
2014; Perruchoud et al. 2012; Ruan et al. 2010). With this in
mind, ultrasound-guided pump refill is a feasible and simple
technique that reduces the probability of refill-related compli-
cations (Gofeld and McQueen 2011; Saulino and Gofeld
2014). Common minor adverse effects reported for
SynchroMed™ II, Codman® 3000, and Prometra® pumps
are implant site pain, edema, and hematoma (Codman &
Shurtleff; Ethans et al. 2005; Pope and Deer 2017; Rauck
et al. 2013). As previously mentioned, these pumps have

Fig. 11 Implantation procedures.
a ILUVIEN® intravitreal
insertion. b Retisert® sutured in
posterior chamber. c Replenish
MicroPump episcleral placement.
d Implanon®, Nexplanon®,
SUPPRELIN® LA, and Vantas®
insertion in the inner arm with
personalized applicator. e Four
Probuphine® implants positioned
in fan-shaped distribution in the
inner arm. f SynchroMed™ II,
Codman® 3000, and Prometra®
pump surgery for abdominal
subcutaneous placement of the
pump and intrathecal catheter. g
SynchroMed™ II pump surgery
for abdominal subcutaneous
placement of the pump and
intravenous catheter. h
GemRIS™ and LiRIS
intravesical insertion with a
catheter-like tool

   47 Page 16 of 22 Biomed Microdevices           (2019) 21:47 



movable components that control drug delivery, increasing the
risk of device malfunctions. There are reports of cases in
which the pump had to be explanted due to pump failures
(Kalyvas et al. 2014; Riordan and Murphy 2015; Sgouros
et al. 2010). These discoidal pumps are limited by their size
and therefore necessitate catheters to deliver the drug to the
site of interest. Given that most complications are attributable
to catheter malfunctions, implants should be redesigned to
omit the need for catheters (Ethans et al. 2005; Kalyvas
et al. 2014; Miracle et al. 2011; Stetkarova et al. 2010).
Even though abdominal subcutaneous placement of pumps
clearly has limitations and challenges, the devices have had
a positive impact on improving patient health and living con-
ditions, outweighing the complications and reported adverse
effects.

5.4 Intravesical placement

Other implants that have a drug release rate dependent on
the targeted organ are GemRIS and LiRIS. Both of these
site-specific devices are placed in the bladder as an in-
office procedure that does not require an operating room.
Insertion of the implant was a priority in their design, as it
changes shape after it is implanted in the bladder. At first,
it is shaped as a long tube positioned in a catheter-like
tool that enables easy insertion into the bladder (Fig. 11h).
After delivery, the implant wire restructures the implant
into a pretzel-like shape that impedes expulsion of the
device through the urethra. After the treatment period,
the implant is removed via cystoscopy (Matheson 2014;
Nickel et al. 2012). Possible complications are yet to be
reported, as these implants are currently in clinical trials.

5.5 Next generation of implantable drug delivery
systems

The complexity and limitations of surgical procedures for im-
plantation and explantation have significant effects on patient
acceptability of the technology. As such, future device designs
should employ minimally invasive approaches, smaller im-
plant volumes, and fewer insertion-explantation procedures
to fully leverage their potential. Cylindrical devices, such as
the polymeric implants Implanon®/Nexplanon®,
SUPPRELIN® LA, Vantas, and ILUVIEN® and the osmotic
pumps GemRIS, LiRIS, and Viadur®, have minimally inva-
sive insertion procedures. Yet, their major disadvantage is the
need for implant replacement if the patient wishes to continue
the medication. For this reason, implants intended to be
inserted subcutaneously in the inner arm need to incorporate
a drug refill feature, like pumps. As previously mentioned, the
discoidal subcutaneous abdominal pumps SynchroMed™ II,
Codman® 3000, and Prometra® II have this feature, but the
pump size is a key limitation, as it requires surgery for

implantation-explantation. If implants are to become a main-
stream drug administration route, implants should be carefully
designed with a small volume for minimally invasive implan-
tation and chronically sustained drug delivery eluding
insertion-explantation with drug refillability.

Even if new implants are designed with these consid-
erations, patient counseling will be crucial to increase ac-
ceptability. Implantation procedures lower patient accep-
tance because all procedures guarantee pain and discom-
fort, even if only from the local anesthetic. Therefore,
patients will require counseling to show the potential cu-
mulative benefits of prolonged compliance-free therapy,
with optimized drug delivery far outweighing potential
risks and immediate discomfort (Danckwerts and Fassihi
1991; Kumar and Pillai 2018; Rajgor et al. 2011). Also,
data demonstrating the value of using implants over con-
ventional treatment could drive insurance companies to
cover the costs. Insurance companies may be more willing
to pay for less expensive conventional therapy than to
reimburse an outpatient procedure to insert the implant
as well as cover the costs associated with the implant
(i.e. refilling, removal, etc.).

6 Deployment in the developing world

The burden of chronic diseases in developing countries is
rapidly increasing and has unfavorable social, economic,
and health consequences (Alwan et al. 2010). Often, these
countries have unreliable healthcare services that incite
poor health practices, medication non-adherence and sub-
sequently increase mortality rates. An important cause of
non-adherence in developing countries is the high cost of
therapeutics and paucity of health resources, which results
in waste and underutilization of already limited resources.
Also, healthcare center visits are linked to patient compli-
ance since these trips are time-consuming and expensive.
To ensure that all countries receive quality healthcare,
national and international agencies must invest in devel-
oping countries (Atinga et al. 2018; Fullman et al. 2017;
Pagès-Puigdemont et al. 2016; World Health Organization
2003). A proposal to resolve medication non-adherence
due to lack of health resources and healthcare centers
are long-term drug delivery devices. The Bill and
Melinda Gates Foundation, among others, strive to re-
solve this issue by supporting different companies for
the development of long-term sustained release implants
that can be administered in developing countries.

Pregnancy is not a chronic disease but does require
sustained prenatal care to ensure that both the baby and
mother are healthy. Sustainable Development Goals call
for a reduction in maternal deaths to fewer than 70 per
100,000 by 2030 (Kassebaum et al. 2016). Moreover,

Biomed Microdevices           (2019) 21:47 Page 17 of 22    47 



Millennium Development Goals call for universal access
to reproductive healthcare, specifically contraceptives.
Providing free contraception implants to girls and women
in developing countries could benefit 120 million women
and help prevent approximately 30 million unintended
pregnancies, which in turn would reduce infant and ma-
ternal mortality by 280,000 and 30,000 deaths, respective-
ly (Bill & Melinda Gates Foundation n.d.).

The Bill and Melinda Gates Foundation invested in
Microchips Biotech to develop a microchip that releases
levonorgestrel, a progestin, for 16 years and can be stopped
at any time with a wireless controller (Lee 2014). Jadelle®
(Bayer, Leverkusen, Germany) is a polymer-based levo-
norgestrel-releasing implant similar to Implanon®.
Jadel le® was prequal i f ied by the World Heal th
Organization in 2009, and the Jadelle Access Program
was launched by the Bill and Melinda Gates Foundation
and Bayer in 2013. The goal of this program is to deliver
27 million implants in 6 years. Bayer will supply the
Jadelle® implants, and the Foundation will cover default
risk. Although Jadelle® is approved in the US, it was not
sold as of 2015 (Bayer AG Pharmaceuticals n.d.).

The Bill and Melinda Gates Foundation has also taken
interest in the prevention of HIV and supported the re-
search of Intarcia Therapeutics, Inc. to develop a pump
that can store enough drug doses for 6–12 months, en-
abling people in developing countries to have HIV pro-
tection (Intarcia Therapeutics Inc n.d.-b). Although the
Bill and Melinda Gates Foundation has taken a big step
toward investing in drug delivery implants in developing
countries, more efforts are needed.

The feasibility of deploying implants in developing
countries largely depends on cost, simplicity in device im-
plantation, and patient acceptance. The cost of devices can
certainly represent a barrier for their deployment. In prin-
ciple, the implant cost should be close to the cost of the
drug itself. Complex electromechanical systems and
pumps may be too expensive to achieve ample utilization.
Due to the limited health care resources, deployment in
developing countries may be exclusively limited to im-
plants which require minimally invasive procedures such
as subcutaneous placement in the inner arm. In this case,
the surgical technique and expertise needed is nominal and
can be easily taught ad hoc. As previously discussed, larg-
er systems for either subcutaneous or deeper implantation
would not be as attainable because of the invasive surgery
required and the needs for follow-ups and longer recovery
periods. Refillable implants could be very relevant in the
context of preventive therapies for infectious diseases or
for chronic treatments. Transcutaneous refilling can extend
the life span of an implant while avoiding repeated surgi-
cal removal and replacement procedures. However, as it
has been shown for SynchroMed™ pump-like systems,

refilling requires specilized training to avoid failures that
could be catastrophic with drug leakage in the surrounding
tissues. Patient acceptability is key for the success of im-
plantable systems. In cases such as the treatment and pre-
vention of HIV, the use of implants is faced with the issue
of ‘stigma’ associated with the disease. In these circum-
stances, the implantation site is determinant as patients
may be concerned about the visibility of the device under-
neath the skin. Other factors, such as religion and spiritual
beliefs also play an important role: studies revealed one of
the reasons for medication non-adherence is that patients
usually prefer spiritual or divine healing causations be-
yond medical treatment, as a result of low trust in new
medication technologies, their efficacy and fear of side
effects (Atinga et al. 2018; Pagès-Puigdemont et al. 2016).

On a different note, implants have the potential of address-
ing one key problem in deliverying medical treatments.
Implants can minimize the frequency with which patients
have to visit the health care centers, avoiding multiple lengthy
travels and thus improving adherence to treatment. Ideally,
tunable implants where clinicians can remotely adjust medi-
cation regimes and monitor patients through telemedicine
could be advantageous. However, these systems may in turn
be more expensive and therefore not implementable.

7 Conclusions

The treatment of chronic diseases will shift from oral dos-
ing to implantable drug delivery devices as they obviate
patient non-adherence and potentially limit side effects.
Different passive and dynamic drug delivery technologies
have received FDA approval, are in clinical trials, or are in
an advanced stage of development. Consideration of cur-
rent implantation procedures can further improve implant
designs and thereby increase patient acceptability. Long-
term delivery devices for chronic illness treatment with
minimally invasive approaches for implantation should be
employed for use in developing countries and to reduce
DALYs. In conclusion, advanced implantable drug deliv-
ery devices hold promise as more effective treatment tools,
transforming the clinical landscape of therapeutics given
the growing incidence of chronic diseases.
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A B S T R A C T

Preexposure prophylaxis (PrEP) with antiretrovirals (ARV) can prevent human immunodeficiency virus (HIV)
transmission, but its efficacy is highly dependent on strict patient adherence to daily dosing regimen. Long-
acting (LA) ARV formulations or delivery systems that reduce dosing frequency may increase adherence and thus
PrEP efficacy. While cabotegravir (CAB) long-acting injectable (CAB LA), an integrase strand transfer inhibitor
(INSTI), reduces dosing frequency to bimonthly injections, variable pharmacokinetics (PK) between patients and
various adverse reactions necessitate improvement in delivery methods. Here we developed a subcutaneously
implantable nanofluidic device for the sustained delivery of CAB formulated with 2-hydroxypropyl-β-cyclo-
dextrin (βCAB) and examined the pharmacokinetics (PK) in Sprague-Dawley rats for 3 months in comparison to
CAB. Our study demonstrated βCAB treatment group maintained clinically-relevant plasma CAB concentrations
2 times above the protein-adjusted concentration that inhibits viral replication by 90% (2× PA-IC90) and drug
penetration into tissues relevant to HIV-1 transmission. Further, we successfully fitted plasma CAB concentra-
tions into a PK model (R2= 0.9999) and determined CAB apparent elimination half-life of 47 days. Overall, our
data shows the potential of sustained release of βCAB via a nanofluidic implant for long-term PrEP delivery,
warranting further investigation for efficacy against HIV infections.

1. Introduction

HIV-1 has infected 77.3 million people since the start of the epi-
demic and is now a pandemic with approximately 36.9 million people
living with the illness and approximately 1.8 million new infections
occurring yearly [1]. The Joint United Nations Programme on HIV/
AIDS (UNAIDS) spent substantial resources to combat this disease and
established a strategic roadmap toward reducing the number of new
infections below 500,000 by 2020. However, the 2016 ‘Prevention Gap
Report’ from the UNAIDS indicated that attempts to reach this mile-
stone have derailed, with increasing HIV incidence in some countries
[2]. Considerable efforts are focused on prevention strategies, of which
PrEP with ARVs are proven to be effective at reducing the incidence of

HIV-1 infection as observed in the HPTN 052-TaSP, Partners PrEP, and
iPrEx studies [3–5]. Thus far, Truvada, an oral fixed-dose formulation
of two nucleotide reverse transcriptase inhibitors, tenofovir disoproxil
fumarate (TDF) and emtricitabine (FTC) (TDF/FTC), is the only Food
and Drug Administration (FDA)-approved ARV for HIV-1 PrEP. Daily
oral Truvada dosing confirmed by detectable drug levels has demon-
strated 92% risk reduction in HIV-1 infection in men and transgender
women who have sex with men and 90% in sexually active heterosexual
adults [4–9]. On the contrary, poor adherence to PrEP exhibited no
relative risk reduction on the rates of HIV-1 acquisition [8,10,11].

Prevention is paramount and superior strategies for HIV-1 PrEP are
needed to improve adherence and reach the goal of ending the pan-
demic by 2030 [12]. In light of this, extensive global endeavors are
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focused on developing biomedical tools to expand HIV PrEP im-
plementation and adherence. Long-acting (LA) ARV formulations or
delivery systems are emerging strategies that could vastly improve
adherence to HIV-1 PrEP by offering the advantage of systemic delivery
for prolonged periods of time. One such molecule is cabotegravir (CAB),
an integrase strand transfer inhibitor, currently undergoing clinical
investigation as an oral and LA intramuscular injectable for HIV-1
treatment and prevention in the LATTE-2 study [13]. In fact, CAB
monotherapy has shown no major integrase resistance mutations in
comparison to resistance observed in Truvada [14,15]. CAB LA exhibits
a half-life of approximately 40 days enabling monthly or bimonthly
injections consequently improving patient PrEP adherence [16,17].
Currently, CAB LA is in clinical studies evaluating safety and efficacy in
comparison to daily oral Truvada (NCT03164564 and NCT02720094)
[18,19]. However in HPTN 077, 90% of participants reported injection
site pain while 5% discontinued from the study from adverse events
[16,20,21]. Further, results from this study demonstrated more fre-
quent dosing resulted in more consistent pharmacokinetic parameters,
but high inter-individual variability have been observed with CAB LA
[21]. Thus, CAB LA displays inconsistent pharmacokinetics, likely due
to multiple factors including the amount of drug, tissue composition at
the site of injection, gender and body mass index (BMI) [17,22]. Con-
sidering these limitations, CAB delivery methods must be improved.

Implantable drug-releasing systems could vastly improve adherence
to HIV-1 PrEP by offering the advantage of constant local or systemic
delivery for prolonged periods of time. Monthly vaginal rings con-
taining ARVs are promising yet they have shown limited acceptability
and success in reducing the risk of HIV-1 infection compared to daily
Truvada regimen [23–26]. Some preliminary studies using sub-
cutaneous ARV implants have demonstrated the potential of implants
for HIV PrEP [27,28]. For example, the Medici Drug Delivery System™,
a subcutaneous osmotic pump from Intarcia Therapeutics Inc. is un-
dergoing development for controlled systemic PrEP delivery [29]. Long-
term drug release from subcutaneous implants could reduce variability
observed with CAB LA.

In this study, we explored a nanofluidic technology for the sustained
delivery of CAB for HIV PrEP. The technology builds on our previous
work on implantable delivery devices for HIV PrEP [30]. Here we in-
creased CAB solubility by developing a formulation with 2-hydro-
xypropyl-β-cyclodextrin (termed βCAB) and used this formulation in a
nanofluidic implant to achieve long-term CAB release in vivo. Briefly,
we assessed the solubility of the modified βCAB with the purpose of
enhancing the release from our implant and tested this in vitro. We then
performed a pharmacokinetic study in healthy Sprague Dawley rats and
developed a PK model to compare our formulation and delivery
strategy with oral CAB and CAB LA. Overall our study establishes that
improving CAB solubility in βCAB increases the drug release rate from
the nanofluidic implant and observed plasma drug concentrations have
predictable pharmacokinetics, overcoming the PK limitations of CAB
LA.

2. Materials and methods

2.1. Materials

All reagents were acquired from Fisher Scientific unless noted
otherwise. Cabotegravir was acquired from Selleckchem.

2.2. CAB solubility in aqueous solutions of 2-hydroxypropyl-β-cyclodextrin

Saturated solutions of CAB in PBS, and in 10%, 30%, 50% (w/w)
HPbCD in PBS were prepared by stirring the excess of CAB in corre-
sponding solutions at 37 °C overnight. Saturated solutions were subse-
quently filtered through a 0.2 μm nylon centrifugal filters and used in
high-performance liquid chromatography (HPLC) analysis. A standard
curve was prepared using DMSO solutions of CAB at concentrations of

62.5, 125, 250, 500, 750, and 1500 μg/mL (g/L). High-performance
liquid chromatography (HPLC) analysis was performed on an Agilent
Infinity 1260 system equipped with diode array and evaporative light
scattering detectors using 3.5 μm 4.6× 100mm Eclipse Plus C18
column and water/acetonitrile as eluent. Peak areas were analyzed at
256 nm absorbance.

2.3. 2-hydroxypropyl-β cyclodextrin CAB (βCAB) formulation

A suspension of CAB (398mg) in 35.82mL of methanol was added
to a stirring solution of 2-hydroxypropyl-β-cyclodextrin (HPbCD)
(796mg) in 33.82mL of water at room temperature. Methanol was
evaporated using a rotary evaporator and the resulting water suspen-
sion was frozen and lyophilized to yield the final product as a white
fluffy solid.

2.4. Nanofluidic systems

For this study the selection of nanofluidic implants was based on
drug reservoir volume and availability in our laboratory at the time of
analysis. Two types of biocompatible and interchangeable materials
were used for the drug reservoirs: polyether ether ketone (PEEK) and
6AI4V titanium. A discoidal PEEK implant possessing a drug reservoir
volume of 1.4 mL was used for βCAB, where 2-hydroxypropyl-β-cy-
clodextrin is making up 80% of the formulation mass. A smaller 6Al4V
titanium implant hosting a reservoir of 0.2mL was employed for release
of non-formulated CAB. Both types of implants were each mounted with
a nanofluidic membrane. Briefly, the nanofluidic membrane possesses
340,252 13 nm channels densely organized in square arrays and con-
nected to the membrane inlet and outlet via arrays of microchannels
(Fig. 1). Channels of 13 nm in size were selected based on algorithm
previously developed by our laboratory [31,32]. The membrane is
microfabricated in silicon and coated in biocompatible SiC and TaN for
bioinertness. The nanochannels were created with a tungsten sacrificial
layer technique as it has been previously reported by our group. De-
tailed information regarding the membrane structure and fabrication
are available in the literature [31,32].

Implants were washed, autoclaved and maintained in a sterile field
throughout the assembly and loading processes. Silicone (NUSIL
Technology # MED3–4213) was added to the venting port and cured at
60 °C overnight. Membranes were affixed to the drug reservoir with
implantable grade UV epoxy (EPOTEK # OG116–31). PEEK and

Fig. 1. The nanofluidic implant for subcutaneous HIV PrEP delivery. (A)
Rendered image of cross-section of PEEK (left) and titanium (right) drug re-
servoirs. (B) Assembled PEEK βCAB (left) and titanium CAB (middle) drug re-
servoirs and 13 nm nanofluidic membrane (right). (C) SEM image of na-
nochannel membrane cross-section displaying drug release through
perpendicular microchannels and horizontal nanochannels r, reservoir, e,
epoxy, m, nanochannel membrane, s, implant shell.
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titanium reservoirs were loaded with 400mg of βCAB and 80mg of
CAB, respectively, and sealed with UV epoxy to ensure no drug leakage.
Priming was performed by injecting PBS through the loading/venting
port with a 30 gauge needle while maintaining another 30 gauge needle
in the port to release air from the reservoir.

2.5. In vitro release study

Discoidal PEEK implants mounted with 13 nm nanochannel mem-
branes were loaded with either 5mg CAB (n=5) or 150mg βCAB
(n=5) and placed in sink solution of 20mL 1× PBS which was agi-
tated at 37 °C. A 500 μL sample was removed and replaced with fresh
PBS every other day for 10 days. Samples were stored at 4 °C until
analysis. High-performance liquid chromatography (HPLC) analysis
was performed on an Agilent Infinity 1260 system equipped with diode
array and evaporative light scattering detectors using 3.5 μm
4.6× 100mm Eclipse Plus C18 column and water/acetonitrile as
eluent. Peak areas were analyzed at 256 nm absorbance.

2.6. Pharmacokinetic study

The pharmacokinetics study was conducted at the Comparative
Medicine Program (CMP), Houston Methodist Research Institute
(HMRI), Houston, TX. All animal experiments were carried out ac-
cording to the provisions of the Animal Welfare Act, PHS Animal
Welfare Policy, and the principles of the NIH Guide for the Care and Use
of Laboratory Animals. The humane use of animals in research and all
procedures detailed in the IACUC protocol number AUP-0717-0040
were approved by the Institutional Animal Care and Use committee at
HMRI. Three (3)-months old male Sprague-Dawley rats (n=9) were
purchased from Envigo (Houston, Texas, USA) and used in the study.
Animals were housed under standard conditions and had ad libitum
access to water and a standard laboratory diet.

Carprofen wafers were administered 24 and 48 h pre-implantation
and 24, 48 and 72 h post-implantation. The anesthetized animal was
placed in ventral recumbency and the subscapular surgical site asepti-
cally prepared. In the subscapular region, a skin incision was made
perpendicular to the vertebral column. Caudal blunt dissection within
the incision line created a subcutaneous pocket sufficient for implant
placement. The βCAB- or CAB-loaded PEEK or titanium nanofluidic
device was placed in the subcutaneous pocket with the nanofluidic
membrane facing the dermis. The skin and subcutaneous incisions were
closed with absorbable monofilament sutures. Blood was collected in
K2EDTA coated tubes once biweekly for 3months by puncturing the
saphenous vein. Plasma was separated from blood by centrifugation at
5,000×g for 12min at 4 °C and stored at −80 °C until analysis.

2.7. Sample and data analysis

CAB quantification was performed using validated liquid chroma-
tographic-mass spectrometric (LC-MS) methods by the Clinical
Pharmacology Analytical Laboratory at the Johns Hopkins University
School of Medicine. LC-MS methods were validated in accordance with
FDA, Guidance for Industry: Bioanalytical Method Validation re-
commendations, and assays were developed and validated using human
matrices. Assay lower limits of quantification were 25 ng/mL and
0.05 ng/sample for plasma and tissue, respectively. Tissue results were
normalized to weight of tissue homogenized and evaluated. The tissue
CAB was validated using remnant human luminal tissue.

Skin tissues were fixed in 10% buffered formalin, embedded in
paraffin, cut into 5 μm sections and stained with hematoxylin & eosin
(H&E) at the Research Pathology Core of Houston Methodist Research
Institute (HMRI), Houston, TX, USA.

PK analysis was performed using PKSolver add-in for Microsoft
Excel developed by Zhang et al. [33]. GraphPad Prism 7 (version 7.04;
GraphPad Software, Inc., La Jolla, CA) was used to plot all graphs and

perform statistical analyses. Data are represented as mean ± SD.

3. Results and discussion

3.1. CAB formulation with 2-hydroxypropyl-β-cyclodextrin

Drug release through the nanochannel membrane proceeds via
passive diffusion and the release is driven by a difference in drug
concentrations across the membrane. CAB solubility in aqueous solu-
tions is low (4.8 μg/mL in PBS), which makes it an ideal candidate for
long-acting injectable formulations. However, to achieve appreciable
release rates from reservoir based systems such as ours, solubility
needed to be enhanced for lipophilic CAB.

We investigated the solubilization enhancement of CAB by a com-
monly used excipient HPβCD. HPβCD forms host-guest complexes with
lipophilic molecules:+CAB HPbCD CAB HPbCD

=K
[CAB HP CD]

[CAB][HP CD]

All tested solutions were saturated against CAB, therefore
[CAB]=4.8 μg/mL=1.2× 10−5M and the association constant K
equals the slope of the line in [CAB-HPβCD] – [CAB]× [HPβCD] co-
ordinates and was 7.2 ± 0.1× 102M−1 (Fig. 2 and Supplementary In-
formation). Although, the binding constant is poor and 724 eq of HPbCD
per CAB are needed for complexation, the initial cyclodextrin concentra-
tion in βCAB-loaded implants is high at ca. 20% (w/w) or 0.16M. In this
solution CAB solubility is enhanced by over 100 times and equals
0.16M× 1.2× 10−5M× 7.2× 102M−1=1.4× 10−3M=0.56mg/
mL.

3.2. Nanofluidic delivery implant assembly

To achieve sustained release of βCAB or CAB in this study, we uti-
lized our nanofluidic technology for controlled drug delivery (Fig. 1)
[30,34–41]. The nanofluidic system leverages a difference in drug
concentration between the drug reservoir and interstitial fluid to drive
passive drug release. The membrane presents geometrically organized
arrays of densely packed nanochannels, which are connected to the
surface via inlet and outlet microchannels. For a more in depth de-
scription and analysis of these membranes, the reader is referred to
[32,37,39,40,42–44]. By considering the physicochemical properties of
2-hydroxypropyl-β-cyclodextrin and CAB, we selected nanochannels of
13 nm based on an algorithm developed through a systematic in-
vestigation of various drugs [31,34,37,39,40]. While a difference in
concentration drives the drug molecules from the implant reservoir to
the surrounding subcutaneous environment, the release rate is highly
dependent on the properties of the drug molecule or molecular complex

Fig. 2. Solubilization of CAB by HPβCD. Concentration of CAB-HPβCD is lin-
early dependent on the concentration of HPβCD, consistent with 1:1 inclusion
complex stoichiometry.
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(solubility, hydrophobicity, net molecular charge, and molecule sol-
vated radius), the drug formulation characteristics, and the size and
surface potential of the silica nanochannels. In this context, the channel
size of 13 nm was rationally selected for both βCAB or CAB based on
our selection criteria described elsewhere [32].

All discoidal PEEK implants used for in vitro release were loaded
with either 150mg of βCAB or 5mg of CAB solid powder. Implants used
in the pharmacokinetic study were loaded with either 400mg of βCAB
or 80mg of CAB solid powder. The amount of CAB and βCAB used in
vitro and in vivo was established by considering the solubility of both
compounds, the estimated release rates and the duration of experiment.
In each of the in vitro and in vivo experiments the mass of drug used
was in excess with respect to the cumulative released amount at the end
of the analysis. To remove excess air between solid particles and to
ensure drug saturation within the reservoir, PEEK and titanium nano-
fluidic devices were primed with 1mL and 0.15mL of PBS, respectively.
Hermetic sealing was confirmed after implants were placed in PBS
under vacuum and no bubbles were observed around the seal. Loaded
and primed nanofluidic implants were kept in sterile PBS until im-
plantation. Substantial amount of residual drug within the nanofluidic
implants confirmed that the amount of CAB and βCAB was adequate,
and the difference in loading did not affect the release rate from the
devices.

3.3. CAB and βCAB in vitro release

We evaluated the rate of drug released from nanofluidic devices
loaded with βCAB formulation and compared it with devices loaded
with CAB alone in vitro. Although we initially observed a moderate
burst release, as of day 2, drug release was steady in both groups
(Fig. 3). As expected, the increase in the overall CAB solubility caused
by complexation with HPβCD had a profound effect on the rate of drug
efflux from the device. Thus, CAB-filled implants were releasing on
average 1.44 ± 0.12 μg of CAB per day while βCAB-filled ones were
releasing 7.84 ± 1.29 μg per day, corresponding to 5.44 increase in the
release rate. It should be noted that although the drug solubility in
βCAB-loaded devices increased ca. 100 times, we did not observe a
proportional increase in the release rate. This discrepancy is likely due
to saturation of the diffusive transport capacity of the nanofluidic
membrane, which controls the release rate similar to an hourglass.

3.4. Pharmacokinetic profile of CAB concentration in plasma over 91 days

CAB efficiency in preventing HIV infection is correlated with its
concentration in plasma, specifically, the protein-adjusted concentra-
tion that inhibits viral replication by 90% (PA-IC90) [45,46]. As pre-
ventive levels in rats are not established, we arbitrarily chose 166 ng/

mL as the relevant threshold for prevention. This level corresponds to
the PA-IC90 previously determined in a NHP study, which demonstrated
≥97% protection from rectal simian/human immunodeficiency virus
(SHIV) challenge [46,47]. For that reason, we investigated CAB plasma
levels in rats implanted with βCAB-filled implants and compared them
to CAB plasma concentrations in rats implanted with CAB alone for a
period of three months (Fig. 4).

Rats implanted with CAB alone had steady plasma concentrations of
CAB throughout the study. With the exception of day 7, however,
plasma concentrations were below the value of 166 ng/mL. In contrast,
the animals implanted with βCAB-filled devices had significantly higher
CAB plasma concentrations. Throughout the entire duration of the
study, CAB plasma concentrations remained above 2× PA-IC90, with
the lowest concentrations observed on day 91 at 329 ± 121 ng/mL.
Moreover, for the first 35 days after the implantation, CAB concentra-
tion was above 4× PA-IC90, with the maximum average concentration
of 899 ng/mL observed on day 21. In our study, we achieved plasma
CAB concentrations above 2× PA-IC90 for 3months in our βCAB
treatment group. These data not only demonstrated the benefit of using
βCAB formulation over CAB itself, but also that βCAB- loaded nano-
fluidic implants could maintain relevant preventive concentrations of
CAB in plasma for at least 3 months. We emphasize that while pro-
mising, these results achieved in rats will require further demonstration
and validation in non-human primates and humans.

Our results indicate the plasma concentrations of CAB from βCAB
did not reach steady-state. We ascribe this to a progressive decrease in
cyclodextrin concentration inside the implant, which leads to a de-
crease in CAB solubility and reduction in the CAB release rate. The
release profile for βCAB continuously decays from day 21 to 91. Despite
this, CAB plasma concentrations showed all rats in βCAB treated group
maintained CAB levels above 2× PA- IC90 throughout the study, as
opposed to the 600mg CAB LA dose in clinical trials where 95% of
participants achieved 1× PA- IC90 for 8 weeks [19]. Sustained release
of βCAB from nanofluidic implant is able to attain higher CAB plasma
concentrations and for a month longer than CAB LA.

Plasma results obtained with CAB alone imply that a steady release
rate was achieved and maintained for the duration of the study. In this
case CAB was loaded into the device in powder form in excess of its
solubility limit. In this condition, a small amount of CAB is dissolved in
the PBS used to prime the implants after loading, establishing a con-
centration at the limit of solubility. As CAB is released from the implant,
solid CAB is dissolved within the implant reservoir, maintaining a
consistent difference in concentration between the reservoir and sur-
rounding tissue and a steady release rate.

Although our device can deliver CAB effectively, its major limitation
is that it requires explantation and re-implantation for drug refill.
Nonetheless, this can be addressed with a refillable implant, which weFig. 3. Release of drug from CAB- and βCAB- loaded nanofluidic implants into

PBS sink solution. The slopes correspond to average release rate, μg/day.

Fig. 4. CAB plasma concentrations were evaluated via LC-MS analysis in male
Sprague-Dawley rats after implantation of βCAB (n=6) and CAB (n=3) filled
nanofluidic implants over a period of 91 days. Dotted horizontal lines represent
1× and 4× PA-IC90 (166 and 664 ng/mL), respectively. Data are expressed as
mean ± SD. For each time point CAB and βCAB concentrations were compared
using two-tailed Welch's t-test, for every pair the p-value was ≤0.01 (*).
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have previously demonstrated [30].

3.5. Pharmacokinetic model

CAB plasma concentrations were used to develop a pharmacokinetic
model for CAB released from CAB- and βCAB-loaded nanofluidic de-
vices. In the case of CAB alone, the plasma concentration of the drug did
not display separate distribution and elimination phases. Instead by day
7 it has already reached a steady-state, which was maintained
throughout the observation period at 142 ± 64 ng/mL (Fig. 5A).
Steady-state concentration (Css) is directly proportional to the drug
release rate from the implant, which in this case was insufficient to
reach therapeutically relevant Css levels, reinforcing the need for
adopting an enhanced CAB formulation in the nanofluidic implant.

The observed decline in plasma concentrations from the βCAB-for-
mulated implant was biexponential, suggesting that the average ab-
sorption rate was faster than the rates of distribution and elimination
(Fig. 4B). We fitted observed plasma concentration values using a two
compartment (plasma, periphery) extravascular input model
(R2= 0.9999). The calculated elimination half-life was 47.4 days and
disposition half-life (t½ β) was 104 days. Our results showed that the
nanofluidic membrane assures a steady release rate. The prolonged
elimination is similar to that observed in CAB LA with a mean of
38 days and far superior to oral CAB with a mean of 40 h. But unlike
CAB LA, the release rate and PK are not influenced by multiple factors,
including tissue composition at the site of injection, gender and BMI
[16,21,48]. According to the PK model, the maximum concentration
Cmax of 931 ng/mL was achieved at Tmax= 15.8 days (Table 1) com-
pared to Cmax of 1.58 and 2.51 μg/mL in females and males respec-
tively, after a single 600mg CAB LA injection. Moreover, our PK model
demonstrated that concentration above 4× PA-IC90 was maintained for
39 days, and above 2× PA-IC90 for the entire duration of the study.

3.6. CAB concentration in tissues at day 91

To investigate drug distribution in organs and tissues relevant to

HIV transmission or viral reservoirs, we analyzed CAB concentration in
rectum, cheek, penis, spleen, mesenteric lymph nodes, and adipose
tissue [49–51]. Tissues from the rats implanted with CAB-loaded na-
nofluidic devices demonstrated CAB levels below the lower limit of
quantitation (LLQ). In contrast, rats implanted with βCAB-loaded de-
vices had significant drug levels in all tissues analyzed. Tissue con-
centrations were 19 ± 10 ng/g in rectum, 13 ± 6 ng/g in cheek (with
an outlier at 167 ng/g), 26 ± 15 ng/g in penis, 8 ± 3 ng/g in spleen,
22 ± 8 ng/g in lymph nodes, and 9 ± 3 ng/g in adipose tissue (Fig. 6).
This results indicate that subcutaneous delivery from our nanofluidic
implant facilitated drug distribution to various HIV-associated anato-
mical compartments. The tissue concentrations achieved are compar-
able to those reported by Bowers et al. in which rats were given a single
oral suspension of [14C]cabotegravir (30mg/kg) for PK analysis. Si-
milar to our study, Bowers et al. detected the highest concentration of
[14C]cabotegravir in plasma, which was sustained throughout the
study. The low tissue: plasma ratios (from 1:13 in penis to 1:39 in
spleen) observed are attributable to high plasma protein binding of
CAB>99% found in humans [46,52]. Nevertheless, low tissue:plasma
ratios of CAB in nonhuman primates showed protection against rectal
and vaginal SHIV challenges [47,53,54]. In addition, our βCAB-loaded
devices achieved higher tissue concentration with a longer duration of
drug penetrance of 91 days as compared to the 28 days observed with
oral CAB-treated rats in a study performed Bowers et al. [16]. More-
over, we had quantifiable CAB levels in rectal tissue on day 91, in
comparison to results below LLQ reported from 400mg CAB LA dose in
a clinical study [48]. Improved penetration can be achieved by deri-
vatizing CAB and altering its biodistribution: for example, Zhou et al.
prepared myristolated-CAB and demonstrated that it was able to

Fig. 5. Plasma concentrations of CAB in rats implanted with CAB- and βCAB-loaded nanofluidic implants. (A) Plasma concentrations of CAB (mean ± SD) in rats
implanted with CAB-loaded nanofluidic devices. Blue line depicts the average CAB concentration across all time points. Dotted horizontal line represents 1 PA-IC90.
(B) Plasma concentrations of CAB (mean ± SD) in rats implanted with βCAB-loaded nanofluidic devices. Dashed lines represent 1× and 4× PA-IC90. Blue line
depicts the fitted PK model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Pharmacokinetic parameters of cabotegravir released by
βCAB-loaded nanofluidic implants.
Parameters βCAB

t½ (elimination), d 47.4
t½ α, d 14.8
t½ β, d 104
tmax, d 15.8
Cmax, ng/mL 931
AUC0-t (ng/mL× d) 53,698
AUC0-∞ (ng/mL× d) 101,266

Fig. 6. CAB concentration from βCAB-loaded nanofluidic implants in tissues
relevant to HIV transmission or reservoir (rectum, cheek, penis, spleen, lymph
node (LN) and adipose tissue) at study termination (day 91). Data are expressed
as mean ± SD.
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achieve significantly higher CAB tissue concentrations compared to
CAB LA [22]. Importantly, even though there are currently no reported
results correlating CAB tissue concentration with preventive efficacy,
we demonstrated drug penetration into HIV-relevant tissues.

3.7. Toxicity of nanofluidic device implantation and histological analysis of
tissue surrounding implant

The poor binding constant of βCAB means that once βCAB is re-
leased from the nanofluidic implant it is diluted by the interstitial fluid
and it disassociates into CAB and HPβCD. Therefore we postulate that
the adverse effects of βCAB formulation are not different from those of
CAB or HPβCD alone. No toxicity was reported in the CAB LA clinical
trials despite higher CAB plasma concentrations were achieved. In light
of this, no systemic toxicity is expected for CAB released from our im-
plants. Further, as HPβCD levels are lower than what is known to cause
histopathological changes [55], no systemic toxicity is likely.

Consistent with our previous in vivo studies using our nanofluidic
implants, which are demonstrated to be biocompatible, the well-being
of the animals throughout the study was indicative of device safety and
tolerability [30,35,36,40,41]. The implantation site healed rapidly with
no sign of inflammation or infection (Figs. 7A,B) and animals did not
display signs of complications throughout the study. The weight loss
after implantation was rapidly regained, corresponding to short-term
effects typical of surgical procedures (Fig. 7C). Histological assessment
of the skin adjacent to the nanofluidic implant demonstrated normal
skin morphology. Analysis of the fibrotic capsule surrounding either the
PEEK (βCAB) (Fig. 7D) or titanium (CAB) (Fig. 7E) implant showed
minimal inflammation, characteristic of medical device implantation.
The fibrotic capsule of βCAB implant was thicker (335 μm) than that of
CAB implant (154 μm). The thicker fibrotic capsule observed in βCAB
implants could be attributable to the material since PEEK is hydro-
phobic and may induce fibroblast recruitment, while titanium is known
to have a lesser inflammatory potential [56,57]. However considering
the observed drug plasma concentrations, the fibrotic capsules did not
affect drug release. Regardless, future studies will utilize titanium im-
plants to reduce fibrotic capsule thickness.

4. Conclusions

We developed a CAB formulation with 2-hydroxypropyl-β-cyclo-
dextrin (βCAB) and demonstrated sustained release in our implantable
nanofluidic device. The rats implanted with βCAB-loaded devices
achieved and maintained clinically relevant plasma CAB concentrations
for the whole duration of the study (3months). Furthermore, the
pharmacokinetic profile was well fitted with two-compartment extra-
vascular model, which can be used to determine drug depletion ne-
cessitating device replacement or refilling. It also revealed long CAB
elimination half-life (47 days) and long disposition half-life (t½ β,
104 days). Based on these results, future studies will entail adjusting the
composition of our βCAB formulation to extend the release and improve
on tissue penetration.
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Preventive Efficacy of a Tenofovir Alafenamide Fumarate
Nanofluidic Implant in SHIV-Challenged Nonhuman
Primates

Fernanda P. Pons-Faudoa, Antons Sizovs, Kathryn A. Shelton, Zoha Momin, Jean A. Niles,
Lane R. Bushman, Jiaqiong Xu, Corrine Ying Xuan Chua, Joan E. Nichols,
Sandra Demaria, Michael M. Ittmann, Trevor Hawkins, James F. Rooney,
Mark A. Marzinke, Jason T. Kimata, Peter L. Anderson, Pramod N. Nehete,
Roberto C. Arduino, Mauro Ferrari, K. Jagannadha Sastry, and Alessandro Grattoni*

Pre-exposure prophylaxis (PrEP) using antiretroviral oral drugs is effective at
preventing human immunodeficiency virus (HIV) transmission when
individuals adhere to the dosing regimen. Tenofovir alafenamide (TAF) is a
potent antiretroviral drug, with numerous long-acting (LA) delivery systems
under development to improve PrEP adherence. However, none has
undergone preventive efficacy assessment. Here it is shown that LA TAF
using a novel subcutaneous nanofluidic implant (nTAF) confers partial
protection from HIV transmission. It is demonstrated that sustained
subcutaneous delivery through nTAF in rhesus macaques maintains tenofovir
diphosphate concentration at a median of 390 fmol per 106 peripheral blood
mononuclear cells, nine times above clinically protective levels. In a
non-blinded, placebo-controlled rhesus macaque study with repeated
low-dose rectal simian HIVSF162P3 (SHIVSF162P3) challenge, the nTAF cohort
has a 62.50% reduction (95% CI: 1.72–85.69%; p = 0.068) in risk of infection
per exposure compared to the control. This finding mirrors that of tenofovir
disoproxil fumarate (TDF) monotherapy, where 60% protective efficacy is
observed in macaques, and clinically, 67% reduction in risk with 86%
preventive efficacy in individuals with detectable drug in the plasma. Overall,
this nanofluidic technology shows potential as a subcutaneous delivery
platform for long-term PrEP and provides insights for clinical implementation
of LA TAF for HIV prevention.
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1. Introduction

The approval of Descovy (200 mg emtric-
itabine [FTC]/25 mg tenofovir alafenamide
[TAF]) as the second human immunode-
ficiency virus (HIV) pre-exposure prophy-
laxis (PrEP) medication, following Truvada
(200 mg FTC per 300 mg tenofovir diso-
proxil fumarate [TDF]) is fueling global ef-
forts to end the acquired immunodeficiency
syndrome (AIDS) pandemic by 2030.[1 ]

Compared to Truvada, Descovy offers safety
advantages with lower systemic tenofovir
(TFV) concentrations without compromis-
ing overall preventive efficacy in men who
have sex with men (NCT02842086).[2 ] The
efficacy of these agents to prevent sexual
HIV infection is exceptional, provided that
individuals strictly adhere to the dosing
regimen.[3–5 ] According to the iPrEx study,
seven doses of Truvada per week correlated
with 99% PrEP efficacy, whereas the rate
dropped to 76% with two doses per week.[6 ]

Motivated by challenges of pill fatigue
and PrEP accessibility, various biomedical
developments have emerged aiming at
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improving therapeutic adherence and expanding HIV PrEP
implementation.

Long-acting (LA) antiretroviral (ARV) formulations and de-
livery systems offer systemic delivery for prolonged periods,
obviating the need for frequent dosing. Currently, LA ARV
strategies for HIV PrEP are largely geared toward develop-
ing single-agent drugs for prevention instead of combinatorial
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formulations.[7–16 ] Focusing on a single drug allows for maximal
drug loading, while minimizing injection volumes (for injecta-
bles). In the case of LA ARV implants, a single drug formulation
affords smaller size dimensions for minimally-invasive and dis-
creet implantation.[17,18 ] Importantly, single-agent LA ARVs of-
fer benefits of cost-effectiveness as well as reduced complexity
in terms of development. Of relevance, a single-agent injectable
LA ARV, cabotegravir, is currently in clinical trials for PrEP ef-
ficacy evaluation (NCT02076178, NCT02178800, NCT02720094,
and NCT03164564).[19,20 ] Thus far, islatravir (MK-8591) remains
the only single-agent ARV LA ARV implant to reach clinical test-
ing for safety and pharmacokinetics assessment.[21 ]

Given the potency and safety advantages of TAF compared to
TDF, numerous LA TAF strategies are under development in-
volving biodegradable[9–11 ] or non-biodegradable[12,13 ] polymeric
implants, transcutaneously refillable devices,[14 ] and an osmotic
pump system.[15 ] While some LA TAF systems have achieved tar-
geted preventive tenofovir diphosphate (TFV-DP) concentrations
in peripheral blood mononuclear cells (PBMC; 40 fmol per 106

cells),[9,12,14 ] none has undergone efficacy studies for protection
from HIV transmission. Thus, considering the concentrated re-
search efforts on developing LA TAF systems, it is of utmost im-
portance to evaluate the efficacy of LA TAF as a single-agent drug
for HIV prevention.

Here, we present the first efficacy study of LA TAF for HIV
PrEP. We used a nonhuman primate (NHP) model of repeated
low-dose rectal challenge with simian HIVSF162P3 (SHIVSF162P3),
which recapitulates human HIV transmission. We assessed the
efficacy of sustained subcutaneous delivery of TAF via a novel
nanofluidic (nTAF) implant as a single-agent PrEP regimen for
protection from SHIVSF162P3 infection. We investigated the phar-
macokinetics and biodistribution of TAF, as well as safety and
tolerability of the implant.

2. Results

2.1. Nanofluidic Implant Assembly

We leveraged a newly designed silicon nanofluidic membrane
technology[22 ] for sustained drug elution independent of actu-
ation or pumps. The nanofluidic membrane (6 mm × 6 mm
with a height of 500 �휇m) is mounted within a medical-grade ti-
tanium drug reservoir (20mm length × 13mm width × 4.5mm
height; Figure 1A). The nanofluidic membrane contains 199 cir-
cular microchannels, each measuring 200 �휇m in diameter and
490 �휇m in length. Hexagonally distributed in a circular configu-
ration (Figure 1B), each microchannel leads to 1400 parallel slit-
nanochannels (Figure 1C), for a total of 278 600 nanochannels
per membrane. The nanochannels (length 10 µm, width 6 µm)
are densely packed in square arrays organized in circular pat-
terns. The whole membrane surface is coated by an innermost
layer consisting of silicon dioxide (SiO2) and a surface layer of
silicon carbide (SiC), which provides biochemical inertness for
long term implantable applications (Figure 1D).[23,24 ]

Drug diffusion across the membrane is driven by concentra-
tion difference between the drug reservoir and the subcutaneous
space. The drug is loaded in the implant in powder form and
is continuously solubilized in the interstitial fluids penetrated
within the implant via capillary wetting of the membrane. Drug
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Figure 1. The nanofluidic implant for subcutaneous TAF HIV PrEP delivery. A) Rendered image of cross-section of titanium drug reservoir where r is
the reservoir, s the implant shell, m is the nanochannel membrane, and e the epoxy. B) Assembled titanium TAF drug reservoir with 200 nm nanofluidic
membrane. Image taken at 0.5 × magnification, scale bar is 1 mm. C) Top-view of SEM image of nanochannel membrane. Scale bar is 100 µm. D) FIB
image of nanochannel membrane cross-section displaying perpendicular nanochannels. Zoom-in on nanochannel layers colored for identification. Scale
bar is 2 µm (SiC, silicon carbide, SiO2, silicon oxide, Si, silicon). E) Representative top view SEM image of nanochannel membrane from nTAF after
4 months in vivo. Scale bar is 2.5 µm. F) Representative top view SEM image of nanochannel membrane from nPBS after 4 months in vivo. Scale bar
is 2.5 µm. G) Comparison of representative AFM image of control membrane prior to implantation with nPBS and nTAF membranes after 4months in
vivo. Scale bar is 2.5 µm. H) EDX analysis of surface elements below SiC coating of membrane from nTAF compared to nPBS after 4months in vivo. I)
Cumulative release of drug in vitro (mean ± SEM) from nTAF into sink solution (n = 5).

release is determined by both nanochannels and drug solubi-
lization kinetics. Within the nanochannels, diffusivity of drug
molecules is defined by steric and electrostatic interactions with
channel walls. The size of nanochannels is selected to satu-
rate drug transport, rendering it steady and independent from
the concentration gradient.[25,26 ] The release rate can be finely
tuned by selecting the suitable number of nanochannels per
membrane.[27 ] Therefore, the nanofluidic membrane passively
achieves constant and sustained drug delivery obviating the need
of mechanical components.[28–31 ]

In this study, we evaluated suitable nanochannel sizes through
a molecular transport in silico model previously developed by
Trani et al.,[25 ] which is based on the molecular size and physic-
ochemical properties of TAF. A nanochannel size of ≈190 nm
was ultimately selected. PrEP implants were loaded with solid
powder TAF (nTAF), while control implants were loaded with
phosphate buffered saline (nPBS) and welded shut. Membrane
stability was evaluated after 4 months of subcutaneous implan-
tation via scanning electron microscopy (SEM) (Figure 1E,F)
along with atomic force microscopy (AFM) (Figure 1G) and
energy dispersive X-ray spectroscopy (EDX) (Figure 1H). We
compared surface morphology between a control non-implanted
membrane and nTAF and nPBS membranes implanted after
4 months. We observed similar roughness surface morphology
by AFM for the nPBS (Ra, 10.2 nm; Rq, 19.6 nm) membranes
and nTAF (Ra, 14.9 nm; Rq, 25.4 nm), with a slight increase in
roughness with respect to the control membrane (Ra, 1.23 nm;
Rq, 6.15 nm). The EDX showed the same abundance of elements

at the surface in both membranes, indicating that TAF does not
alter the membrane composition. These results demonstrate
that TAF does not affect membrane stability even after prolonged
implantation.

Nanochannel size selection was confirmed via in vitro release
testing. Short-term in vitro drug release from nTAF showed a
linear cumulative release of 81.85 ± 12.55 mg (mean ± SEM) of
TAF over 20 days (Figure 1I). However, an increase of TAF degra-
dation products was observed throughout the study, attributable
to decrease in TAF stability (Figures S1 and S2, Supporting
Information).

2.2. nTAF Pharmacokinetic Profile in NHP

For in vivo evaluation of pharmacokinetic (PK) and PrEP efficacy,
rhesus macaques were subcutaneously implanted with either
nTAF (n= 8) or control nPBS (n= 6) in the dorsum for 4months.
We used TFV-DP concentration in PBMC of 100 fmol per 106

cells as the benchmark prevention target, which exceeds the clin-
ically protective level in the iPrEX trial.[6,9 ] Preventive TFV-DP
PBMC concentrations were surpassed 1 day post-implantation
(median, 213 fmol per 106 cells; IQR, 140–314 fmol per 106

cells) and maintained at a median of 390 fmol per 106 cells (IQR,
216.50–585.50 fmol per 106 cells) for 4 months (Figure 2A).
During the washout period, TFV-DP PBMC concentrations
decreased to below the limit of quantitation (BLOQ) within
6 weeks of device retrieval.
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Figure 2. Pharmacokinetics and tissue distribution of TAF from PrEP group implanted with subcutaneous nTAF. nTAF implants (n = 7) were retrieved
after 4months and washout concentrations (open circles) were followed in three animals. A) Intracellular TFV-DP PBMC concentrations of PrEP cohort
throughout the study. B) TAF and TFV concentrations in the plasma of PrEP cohort throughout the study. Green and blue dotted horizontal lines
represent lower LOQ TFV and TAF concentrations, 1 and 0.03 ng mL−1, respectively. C) Tissue TFV-DP concentrations upon nTAF removal after 4
months of implantation in a subset of animals (n = 4). D) Tissue TFV-DP levels after the 2-month washout period in a subset of animals (n = 3). Data
are presented as median ± IQR in panels A and B.

Table 1. Plasma TAF and TFV half-lives and PBMC TFV-DP elimination rate constant pharmacokinetics in nTAF washout NHPs.

Analyte NHP PrEP 5 NHP PrEP 6 NHP PrEP 7 Average Standard deviation

Plasma TAF t1/2 (days) <2.24 <1.71 <1.67 <1.87 ±0.32
Plasma TFV t1/2 (days) <2.55 <1.61 <1.35 <1.84 ±0.63
PBMC TFV-DP k10 (1 per day) 0.18 0.13 0.13 0.14 ±0.028

Plasma TFV concentrations were consistently higher than
plasma TAF for the duration of the PK study (Figure 2B). Notably,
TFV concentrations increased as TAF concentrations decreased,
beginning at the 3-month time point. This is attributable to the
limited stability of TAF and degradation to TFV within the im-
plant, as was observed in vitro (Figures S1 and S2, Supporting
Information).[32 ] Plasma TAF and TFV levels (median, 0.51; IQR,
0.30–0.91 ng mL−1; and median, 7.81; IQR, 6.17–9.97 ng mL−1,
respectively) were within range of that achieved with oral TAF
dosing of NHP.[33 ] Within a week post-device retrieval, TAF and
TFV concentrations were BLOQ.

Estimated half-life (t1/2) PK of TAF and TFV were below 1.87 ±
0.32 and 1.84 ± 0.63 days, respectively, as BLOQ was achieved
in under a week (Table 1). Individual TFV-DP concentrations for
each animal were fitted to an intravenous bolus injection two-
compartment model (Figure S3A–D, Supporting Information).
During the washout period, TFV-DP PBMC concentrations
had an average first-order elimination rate constant of 0.14 ±
0.028 days−1.

We measured TFV-DP concentrations after device retrieval
(n= 4; Figure 2C) and after thewashout period (n= 3) (Figure 2D)

in tissues relevant to HIV-1 transmission or viral reservoirs.
Specifically, we assessed cervix, urethra, rectum, tonsil, liver,
spleen, axillary lymph nodes (ALN), mesenteric lymph nodes
(MLN), inguinal lymph nodes (ILN), and cervical lymph nodes
(CLN). Drug penetration from subcutaneous TAF delivery was
observed at varying levels in all tissues after device retrieval (Fig-
ure 2C). After the 2-month washout period, TFV-DP concentra-
tions were quantifiable in the tonsil, spleen and lymph nodes,
(Figure 2D) and BLOQ in tissues highly associated with HIV-1
transmission, specifically the cervix and rectum. TFV-DP con-
centrations in the tonsil were above 75 fmol mg−1, suggestive of
longer clearance or better penetration.

2.3. nTAF Efficacy Protection against Virus

We next assessed whether sustained nTAF delivery as subcu-
taneously delivered monotherapy could protect the macaques
against rectal SHIVSF162P3 infection. Prior to rectal challenge, the
animals were subjected to a 2 week “conditioning phase”
(Figure 3A) to allow for reaching the benchmark target
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Figure 3. PrEP efficacy of nTAF. A) Schematic of study design. Conditioning phase to reach TFV-DP PBMC concentrations above 100 fmol per 106

cells. Rectal challenge phase with up to 10 weekly low-dose SHIVSF162P3 exposures. TAF PK continuation phase followed by nTAF explantation from all
animals and euthanasia of four animals. TAF washout was observed in the remaining three animals for 2months prior to euthanasia. B) Kaplan–Meier
curve representing the percentage of infected animals as a function of weekly SHIV exposure. PrEP (n = 8) versus control (n = 6) group; censored
animals represented with black slash. Statistical analysis by Mantel–Cox test. C) Median peak viremia levels in breakthrough animals at initial viral
load detection. D) Cell-associated viral DNA loads of tissues in PrEP group. Animals PrEP 1–5 were infected while PrEP 6 and 7 (blue box) remained
uninfected throughout the study. MLN, mesenteric lymph nodes, ILN, inguinal lymph nodes, ALN, axillary lymph nodes, CLN, cervical lymph nodes.

preventive intracellular TFV-DP PBMC concentrations of
100 fmol per 106 cells (Figure 2A). Animals in both PrEP (n = 8)
and control (n = 6) cohorts were rectally challenged weekly with
low-dose SHIVSF162P3 for up to 10 inoculations and continually
monitored for drug PK throughout the study (Figure 3A). The
SHIV inoculation dosage used is similar to human semen HIV
RNA levels during acute viremia, thus recapitulating high-risk or
acute HIV infection in humans. Therefore, this animal model is
considered more aggressive, as the risk of infection per exposure
markedly exceeds the risk in clinical settings.[34 ]

To monitor for SHIVSF162P3 infection, we evaluated weekly
cell-free viral RNA in the plasma. Rectal challenges were stopped
upon initial detection of plasma viral RNA, which was confirmed
after a consecutive positive assay. Two of eight macaques from
the nTAF group (25%) were uninfected after 10 weekly rectal
SHIVSF162P3 challenges (Figure 3B). Based on the number of
infections per total number of challenges, the nTAF group had
a reduced risk of infection per-exposure of 62.50% (95% CI,
1.72–85.69%; p = 0.068), in comparison to the control group.
However, because of the small sample size, the result is not
very precise, as indicated by the lower bound of the confidence
interval. Prophylaxis with nTAF increased the median time to
infection to 5 challenges compared to 2 challenges in the control
cohort (p = 0.38). After device explantation, there was no spike in
viremia, indicative of PrEP efficacy of nTAF monotherapy in the
two uninfected animals. While Kaplan–Meier analysis demon-
strated delayed and reduced infection in some animals, there
was no statistical significance (p= 0.15) between nTAF and nPBS
groups.

TAF-treated infected NHPs had blunted SHIV RNA peak
viremia (median; 3.80 × 104 vRNA copies per mL; IQR, 1.60 ×
103–2.09 ×105 vRNA copies per mL) in comparison to control
groups (median; 3.01 × 105 vRNA copies per mL; IQR, 9 × 103–
7.25 × 106 vRNA copies per mL) (Figure 3C). However, differ-
ences in SHIV RNA levels at initial detection were not statisti-
cally significant between control and infected PrEP animals (p =
0.18 by Mann–Whitney test).

At euthanasia, we assessed the residual SHIV infection in var-
ious tissues collected from the nTAF cohort by measuring cell-
associated SHIVSF162P3 provirus DNA (Figure 3D). Tissues from
PrEP 1–4 were assessed after 4 months of nTAF implantation,
and after 2 months of drug washout for PrEP 5–7. SHIV DNA
was detectable in the MLN in 4/5 of the infected PrEP NHPs.
Animals PrEP 5 (infected) and PrEP 6 and 7 (uninfected), had no
detectable SHIV DNA in any of the tissues analyzed.

2.4. Drug Stability In Vivo within nTAF

To evaluate drug stability in nTAF after 4 months of in vivo im-
plantation, we extracted residual contents from the implant and
analyzed for TAF and the sum of TAFwith its hydrolysis products
(TAF*; Table 2). Residual drug within the implant ranged 30.75–
71.12% of the initial loaded amount. Further, TAF* within the
implant was predominantly composed of TAF hydrolysis prod-
ucts, including TFV, with TAF stability ranging 18.21–43.08%
(Figure S4, Supporting Information). Therefore, augmented TAF
hydrolysis to TFV within the implant most likely contributed to
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Table 2. Residual drug analysis fromnTAF implants at explantation via high
performance liquid chromatography (HPLC) and UV–vis spectroscopy.

NHP
PrEP

TAF
loaded
[mg]

Residual
TAF*
[mg]

TAF
stability
[%]

TAF release
rate

[mg per day]

1 341.50 161.87 30.76 1.60

2 330.10 217.65 12.28 1.00

3 337.10 215.57 18.21 1.09

4 382.10 241.01 31.78 1.26

5 457.60 325.43 43.08 1.18

6 449.30 279.46 18.70 1.52

7 342.60 105.34 22.26 2.12

increased TFV levels observed in plasma toward the end of the
study. The nTAF implants had a mean release rate of 1.40 ±
0.39 mg per day, which was sufficient to sustain intracellular
TFV-DP concentrations above 100 fmol per 106 PBMCs through-
out the duration of the study.

2.5. nTAF Safety and Tolerability in NHP

To assess nTAF safety and tolerability, we histologically examined
the tissue surrounding the implants after 4 months of implan-
tation, through immunohistochemical analysis (Figure 4A) and
semiquantitative histopathological assessment. Specifically, we
evaluated the fibrotic capsule in contact with either the titanium
reservoir (Figure 4B) or TAF-eluting nanofluidic membrane
(Figure 4C–D; Figure S5A–H, Supporting Information). Histo-
logical analysis via hematoxylin and eosin (H&E) demonstrated
foreign-body response, which is typical of medical implants.
While fibrotic capsules exhibited limited cellular infiltration
(Figure S5A–H, Supporting Information), assessment of slides
stained for the presence of macrophages (Figure 4E) and lym-
phocytes (Figure 4F) show a low-level influx of immune cells
(Figure S6A,B, Supporting Information). 4′,6-diamidino-2-
phenylindole (DAPI) staining demonstrated healthy nuclei in
the areas with increased cellular infiltration. Also, the inflam-
matory response was localized as the surrounding subcutaneous
tissue and underlying skeletal muscle was healthy (Figure 4G)
Further, analysis of the fibrotic area in contact with TAF-releasing
membrane via acid-fast bacteria (AFB; Figure S7A, Supporting
Information) and Grocott methenamine silver staining (Fig-
ure S7B, Supporting Information), which evaluates for presence
of bacteria and fungi, respectively, were negative.

In parallel, as a control, the tissue surrounding nPBS im-
plants were histologically assessed (Figure 4H), specifically the
fibrotic capsule (Figure 4I–K), which was thinner and denser
than the nTAF. Similarly, the tissue surrounding the control
implant was negative for macrophages (Figure 4L), lymphocytes
(Figure 4M), bacteria (Figure S7C, Supporting Information) or
fungi (Figure S7D, Supporting Information). However, blinded
quantification of CD45+, CD14+, and CD3+ cells in fibrotic
capsules surrounding nTAF and nPBS implants (Figure 4N)
revealed similar cellular findings in both groups. Although,
the nTAF group exhibited a statistically significant increase in
inflammatory cells (p = 0.021) and lymphocytes (p = 0.049).

Further, histopathological characteristics of tissue surround-
ing the implant site were scored by three board-certified pathol-
ogists from different institutions blinded to the groups. Briefly,
the assessment of inflammatory response to a foreign-body was
evaluated in accordance to the inflammation scoring system
adopted from Su et al.[12,35 ] The scoring system (scaled from 0–
4) assessed the presence of characteristics relevant to inflamma-
tory response to a foreign body; polymorphonuclear cells, lym-
phocytes, macrophages, giant cells, necrosis, capsule thickness,
and tissue infiltrate (Table S1, Supporting Information). After
4 months of implantation, the total histological score (scale 0–
32) was 11.9 ± 5.1 and 8.2 ± 1.5 in the nTAF and nPBS groups,
respectively (Figure 4O; Table S2, Supporting Information). Fur-
thermore, the average implant reactivity score in the nTAF group
was 19.7 (scale 0–56) and nPBS was 13 (Figure 4O). Notably,
nTAF exhibited a statistically significant (p = 0.025) lower total
histological score than other TAF implants previously reported in
the literature. As an example, TAF-releasing polymeric implants
termed “Generation B TAF (Gen B TAF)” presented in Su et al.[12 ]

showed significantly worse pathology scores (Figure 4P). Com-
parative analysis shows that nTAF implants were not statistically
different than nPBS and placebo implant from Su et al. (Gen B
placebo). Moreover, the average placebo-adjusted implant reac-
tivity scores (Spair) for nTAF compared Gen B TAF were 6.7 and
32, respectively (Figure 4Q). In summary, tissue response to our
nTAF implants (average release rate 1.40 ± 0.39mg per day) was
qualified as slight reaction. This is contrast with the results ob-
tained with Gen B TAF implants, for which tissue response was
determined as severe reaction despite the release rate was ≈1/10
of nTAF.

As TFV is implicated in nephrotoxicity and hepatotoxicity,
we evaluated the kidney and liver in the animals with nTAF
implants. The kidney of an untreated NHP from a prior study
was used as a historical control, because nPBS NHPs were trans-
ferred to another study after infection. Histological assessment
of the kidney from nTAF cohort via H&E analysis (Figure 4R)
did not demonstrate necrosis or signs of damage, in comparison
to control (Figure 4S). Further, creatinine levels were within
normal limits throughout the study, suggesting that there was
no detectable kidney damage in the nTAF cohort (Figure 4T).
Liver enzymes were monitored as surrogate markers for health;
aspartate aminotransferase (AST) (Figure 4U), and alanine
aminotransferase (ALT) (Figure 4V) measurements were within
normal levels with respect to baseline values pre-nTAF implan-
tation. Metabolic panel, complete blood count and urinalysis
results were also within normal levels (Figures S8-V, S9A-N and
Table S3, Supporting Information).

3. Discussion

This work represents the first ever preventive efficacy assessment
of an implantable LA ARV platform and the foremost study of
LA TAF as a single agent HIV PrEP regimen. Our finding that
nTAF protected from SHIV infection with 62.50% reduction in
risk of infection per exposure resembles that of TAF predeces-
sor, TDF. TDF monotherapy resulted in 60% protective efficacy
in macaques,[36 ] but clinically achieved 67% risk reduction and
86% preventive efficacy in individuals with detectable plasma
tenofovir.[5,37 ]
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Figure 4. Histological inflammatory response to nTAF and control nPBS; and toxicology assessment of nTAF in the kidney and liver. A) Representative
H&E stain of NHP skin surrounding PrEP nTAF, with B) fibrotic capsule in contact with titanium implant; 20 ×magnification. Fibrotic capsule in contact
with TAF-releasing membrane was assessed via C,D) H&E, 20 × magnification; E) immunofluorescence staining of CD45 (red), CD 14 (green), and
DAPI nuclear stain (blue), 100 × magnification; F) immunofluorescence staining of CD45 (red), CD 3 (green), and DAPI nuclear stain (blue), 100 ×
magnification. G) Representative H&E stain of underlying skeletal muscle near implant site, 20 × magnification. H) Representative H&E stain of NHP
skin surrounding control nPBS. Fibrotic capsule in contact with titanium implant was assessed via I–K) H&E, 20×magnification, L) immunofluorescence
staining of CD45 (red), CD 14 (green), and DAPI nuclear stain (blue), 100×magnification;M) immunofluorescence staining of CD45 (red), CD 3 (green),
and DAPI nuclear stain (blue), 100 ×magnification. N) Quantification of CD45+, CD14+, and CD3+ cells in fibrotic capsule surrounding nTAF and nPBS
implants. Data are presented as mean ± SD. Statistical analysis using two-tailed p < 0.05 unpaired t test. O) Implant reactivity scores and placebo-
adjusted implant reactivity scores (Spair). Data are presented as mean ± SD. P) Comparison of total histological characteristic scores between nTAF
and nPBS implants with Generation B (Gen B) TAF and placebo implants Su et al.[12 ] Data are presented as mean ± SD. Statistical analysis using
two-tailed p < 0.05 unpaired t test. Reproduced with permission.[12 ] Copyright 2020, American Society for Microbiology. Q) Comparison of average Spair
reactivity grade between nTAF and Generation B (Gen B) implants Spair values 0–2.9, 3–8.9, 9–15, and >15.1 colored as green, yellow, orange, and red,
respectively, represent no reaction, slight reaction, moderate reaction, and severe reaction, respectively. Reproduced with permission.[12 ] Copyright 2020,
American Society for Microbiology. R) Representative H&E stain of kidney from PrEP nTAF group demonstrating normal histology, in comparison to S)
representative H&E stain of kidney from control NHP similarly showing no nephrotoxicity; 20 ×magnification. T) Creatinine activity measurements from
nTAF cohort. Liver enzymes, U) aspartate aminotransferase (AST), and V) alanine aminotransferase (ALT) from nTAF cohort. Baseline levels (0month)
were measured before implantation of nTAF. All data are presented as mean ± SD (n = 7). Images A and H taken at 4 × magnification and stitched
together. Scale bar in 20 and 100 ×magnification is 200 and 10 µm, respectively.
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There is no benchmark preventive level of TFV-DP in PBMCs
for sustained subcutaneous administration of TAF. We used as
a reference the TFV-DP concentration in PBMCs of 100 fmol
per 106 cells, which conservatively exceeds the levels identified as
protective in the iPrEX trial with Truvada (cryopreserved PBMC,
16 fmol per 106 cells; freshly lysed PBMC, 40 fmol per 106 cells).[6 ]

Other TAF-releasing implants are targeting 24–48 fmol per 106,
a target that takes into consideration the 66% TFV-DP loss dur-
ing cryopreservation in the iPrEX trial.[9,11,12 ] While not directly
comparable to oral Truvada administration, we used 100 fmol
per 106 cells as rational target to exceed prior to start the viral
challenges. Nonetheless, this is the first efficacy study with con-
tinuous TAF administration via the subcutaneous route. Our re-
sults show that by maintaining a median TFV-DP concentration
of 390 fmol per 106 PBMC (IQR, 216.50–585.50 fmol per 106

PBMC) we achieved partial protection with 62.50% efficacy (95%
CI, 1.72% to 85.69%). In light of our studies, it remains unclear
what the preventive benchmark could be to establish 100% effi-
cacy in a rectal challenge model.

Most clinical studies evaluating PrEP adherence use plasma,
PBMC, or dried blood spots as surrogate markers to local tis-
sue concentrations.[5,6,37,38 ] However, breakthrough infection has
occurred in individuals with high systemic drug concentrations,
similar to the infected nTAF animals in our study. Therefore, it
remains unclear if infection in some animals in our study could
be attributable to inadequate TFV-DP concentrations in the site
of viral transmission. In a study of weekly oral TAF as a single-
agent PrEP against vaginal SHIV infection by the Center for Dis-
ease Control, TFV-DPPBMC levels were similar between the four
infected and five uninfected animals.[33 ] However, only five out
of nine animals had detectable vaginal TFV-DP concentrations
(5 fmol mg−1) prior to challenge.[33 ] It is also of interest to iden-
tify the turn-over rate of “TFV-DP positive” to “TFV-DP naïve”
mononuclear cells systemically and locally at the site of trans-
mission to improve dosing regimens. Garcia-Lerma et al. demon-
strated that once weekly oral TAF dosing conferred low protec-
tion from HIV transmission, despite high systemic (>1000 fmol
per 106 PBMC) and rectal (median, 377 fmol per 106 mononu-
clear cells) TFV-DP levels.[39 ] However, in the aforementioned
study the animals were rectally challenged 3 days after the first
weekly oral TAF dose. Thus, the long interval between drug dos-
ing and virus exposure could have allowed for TFV-DP naïve
mononuclear cells to repopulate at the site of transmission. Of
relevance, on-demand local TFV delivery at HIV transmission
sites, such as a TFV rectal douche, has shown to achieve high
local tissue concentrations and favorable PK profiles in NHP
with SHIV challenges.[40,41 ] Therefore, we posit that PrEP efficacy
could plausibly be improved if first-line target cells have sufficient
TFV–DP concentrations prior to virus exposure.

The present study was limited by the number of animals
and the use of both sexes for rectal SHIV prevention. Future
studies could address this issue by increasing the sample size
and conducting separate sexes studies to evaluate protection
against rectal or vaginal exposure. Further, because Descovy is
clinically approved for oral administration, scientific rigor could
be strengthened with an additional group with daily oral TAF
dosing as opposed to weekly dosing as performed in literature, in
comparison to sustained subcutaneous delivery. Moreover, our
study was limited by the instability of TAF within our implant,

potentially contributing to increased TFV levels in plasma at the
end of the study. Although we did not observe nephrotoxicity and
hepatotoxicity, future studies will use a more stable formulation
of TAF with urocanic acid[32,42 ] to maintain low TFV levels in
plasma. Furthermore, assessing implant site concentrations
of TAF, TFV, and TFV-DP could provide insight into tissue
response to subcutaneous TAF administration.

In summary, our innovative strategy of continuous low-dose
systemic delivery of TAF obviates adherence challenges and pro-
vides similar protective benefit to that observed with oral TDF.
Taken together, this work provides optimism for implementing
clinical studies to assess the safety and efficacy of LA TAF plat-
forms for HIV PrEP.

4. Experimental Section
Nanofluidic Implant Assembly: Medical-grade 6AI4V titanium oval

drug reservoirs were specifically designed andmanufactured for this study.
Briefly, a nanofluidicmembrane possessing 278 600 nanochannels (mean;
194 nm) was mounted on the inside of the sterile drug reservoir as
described previously.[16 ] Detailed information regarding the membrane
structure and fabrication was described previously.[30,31 ] Implants were
welded together using Arc welding. PrEP implants were loaded with≈300–
457 mg TAF fumarate in solid powder form (Table 2) using a funnel in
the loading port, while control implants were left empty in view of subse-
quent loading of sterile 1 X phosphate buffered saline (PBS). A titanium
piece that resembled a small nail was inserted into the loading port and
welded shut. Implants were primed for drug release through the nanoflu-
idic membrane by placing implants in 1 × PBS under vacuum. This prepa-
ration method resulted in loading of control implants with PBS. Implants
were maintained in sterile 1 × PBS in a hermetically sealed container until
implantation shortly after preparation. TAF was kindly provided by Gilead
Sciences, Inc.

In Vitro Release from Nanofluidic Implant: In an effort to limit the
amount of drug used, the in vitro release study was performed using
nanochannel membranes with identical structure and channel size those
adopted in vivo, but with a small number of nanochannels (n = 9 800
as compared to n = 278 600 for the full-size membrane). In vitro release
results were then linearly scaled to account for the difference in nanochan-
nels number. Medical-grade 6AI4V titanium cylindrical drug reservoirs (n
= 5) were assembled as described above, loaded with ≈20 mg TAF fu-
marate and placed in sink solution of 20 mL 1 × PBS with constant ag-
itation at 37 °C. For analysis, the entire sink solution was retrieved and
replaced with fresh PBS every other day for 20 days. The maximum TAF
concentration regarding TAF saturation in sink solution was <10%, there-
fore maintaining sink condition. High-performance liquid chromatogra-
phy (HPLC) analysis was performed on an Agilent Infinity 1260 system
equipped with a diode array and evaporative light scattering detectors us-
ing a 3.5 µm 4.6 × 100mm Eclipse Plus C18 column and water/methanol
as the eluent and 25 µL injection volume, as previously described.[32 ]

Specifically, ammonia acetate buffered water (solvent A) and ammonia
acetate buffered methanol (solvent B) at 2 mL min−1 flow rate gradient:
0min (5%B), 0.8min (5%B), 3.8min (100%B), 4.6min (100%B), 5.2min
(5% B). Peak areas were analyzed at 260 nm absorbance.[32 ]

Nanofluidic Membrane Assessment: Silicon nanofluidic membranes
structure and composition was assessed using different imaging tech-
niques at the microscopy–SEM/AFM core of the Houston Methodist
Research Institute (HMRI), Houston, TX, USA. Inspection of structural
conformation was performed via SEM; (Nova NanoSEM 230, FEI,
Oregon, USA), nanochannel dimension was measured on membrane
cross sections obtained using gallium ion milling (FIB, FEI 235). Surface
roughness was measured by AFM catalyst, surface chemical composition
was evaluated with EDAX; Nova NanoSEM 230.

Animals and Animal Care: All animal procedures were conducted
at the AAALAC-I accredited Michale E. Keeling Center for Comparative
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Medicine and Research, TheUniversity of TexasMDAnderson Cancer Cen-
ter (UTMDACC), Bastrop, TX. All animal experiments were carried out ac-
cording to the provisions of the Animal Welfare Act, PHS Animal Welfare
Policy, and the principles of the NIH Guide for the Care and Use of Labo-
ratory Animals. All procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at UTMDACC, which has an Animal
Welfare Assurance on file with the Office of Laboratory Animal Welfare.
IACUC #00001749-RN00. Indian rhesus macaques (Macaca mulatta; n =
14; 6 males, and 8 females) of 2–4 years and 2–5 kg bred at this facility
were used in the study. All procedures were performed under anesthesia
with ketamine (10 mg kg−1, intramuscular) and phenytoin/pentobarbital
(1mL per 10 lbs, intravenous [IV]).

All animals had access to clean, fresh water at all times and a stan-
dard laboratory diet. Prior to the initiation of virus inoculations, com-
patible macaques were pair-housed. Once inoculations were initiated,
the macaques were separated into single housing (while permitting eye
contact) to prevent the possibility of SHIV transmission between the
macaques. Euthanasia of the macaques was accomplished in a humane
manner (IV pentobarbital) by techniques recommended by the American
VeterinaryMedical AssociationGuidelines on Euthanasia. The seniormed-
ical veterinarian verified successful euthanasia by the lack of a heartbeat
and respiration.

Minimally Invasive Implantation Procedure: An approximately 1 cm
dorsal skin incisionwasmade on the right lateral side of the thoracic spine.
Blunt dissection was used to make a subcutaneous pocket ventrally about
5 cm deep. The implant was placed into the pocket with the membrane
facing the body. A simple interrupted tacking suture of 4-0 polydioxanone
(PDS) was placed in the subcutaneous tissue to help close the dead space
and continued intradermally to close the skin. All animals received a single
50 000 U kg−1 perioperative penicillin G benzathine/penicillin G procaine
(Combi-Pen) injection and subcutaneous once-daily meloxicam (0.2 mg
kg−1 on day 1 and 0.1mg kg−1 on days 2 and 3) for postsurgical pain.

Blood Collection and Plasma and PBMC Sample Preparation: All ani-
mals had weekly blood draws to assess plasma TAF and TFV concentra-
tions, intracellular TFV-DP PBMC concentrations, plasma viral RNA loads,
and cell-associated SHIV DNA in PBMCs. Blood collection and sample
preparation were performed as previously described.[14 ] Blood was col-
lected in EDTA-coated vacutainer tubes before implantation; on days 1, 2,
3, 7, 10, and 14; and then once weekly until euthanasia. Plasma was sepa-
rated from blood by centrifugation at 1200× g for 10min at 4 °C and stored
at −80 °C until analysis. The remaining blood was used for PBMC separa-
tion by standard Ficoll–Hypaque centrifugation. Cell viability was >95%.
After cells were counted, they were pelleted by centrifugation at 400 × g
for 10 min, resuspended in 500 µL of cold 70% methanol per 30% water,
and stored at −80 °C until further use.

Pharmacokinetic Analysis of TFV-DP in PBMC and TAF and TFV in
Plasma: The PK profiles of TFV-DP in PBMC and TAF and TFV in plasma
were evaluated throughout the 4 months of nTAF implantation. Due to
early implant removal in one animal on day 43, seven animals were eval-
uated for drug PK. After device explantation, drug washout was assessed
for an additional 2months (n = 3).

Intracellular TFV-DP concentrations in PBMCs were quantified us-
ing previously described validated liquid chromatographic-tandem mass
spectrometric (LC-MS/MS) analysis.[6,43 ] The assay was linear from 5–
6000 fmol per sample. Typically, 25 fmol per sample was used as the lower
limit of quantitation (LLOQ). If additional sensitivity was needed, stan-
dards and quality controls were added down to 5 fmol per samples, as
previously described.[43 ] Day 21 TFV-DP concentrations were omitted due
to PBMC count below threshold.

Plasma TAF and TFV concentrations were quantified using a previously
described LC-MS/MS assay.[44 ] Drugs were extracted from 0.1mL plasma
via solid phase extraction; assay lower limits of quantitation for TAF and
TFV were 0.03 and 1 ng mL−1, respectively. The multiplexed assay was
validated in accordance with FDA, Guidance for Industry: Bioanalytical
Method Validation recommendations.[45 ]

Tissue TFV-DP Quantification: Lymphoid tissues (mesenteric, axillary,
and inguinal lymph nodes), rectum, urethra, cervix, tonsil, spleen, and
liver were homogenized, and 50–75 mg aliquots were used for TFV-DP

quantitation. Pharmacokinetic analysis of TFV-DP was conducted by
the Clinical Pharmacology Analytical Laboratory at the Johns Hopkins
University School of Medicine. TFV concentrations in aforementioned
tissue biopsies were determined via LC-MS/MS analysis. TFV-DP was
measured using a previously described indirect approach, in which TFV
was quantitated following isolation of TFV-DP from homogenized tissue
lysates and enzymatic conversion to the TFV molecule.[43 ] The assay
LLOQ for TFV-DP in tissue was 5 fmol per sample, and drug concentra-
tions were normalized to the amount of tissue analyzed.[46 ] The TFV-DP
tissue was validated in luminal tissue (rectal and vaginal tissue) in accor-
dance with FDA, Guidance for Industry: Bioanalytical Method Validation
recommendations;[45 ] alternative tissue types were analyzed using this
method.

PrEP nTAF Efficacy Against Rectal SHIV Challenge: To study the efficacy
of the PrEP implant against SHIV transmission, animals were divided
into two groups, PrEP nTAF-treated (n = 8; 4 male [M] and 4 female [F])
or control nPBS (n = 6; 3 M and 3 F), in a non-blinded study. The PrEP
regimen consisted of subcutaneously implanted nTAF for sustained drug
release over 112 days. The efficacy of nTAF in preventing rectal SHIV
transmission was evaluated using a repeat low-dose exposure model
described previously.[36,39,47 ] Animals were considered protected if they
remained negative for SHIV RNA throughout the study. Briefly, after
PrEP-treated macaques achieved intracellular TFV-DP concentrations
above 100 fmol per 106 PBMCs, both groups were rectally exposed to
SHIVSF162P3 once a week for up to 10 weeks until infection was confirmed
by two consecutive positive plasma viral RNA loads. The SHIVSF162P3 dose
was in range of HIV-1 RNA levels found in human semen during acute
viremia.[47 ]

Challenge stocks of SHIV162p3 were generously supplied by Dr. Nancy
Miller, Division of AIDS, NIAID, through Quality Biological (QBI), under
contract no. HHSN272201100023C to the Vaccine Research Program, Di-
vision of AIDS, NIAID. The stock SHIV162p3 R922 derived harvest four
dated 16th September 2016 (p27 content 173.33 ng mL−1, viral RNA load
>109 copies per mL, TCID50 per mL in rhesus PBMC 1280) was diluted
1:300 and 1mL of virus was used for rectal challenge each time.

For the challenge, the animals were positioned in prone position and
virus was inoculated ≈4 cm into the rectum. Inoculated animals were
maintained in the prone position with the perineum elevated for 20min to
ensure that virus did not leak out. Care was also taken to prevent any virus
from contacting the vagina area and to not abrade the mucosal surface of
the rectum.

Infection Monitoring by SHIV RNA in Plasma and SHIV DNA in
Tissues: Infection was monitored by the detection of SHIV RNA in
plasma using previously described methods[48,49 ] with modification.
Viral RNA (vRNA) was isolated from blood plasma using the Qi-
agen QIAmp UltraSense Virus Kit (Qiagen 53 704) in accordance
with manufacturer’s instructions for 0.5 mL of plasma. vRNA lev-
els were determined by quantitative real-time PCR (qRT-PCR) us-
ing Applied Biosystems TaqMan Fast Virus 1-Step Master Mix (Ther-
mofisher 4 444 432) and a primer-probe combination recognizing a
conserved region of gag (GAG5f: 5′-ACTTTCGGTCTTAGCTCCATTAGTG-
3′; GAG3r: 5′-TTTTGCTTCCTCAGTGTGTTTCA-3′; and GAG1tq: FAM 5′-
TTCTCTTCTGCGTGAATGCACCAGATGA-3′TAMRA). Each 20 µL reaction
contained 900 nm of each primer and 250 nm of probe, and 1 × Fast Virus
1-Step Master Mix, plasma-derived vRNA sample, SIV gag RNA transcript
containing standard or no template control.

qRT-PCR was performed in a ABI Step One Plus Cycler. PCR was per-
formed with an initial step at 50 °C for 5min followed by a second step at
95 °C for 20 s, and then 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
Tenfold serial dilutions (1–1 × 106 copies per reaction) of an in vitro tran-
scribed SIV gag RNA were used to generate standard curves. Each sam-
ple was tested in duplicate reactions. Plasma viral loads were calculated
and shown as viral RNA copies per mL plasma. The limit of detection is
50 copies per mL. Infections were confirmed after a consecutive positive
plasma viral load measurement.

To detect viral DNA in tissue samples, total DNA was isolated from
PBMCs or tissue specimens using the Qiagen DNeasy Blood & Tissue
Kit (Qiagen #69 504) according to the manufacturer’s protocol. DNA was
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quantified using a nanodrop spectrophotometer. qRT-PCR was performed
using the SIV gag primer probe set described above. Each 20 µL reac-
tion contained 900 nm of each primer and 250 nm of probe, and 1x Taq-
Man Gene Expression Master Mix (Applied Biosystems, Foster City, CA),
macaque-derived DNA sample, SIV gag DNA containing standard, or no
template control. PCR was initiated in with an initial step of 50 °C for 2min
and then 95 °C for 10min. This was followed by 40 cycles of 95 °C for 15 s,
and 60 °C for 1min. Each sample was tested in triplicate reactions. Tenfold
serial dilutions of a SIV gag DNA template (1–1 × 105 per reaction) were
used to generate standard curves. The limit of detection of this assay was
determined to be 1 copy of SIV gag DNA.

Device Retrieval and Macaque Euthanasia: A subset of PrEP-treated
macaques (n = 4), those with the highest viral load, were euthanized
on day 112, while implants were retrieved on day 112 from the remain-
ing PrEP-treated macaques (n = 3) for continuation to a 2 month drug-
washout period before euthanasia. SHIV-infected macaques in the control
group (n= 6) were transferred to another study (data not shown) and euth-
anized 28 days later. The implant was retrieved with a small incision in the
skin and stored at −80 °C until further analysis. Skin within a 2 cm margin
surrounding the implant was excised from euthanizedmacaques and fixed
in 10% buffered formalin for histological analysis. Macaques continuing
in the washout period underwent a skin punch biopsy of the subcutaneous
pocket, and the skin incision was sutured with a simple interrupted tack-
ing suture of 4-0 PDS; the specimen was fixed in 10% buffered formalin
for histological analysis. The following tissues were collected from all an-
imals at euthanasia (n = 13): lymphoid tissues (mesenteric, axillary, and
inguinal lymph nodes), rectum, urethra, cervix, tonsil, spleen, and liver.
Tissues were snap-frozen and stored at −80 °C until further analysis of
TAF concentrations, viral RNA loads, and cell-associated SHIV DNA.

Residual Drug and Nanofluidic Membrane Retrieval from Explanted
Implants: Upon explantation, the implants were snap frozen with liquid
nitrogen to preserve residual drug for stability analysis. For residual drug
retrieval, the implants were thawed at 4 °C overnight. A hole was drilled
on the outermost corner on the back of the implant using a 3/64 titanium
drill bit with a stopper. Drilling was performed on the back of the implant
and distal to the membrane to avoid damage. Following drilling, 20 µL
sample from the implant drug reservoir was aliquoted into respective
1.5 mL Eppendorf tubes with 0.5 mL 100% ethanol using a pipette. The
implants were placed in 50mL conical tubes with 40 g 70% ethanol. Each
implant was flushed using a 19-gauge needle with 70% ethanol from
the sink solution. For sterilization, the implants were incubated in 70%
ethanol for 4 days and transferred to new conical tubes with fresh 70%
ethanol for an additional 4 days. To ensure nanochannel membranes were
dry, the implants were transferred to new conical tubes with 100% ethanol
for a day and placed in 6-well plates to dry under vacuum. To protect the
membrane during machining procedure, electrical tape was placed over
the outlets. The implants were opened using a rotary tool with a diamond
wheel. Titanium dust from machining procedure was gently cleaned from
membrane with a cotton swab and 70% ethanol. To remove membrane
from the implant, a drop of nitric acid (Trace Metal grade) was placed
on the membrane overnight and rinsed with Millipore water the next day.
Membranes were kept in hermetically sealed containers until analysis.

TAF Stability Analysis in Drug Reservoir: Liquid in the drug reservoir
after explantation was collected with a pipette and diluted 25 times with
100% ethanol. The samples were transferred to 0.2 µm nylon centrifugal
filters and centrifuged at 500× g for 8min at room temperature. An aliquot
of 50 µL from the filtered samples were further diluted in 100 µL 100%
ethanol. HPLC analysis of TAF was performed as aforementioned in the in
vitro release section.

Drug solids from within the implant were analyzed from the initial 40g
70% ethanol sink solution. The samples were transferred to 0.2 µm nylon
centrifugal filter and centrifuged at 500 × g for 8min at room temperature.
An aliquot of 10 µL from the filtered samples was further diluted in 990 µL
of deionized water. UV–vis spectroscopy was performed on a Beckman
Coulter DU 730 system. Peak areas were analyzed at 260 nm absorbance.

Assessment of PrEP nTAF Safety and Tolerability: Tissues were fixed in
10% buffered formalin and stored in 70% ethanol until analysis. Tissues
were then embedded in paraffin, cut into 5 µm sections and stained with

H&E staining at the Research Pathology Core HMRI, Houston, TX, USA.
H&E staining was performed on tissue sections surrounding the implant
site and kidney. For immunohistochemistry evaluation of tissue sections,
slides were stained with anti-CD45 conjugated to Texas Red (CD45Mono-
clonal Antibody (HI30), PE-Texas Red Thermo Fisher), anti-human CD14,
and anti-human CD3 conjugated to fluorescein isothiocyanate (Pharmin-
gen). For negative controls, corresponding immunoglobulin and species
(IgG)-matched isotype control antibodies were used. Nonspecific binding
in sections was blocked by a 1 h treatment in tris-buffered saline plus 0.1%
w/v Tween containing defatted milk powder (30 mg mL−1). Stained sec-
tions were mounted in Slow Fade GOLD with DAPI (Molecular Probes,
OR) and observed using a Nikon T300 Inverted Fluorescent microscope
(Nikon Corp., Melville, NY). For verification of cell phenotype, each slide
was scored by counting three replicate measurements by the same ob-
server for each slide. All slides were counted at 20 × magnification with-
out knowledge of the cell-specificmarker being examined, and results were
averaged with through a second reading by another observer.

Semiquantitative histopathological assessment of inflammatory re-
sponse to a foreign body was evaluated in accordance to the inflamma-
tion scoring system presented in Su et al.,[12 ] which was adopted from
a published standard.[35 ] Briefly, cells were counted via high power field
and scored (0–4) based on histological characteristics: polymorphonu-
clear cells, lymphocytes, plasma cells, macrophages, giant cells, necrosis,
capsule thickness, and tissue infiltrate (see Table S1, Supporting Informa-
tion). The scores reported by each pathologist were averaged per implant
(see Table S2, Supporting Information). Then, the total histological charac-
teristic scores were reported per group as the average of the sum of all his-
tological scores of all implants. The reactivity grade for each implant was
computed using Equation (1) from Su et al.[12 ] and the average placebo-
adjusted implant reactivity score (Spair) was calculated by subtracting the
result obtained for nPBS from nTAF. The Spair classification used in Su
et al.[12 ] and published standard[35 ] was adopted: minimal to no reaction
(0.0 < Spair < 2.9), slight reaction (3.0 < Spair < 8.9), moderate reaction
(9.0 < Spair < 15.0), and severe reaction (Spair > 15.1).

Assessment of TAF Toxicity: To assess TAF toxicity, a comprehensive
metabolic panel was analyzed for each animal weekly during the rectal
challenge phase of the study and biweekly afterward. Urine and CBCs were
analyzedmonthly to assess kidney and liver function andmonitor the well-
being of the NHPs.

Statistical Analysis: Plasma t1/2 PK analysis was performed in Mi-
crosoft Excel using two time points, days 112 and 119. Results were ex-
pressed as actual t1/2 is less than obtained t1/2 (because day 119 values
were undetectable and were substituted with BLOQ values). PBMC PK
analysis was performed using PKSolver add-in for Microsoft Excel devel-
oped by Zhang et al.[46 ] Data are represented asmean± SDormedianwith
interquartile range (IQR) between the first (25th percentile) and third (75th
percentile) quartiles. The relative risk and relative risk reduction with 95%
confidence intervals (95%CI) were estimated to examine the per-exposure
effect of TAF, and the Fisher’s exact was used for the comparison. The
Mann–Whitney test was used to compare the median survival time and
the differences in SHIV RNA levels at initial detection. The Kaplan–Meier
analysis was performed between the PrEP and control groups, with the
use of the number of inoculations as the time variable. The exact log-rank
test was used to test the survival between the two groups. Unpaired t test
was used to compare quantification of inflammatory cells between nTAF
and nPBS and total histological characteristic scores between nTAF and
nPBS implants with Gen B TAF and placebo implants. Data are presented
as mean ± SD. All statistical analysis for calculation of the efficacy of TAF
were performed with GraphPad Prism 8 (version 8.2.0; GraphPad Soft-
ware, Inc., La Jolla, CA). Statistical significance was defined as two-tailed
p < 0.05 for all tests.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Abstract

Globally, 145.2 million people suffer from moderate to severe vision impairment or blindness due to preventable or treatable causes.
However, patient adherence to topical or intravitreal treatment is a leading cause of poor outcomes. To address this issue, we designed an
intraocularly implantable device called the nanofluidic Vitreal System for Therapeutic Administration (nViSTA) for continuous and
controlled drug release based on a nanochannel membrane that obviates the need for pumps or actuation. In vitro release analysis
demonstrated that our device achieves sustained release of bimatoprost (BIM) and dexamethasone (DEX) at concentrations within clinically
relevant therapeutic window. In this proof of concept study, we constructed an anatomically similar in silico human eye model to simulate
DEX release from our implant and gain insight into intraocular pharmacokinetics profile. Overall, our drug-agnostic intraocular implant
represents a potentially viable platform for long-term treatment of various chronic ophthalmologic diseases, including diabetic macular
edema and uveitis.
© 2018 Published by Elsevier Inc.

Key words: Diabetic macular edema; Uveitis; Intraocular implants; Nanochannel diffusion; Microelectromechanical systems/nanoelectromechanical systems
(MEMS/NEMS)

Vision impairment due to eye diseases remains a significant
public health concern. The leading causes of vision impairment
after cataracts are diabetic retinopathy, glaucoma, and age-related
macular degeneration (AMD).1 Due to population growth and
increasing life expectancy, the prevalence of these major eye
diseases continues to rise at an alarming rate, with an
unprecedented 89% spike in diabetic retinopathy.2 The National

Eye Institute projects that the estimated number of people affected
by the most common eye diseases will double in 2050. In view of
this, there is a global initiative to achieve a 25% reduction in the
prevalence of avoidable vision impairment by 2019.3

Currently, 65% of 32.4 million people with blindness and
76% of 191 million people with moderate and severe vision
impairment worldwide have a preventable or treatable cause.1

Conditions such as macular edema due to diabetes mellitus, age
related macular degeneration (AMD), and increased intraocular
pressure (IOP) leading to glaucoma can be improved with
systemic and ocular intervention. Most ophthalmologic pharma-
cological treatments are administered in the form of eye drops,
which suffer from poor intraocular penetration (≤5%) due to
blinking, tearing, and absorption by non-targeted tissues.4 Other
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factors that impart significant variability in eye drop adminis-
tration include formulation differences, eyedropper design, and
patient variance on handling angle and drops per treatment.5

Furthermore, German et al5 found that the volume per eye drop
administered could range anywhere from 33.8 μl to 63.4 μl.
Intravitreal injection therapy presents an alternative method to
prevent or arrest the progression of vision loss due to diabetic
macular edema and noninfectious uveitis. However, long-term
and repeated intravitreal injections expose the patient to frequent
tissue trauma and each injection carries risks of complications
such as infectious endophthalmitis, retinal detachment, IOP
elevation, and subconjunctival hemorrhage.6–9 More important-
ly, patient non-adherence to ophthalmologic treatment regimens
remains a challenge in treating these diseases and is one of the
leading causes of poor treatment outcome. In view of these
challenges, there is a need to develop an ocular drug delivery
system for continuous and controlled drug release that minimizes
the risks of repeated procedures.

At present, some U.S. Food and Drug Administration (FDA)
approved intravitreally implanted drug delivery devices have been
clinically adopted to improvepatient adherence and treatment efficacy.
Ozurdex® (Allergan, Inc., Irvine, CA) is a biodegradable polymer
implant that releases dexamethasone (DEX) for the treatment of
macular edema, a complication of diabetic retinopathy and a common
cause of vision loss in diabetic patients. It is inserted into the vitreous
humor and can release drug for up to 6 months, with a peak
concentration in the first 2 months. Iluvien®, previously known as
Medidur FA (Alimera Sciences, Alpharetta, GA, USA), is a non-
erodible intravitreal device also approved for the treatment of diabetic
macular edema. It releases a low dose (0.23-0.45 μg/day) of
fluocinolone acetonide up to 36 months after the injection. Retisert®
is an implant that is surgically inserted into the vitreous of the eye to
treat uveitis, a form of eye inflammation and the third leading cause of
blindness in developed countries. As opposed to the repeated
intraocular injection of corticosteroids needed in chronic cases,
Retisert® provides sustained release of fluocinolone acetonide over a
three-year period.10 Glucocorticoids such as DEX and fluocinolone
exert an anti-inflammatory effect by multiple pathways: at low
concentrations they have a role in the suppression of pro-inflammatory
genes11–13 while at high concentrations they activate anti-
inflammatory genes. Delivery of low-dose glucocorticoids directly
to the posterior segment of the eye for pathologies such as DME or
uveitis can greatly reduce systemic side effects compared to other
routes of administration. These promising systems address the need
for sustained drug delivery to the eye due to challenges that result in
low ocular bioavailability, such as a short duration of therapeutic drug
levels, various elimination mechanisms, and physiological barriers.

Since currently available ocular drug delivery platforms enable
sustained release of a specific drug for weeks or up to months, we
developed a drug-agnostic intraocularly implantable device, called
the nanofluidic Vitreal System for Therapeutic Administration
(nViSTA) that can release therapeutics for years. The nViSTA is
capable of providing continuous intraocular drug delivery via a rate-
limited concentration driven drug diffusion through a silicon
nanochannel membrane without the need for pumps, actuation, or
clinician intervention. The membrane architecture ensures mechan-
ical robustness of the device and the diffusion driven drug elution
allows for sustained zero-order release. In this manuscript, we

conduct proof-of-concept demonstrations that the nViSTA can
provide sustained and controlled delivery of two drugs commonly
used in the treatment of ophthalmologic pathologies, dexamethasone
(DEX) which is a corticosteroid often used as an anti-inflammatory
medication for the treatment of diabetic macular edema (DME) and
noninfectious uveitis,14 and bimatoprost (BIM) which is a
prostaglandin analog used for the reduction of intraocular pressure
(IOP) in glaucoma treatment.15 Results from in vitro testing
demonstrated sustained release of both DEX and BIM from the
nViSTA for 20 days. Due to the lack of reliable animal models and
limitations of existing models, we developed a 3-dimensional (3D)
anatomically similar human eye in silico model based on MRI
imaging data from literature for simulation of in vivo studies. The
model was validated based on in vivo data available in the literature.
In vitro release data were applied to a finite element method (FEM)
simulation to demonstrate how sustained drug release of an
intravitreally inserted device can achieve clinically relevant drug
concentration in the targeted tissue for several months. Overall, we
present a drug-agnostic intraocular implant that can achieve
sustained and quasi-constant release and that could in principle be
applied to the treatment of several ophthalmologic pathologies.

Methods

Materials

Dexamethasone (DEX, D1756) was purchased from Sigma
Aldrich (St. Louis, MO, USA). Bimatoprost (BIM, B13794) was
purchased from Ontario Chemicals, Inc. (Guelph, Ontario, Canada).
Chemical properties for both drugs can be found in Table S1.

Nanochannel membrane fabrication

The nanochannel membranes were fabricated as previously
described by our group.16 Briefly, a layer of sacrificial tungsten
was embedded between a layer of silicon (microchannels) and
silicon nitride (macrochannels) in sizes that vary from 2.5 nm to
250 nm. The membranes were then washed with piranha acid to
remove the sacrificial tungsten layer. Further details may be
found in supplementary section S2.

Intraocular nanochannel (nViSTA) drug delivery implant
assembly and drug loading

Nanochannel membranes were diced into 2 × 2 macrochannels
as previously described.17 In this study, 20 nm nanochannels were
used for all drug release experiments. Details of dicing and loading
processes are described in supplementary section S3.

The quantity of loaded drug was estimated bymultiplying the
volume of the macrochannels by the density of the specific
drugs. Each device contains four identical macrochannels with a
total volume of 0.112 μl. The density of DEXwas assumed to be
1.8 g/cm3 (PubChem,18 Dexamethasone) and the Girolami
method19 was used to estimate the density of BIM at 1.1 g/cm3.
Based on these parameters, our implant has a capacity of 202 μg
DEX and 123 μg BIM.

Controlled release characterization

UV–Vis spectroscopy was employed to measure the drug
release over time from the nViSTA devices. Absorbance
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measurements were collected every 10 min based on their
predetermined absorbance peaks (Table S1). These release
experiments were conducted in 4.5 ml cuvettes (Sigma Aldrich,
Z637157-100EA) for the DEX device and with 850 μl
microcuvettes (Sigma Aldrich, Z637092-100EA) for the device
loaded with BIM. Further details regarding measurement are
found in supplementary section S4.

Eye model

The eye model was designed in SolidWorks 2016 and
imported into COMSOL Multiphysics® 5.2 for FEM simula-
tions. Both software run on a workstation with an Intel i7-4790
quad core processor and 32 GB of RAM. Dimensions of the
different eye compartments were calculated from MRI images
obtained from literature and used to construct an anatomically
similar geometry. Dimensions may be found in Table S2.20 The
model includes relevant domains for an intravitreal drug delivery
system. As shown in Figure 1 the vitreous is enclosed in three
layers modeling the posterior segment of the eye: retina, choroid
and sclera, respectively from the inner to the outer portion of the
eye. In the front segment there are the lens, cornea, ciliary body
and iris, with the last two merged in a single domain. The gap
between the cornea, retina and lens is filled with aqueous humor.
The volumes of the two liquid compartments are 4.73 ml and
0.22 ml for the vitreous and aqueous, respectively. Details on
physics parameters may be found in supplementary section S5.

Initial conditions and model solution

An initial drug concentration of zero was imposed on all
domains. The inlet concentration for the aqueous flow was set to
zero. The route of drug administration modeled was either
intravitreal injection or implant. The intravitreally injected bolus

was modeled as a 0.1 ml sphere positioned halfway between the
lens and retina along the central axis of the eye. To approximate
clinical procedure for the treatment of diabetic macular edema, a
dose of 400 μg dexamethasone in 0.1 ml via intravitreal bolus
injection was used.21,22 The mass transport interface between the
bolus and the surrounding vitreous was considered continuous.

Our nViSTA intravitreal implant has a dimension of
700 × 700 × 800 μm and was modeled as a sphere of the
same volume, 0.343 mm3 (0.343 μl). The implant was consid-
ered as a different domain where no drug diffusion can occur. For
the implant release simulation, a custom function was generated
that imposes the in vitro drug release of dexamethasone over
time as the flux boundary condition at the interface between the
implant and the vitreous. The in vitro release of dexamethasone
was stopped at 20 days. The cumulative release clearly shows a
linear trend after a small initial transient phase. The latter 10 days
of the in vitro release were fitted with a straight line with a
release rate of 0.8 μg/day. The release was predicted to stop
upon reservoir exhaustion at ~247 days.

The model solution method is described in supplementary
section S6. The model was solved in a 2D axial symmetric
geometry, which leverages the symmetry axis of the eye to
perform computation on a 2D surface that can be rotated about
the axis of symmetry in 3D.

Results

Intraocular nanochannel drug delivery implant

The nViSTA is an implantable intraocular silicon membrane
designed for sustained delivery of drugs without the need for
pumps, actuation, or repeated clinical intervention (Figure 2, A).
Our device contains 4 macrochannels (Figure 2, A-B) and each

Figure 1. Three dimensional (3D) rendering of human eye model. The left panel depicts different compartments of the eye (domain), while the right panel defines
dimensions utilized in the ocular model as indicated in Table S2. The central eye axis in the right figure is the axisymmetric axis (vertical dashed line).
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of them is connected to an array of 2812 nanochannels
manufactured via a tungsten sacrificial layer technique that
attains nanochannel dimension tolerances of ~4.4 Å.23 The
organized and neatly packed arrays of nanochannels run
perpendicularly to both micro and macro channels and parallel
to the membrane surface ensuring a mechanically robust
architecture (Figure 2, B-D) and achieving controlled and
sustained drug elution. Drug diffusion proceeds from the
macrochannels (drug reservoir) through inlet microchannels,
across the nanochannels, and into the surrounding environment
through the outlet microchannels (Figure 2, A-D). Prior to use,
the macrochannels are loaded with powdered drug and sealed
with epoxy (Figure 2, A). Upon implantation, the surrounding
fluid enters the membrane through capillary forces and initiates
drug dissolution. This creates a concentration gradient between
the inside and outside of the device leading to concentration-
driven drug diffusion. The dimension of nanochannels is
specifically tailored to leverage electrostatic, steric and hydro-
dynamic effects to achieve and sustain hindered diffusion across
the membrane. The size selection is operated through a decision
chart experimentally developed and validated with numerous
molecules in our laboratory.16 Further, as drugs are loaded in
powder form, the concentration of drugs in the reservoir is
maintained at the drug solubility limit. As such the transmem-
brane concentration gradient remains constant until all powdered
drug is solubilized. This approach guarantees zero-order release
kinetics in principle for more than 99.99% (in the case of DEX)
of the drug contained in the device.

Accordingly, tuning of the nanochannel dimensions allows
for fine control of the release rate. This nanochannel delivery

technology has been demonstrated to be efficient in the elution of
a number of different drugs for different indications.24–28 In this
study, we used membranes with 20 nm slit nanochannels that are
3 μm in width and 1 μm in length. To ensure bioinertness, the
device was homogenously coated with a silicon carbide-tantalum
nitride (SiC-TaN) layer.

In vitro dexamethasone and bimatoprost release

To assess the release kinetics of the nViSTA for potential
application in the treatment of different ophthalmologic
indications, we monitored the release profiles of dexamethasone
(DEX) and bimatoprost (BIM) over 20 days. The DEX-loaded
nViSTA maintained a constant release of approximately 20 μg
over 20 days (Figure 3, A), while BIM demonstrated a burst of
approximately 40 μg over the first 2 days then a linear release of
37 μg over the next 18 days (Figure 3, B). Due to the higher
hydrophobicity of BIM compared to DEX, we postulate that the
initial burst release for BIM may be attributed to powder
adherent to the outside of the device during preparation that was
not removed during the washing steps with DI water. After the
brief transient phase both DEX and BIM reached the expected
linear release profile. While we selected DEX and BIM in our
study, the release mechanism of the nViSTA is drug-agnostic
and can be leveraged for the treatment of a multitude of
ophthalmologic diseases. When hydrophobic molecules such as
DEX and BIM or positively charged molecules are confined
within silica nanochannels, they tend to diffuse near the
nanochannel surface and not in the center or bulk portion of
the nanochannels.23,29 In contrast, hydrophilic and negatively

Figure 2. nViSTA. (A) Rendering of the device showing dimensions and device compartments. The drug is loaded in the macrochannel reservoirs then sealed
with epoxy. (B) Scanning electron microscopy (SEM) of diced 20 nm nanochannel 2 × 2 silicon membrane. (C) SEM bottom view of membrane showing
microchannels. Scale bars in SEM images represent 400 μm. Scale bar in inset is 25 μm. (D) Side view rendering of microchannels showing the nanochannel
orientation and drug diffusion path (not to scale).
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charged molecules display a different release behavior, tending
to diffuse in the bulk region of the channels. However, both
release mechanisms can be modified by altering nanochannel
dimensions.30 Further, to assess if the sink affects DEX or BIM
release we performed in vitro analysis adopting PBS + 0.5 mg/
ml glucose as the sink solution in place of DI water. PBS + 0.5
mg/ml glucose was selected as representative fluid for the
vitreous humor, which consists of 99% water, 0.9% salts, and
0.1% mixture of collagen (solid) and sugars.31 While no
significant differences in release were observed for BIM, higher
release rate (~1.6 fold) was detected for DEX (Figure S2). These
results highlight that in further development of the technology
the number of nanochannels to achieve the desired release rate
needs to be specifically tailored to the drug and validated in
relevant physiological conditions.

Validation of model with bolus injection

Next, we developed a 3-dimensional (3D) anatomically similar
human eye model based on MRI imaging data from literature for
simulation of in vivo studies.Wevalidated themodel parameters by
comparing the predicted intravitreous drug concentration over time
with previously published experimental data of intravitreal DEX
injection in rabbit eyes.32 In Graham et al's32 study, 400 μg of
DEXwas administered in the rabbit vitreous, which has an average
volume of 1.5 ml. Vitreous concentration immediately following
injection was reported to be 267 μg/ml. In order to compare the
experimentally measured clearance rate with our model, a quantity
of drug proportional to the human vitreous dimension of 4.7 ml
was assumed. The 0.1 ml sphere domain was given an initial drug
mass of 1263 μg to maintain the DEX to vitreous volume ratio.
While a simple proportional scaling of the injected quantity of drug
may not result in an exact translation between the rabbit and human
eye, we postulate that this is a reasonable approximation for in
silico analysis based on available literature data. Rabbit models are
the most commonly used animals for study of intravitreal
pharmacokinetics and translation of pharmacokinetic parameters
to humans.33 Pharmacokinetic comparison between rabbit and
human eyes performed byDelAmo et al33 shows that the clearance

rate in humans for molecules with comparable molecular weight to
the drugs used in our study, is approximately 1.4 times that of
rabbits eyes. Our proportional allometric scaling resulted in a
higher clearance rate of 3 times that of rabbit eyes resulting in a
conservative estimate with respect to intraocular drug
concentrations.

A comparison of clearance rate between the experimental data
from Graham et al32 and model results is shown in Figure 4, C.
With the parameters reported in Table S1, we were able to
achieve agreement between the model and the experimental data
with R2 of 0.98. The variation of drug concentration overtime
showed in the vitreous humor presents a half-life of 2.4 h and
reached 1/1000th of the initial concentration in 24 h. Figure 4, D
shows a contour plot of drug concentration after intravitreal
bolus injection in our 3D model of the eye at different time
points. At 2 h post-injection, DEX continues to accumulate until
reaching a maximal drug concentration in the eye at 5 h post-
injection. Two other time points are also shown in Figure 4, D, at
10 h and 15 h after injection, where the concentrations in the
various domains are close to ten times smaller than the peak
concentration. Figure 4, F shows the drug concentration profiles
over time for four different eye domains (aqueous, retina,
choroid, and sclera) for the first 24 h after intravitreal injection.
The concentration in the posterior of the eye (retina, choroid, and
sclera) is of particular importance for the treatment of uveitis and
DME. Figure 4, F demonstrates that peak drug concentration in
the retina and the other posterior segment compartments is
reached after approximately two times the half-life of the drug
(t = 5 h) with a subsequent steep exponential decrease in
concentration. The concentration peaks are reached at slightly
different times in the different compartments. The peak in the
aqueous humor is the first to be achieved at t = 4.2 h because the
drug experiences very little diffusion resistance through the
hyaloid membrane. Drug accumulation in the different layers of
the RCS pathways is mediated by the lower permeability and
diffusion coefficients of these layers compared to the vitreous.
As a result, peak concentration is reached by the retina 4.5 h after
injection and is followed by the choroid and sclera at time t =
5.3 h and t = 6.3 h respectively.

Figure 3. Release testing from the nViSTA with n = 3 devices for (A) Dexamethasone (DEX) and (B) Bimatoprost (BIM).
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Aqueous fluid flow in the model

The aqueous flow plays an important role in the clearance of
molecules inside the eye. To establish accuracy of the model
with respect to eye models from the literature, we analyzed the

aqueous fluid velocity field (Figure 4, A). According to our
simulation model, the maximum velocity is about 6 × 10−2 mm/s
and it occurs in the region closest to the lens and iris, which is
comparable to the value of 10 × 10−2 mm/s previously reported by
Missel et al.20 Flow streamlines (white lines in Figure 4,B) originate

Figure 4. Model validation and results. (A)Model validation with DEX intravitreal injection. Experimental data from Graham et al, injection occurred at t = 0.
(B) Aqueous laminar flow velocity field. (C) Surface concentration contour plot of DEX concentration in the aqueous domain 1 h after bolus injection.
Distribution of DEX concentration in 3D model after (D) bolus intravitreous injection or (E) sustained release from nViSTA at different time points. The second
(t = 2.4 h) and third (t = 4.8 h) time points were chosen to approximately match those used for the bolus injection to facilitate direct comparison. DEX
concentration profiles for different compartments of the eye model for (F) bolus injection compared to (G) release from the device at the indicated time points.
(H) DEX concentration profiles for 248 days after nViSTA implantation in the vitreous. Blue dashed line represents therapeutic threshold for improvement in
visual acuity in DME.
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from the ciliary body (inlet; red highlighted boundary), pass between
the iris and lens and end in the canal of Schlemm (outlet; red
highlighted boundary). Changes in concentration one hour after
bolus injection were visualized by overlaying isoconcentration lines
over a concentration surface plot (Figure 4, C), which verified that
the drug concentration follows the aqueous humor flow.

Modeling sustained release with intravitreal nViSTA

Treatments for the diseases affecting the posterior segment of the
eye are typically administered topically or placed in the vitreous
humor. Our model was designed to simulate standard clinical
procedure for intravitreal implantation. The implant domain was
positioned on the revolution axis near the retina in the posterior of the
eye (Figure 4, E) and the fitted DEX release rate of our implant was
imposed as the inward flux boundary condition. Significant time-
points of the concentration distribution at time 0, 2.4, 4.8, 24 h and
247 days post implantation are shown in Figure 4, E. From left to
right, the first time point is immediately after the simulated implant
positioning in the vitreous and initiation of drug release.At t = 2.4 h,
both the bolus and implant show a transitionary state. At t = 4.8 h,
the bolus reaches a maximum concentration while the implant
approaches a quasi-stationary state. At the fourth time point t = 24 h
(Figure 4,E), the drug released from the nViSTA reaches maximum
concentration in the eye and is kept constant for the next 247 days. In
a phase III clinical trial of the Ozurdex by Lin et al,34 visual
outcomes and central retinal thickness were improved with DEX
relative to sham for the first 3 to 4 months. Similarly, in a study of
Ozurdex in non-human primates by Chang-Lin et al,35 retinal
concentration within the same time frame (4 months) was slightly
less than 1 ng/ml. Based on extrapolation from literature results
1 ng/ml drug concentration could be considered effective at
providing improvements in visual acuity.

A concentration greater than 1 ng/ml is achieved in the retinal
tissue for more than 8 months with our nViSTA. Figure 4, G-H
depicts the drug concentration profiles of nViSTA release over
time in the aqueous, retina, choroid, and sclera. The dashed line
in Figure 4, G-H represents the therapeutic threshold in the
retina. Figure 4, G shows the first 24 hours where pseudo-steady
state is reached in the retina between approximately 12-16 h after
implantation while concentrations in the other compartments are
lower (choroid, sclera, aqueous) as expected. Figure 4, H
demonstrates that drug concentration in the retina declines upon
reservoir exhaustion after over 247 days. A comparison between
the bolus injection and sustained release implant (Figure 4, F and
G) reveals that the drug concentration in the aqueous is lower
than the choroid layer with the implant, while the opposite is true
in the bolus release. This can be attributed to the difference in
domain positioning inside the eye: the bolus injection domain
was positioned centrally between the lens and the posterior
segment, while the nViSTA domain was positioned closer to the
retinal tissue.

Discussion

Based on literature data we developed and validated an
implantable intraocular device for sustained and constant drug
delivery using a nanochannel membrane, which relies on

concentration-driven diffusion and obviates the need for pumps
or actuation. Here we demonstrated in vitro that the nViSTA
device is capable of releasing 0.8 μg of DEX per day, which
should yield a biologically active retinal concentration of more
than 1 ng/ml35 for a period of time exceeding 8 months based on
the total amount of DEX loaded in the nViSTA (202 μg). Due to
the lack of availability of reliable and reproducible DME animal
models, we performed a pharmacokinetic simulation study in
silico.36 Although there are rodent models of eye diseases such
as diabetic retinopathy, ocular implant studies are not possible
due to the size of rodent eyes. While larger animal models such
as rabbits are commonly used due to their larger eye size and
well-described anatomy, reliable recapitulation of ocular dis-
eases is limited. Moreover, the long latency of ocular disease
development in these animals renders the investigation chal-
lenging and beyond the scope of this demonstrative study. For
example, development of diet-induced diabetic retinopathy in
rabbits takes 12-24 weeks and even then, the test animals were
not observed to develop macular edema.37 Thus, we focused on
proof of concept by constructing an anatomically similar human
eye model to simulate intraocular DEX distribution and
clearance rate for projection of in vivo intraocular pharmacoki-
netics from the nViSTA. Simulation modeling of our implant
achieves two simultaneous goals: estimation of pharmacokinetic
parameters within eye tissues and projection of device behavior
to refine future animal studies.

Patients with uveitis and DME are commonly treated via
intravitreal methods. In line with this, the intravitreal injection
bolus domain positioning of our model is consistent with current
clinical practice as intravitreal injections are commonly per-
formed inferotemporally into the mid vitreous.38 According to
recommended clinical procedure, currently approved intravitre-
ous implants (Ozurdex®, Iluvien®) for the treatment of posterior
uveitis and DME are recommended to be placed inferior to the
optic disc and posterior to the equator of the eye.39 However, the
rotational nature of our axisymmetric simulation model neces-
sitates implant positioning slightly superior to the recommended
location, along the central axis in the posterior of the eye. Our
model's implant position differs from the typical site of
implantation for other intra-vitreal devices by a small distance
(~4-5 mm). This is not expected to generate major discrepancies
in our simulation results with respect to the clinical scenario
where variations in implantation technique have to be taken into
account. The applicability of the simulated drug release with the
nViSTA was compared to a study of DEX release from
Ozurdex® implants in non-human primate eyes.35 This study
demonstrated that DEX biological activity is maintained at
retinal concentrations less than 1 ng/ml; our model predicts
sustained concentrations exceeding this level for over 240 days
post-implantation. Although intravitreal injections and other
implants achieve significantly higher retinal DEX concentra-
tions, DEX activity and clinical efficacy do not increase
proportionally with dose.35,40 Moreover, treatment with gluco-
corticoids is linked with development of other ophthalmologic
diseases such as cataract progression and elevated IOP.41

Therefore, sustained release at the lower concentration delivered
by the nViSTAcouldmaximize the ratio of activity to dose, reducing
patient exposure to excess glucocorticoids. In comparison to
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biodegradable implants such as the Ozurdex® which undergoes an
initial burst release lasting up to twomonths followed by progressive
decay in release rate and then a final drug burst,35 our device can
maintain quasi-constant sustained release kinetics minimizing
variability in ocular drug concentration.

Similar to FDA-approved devices such as the intravitreally
implanted Iluvien®, which is non-erodible, our device would
remain in the vitreous humor for an indefinite period of time
upon drug depletion. Long term safety has been examined by a
phase IV pilot study of the Iluvien® after one year and a phase III
study of the Ozurdex® up to three years.42,43 The most frequent
adverse event in both trials was an increase in IOP; eye drops
alone were sufficient for patients with Iluvien®, but surgery or
trabeculotomy was required in 1.2% of patients with the
Ozurdex® over the three year follow-up. As mentioned
previously, however, intravitreal steroid administration through
bolus injection, independent of implant, is associated with
elevations in IOP.41 In addition, case reports of implant
migration from the vitreous to the anterior chamber have been
reported for both the Ozurdex® and Iluvien® implants. However,
in the event of implant migration, the implant can be safely
repositioned with minimal tissue disturbance.44

One major advantage of the nViSTA implant is that it is a
drug-agnostic platform. Unlike most of the currently available
intraocular implants, it offers flexibility in drug choice allowing
for delivery of different types of medications from the same
platform. For example, ganciclovir could be adopted for the
treatment of cytomegalovirus (CMV) retinitis. Further our
device's dimensions and reservoir size enable changing the
implantation site to the anterior chamber with adoption of
therapeutics such as BIM, latanoprost, and timolol for the
treatment of glaucoma. There are no currently FDA-approved
sustained release devices for glaucoma treatment and the
nViSTA could fill this niche. Moreover, our implant offers the
flexibility of altering release rates for various disease-specific
treatments and patient populations by tuning nanochannel
dimensions.

Future iterations of our device include reducing the
dimension to one macrochannel to decrease size profile to
increase implantation site flexibility. This smaller device could
be tuned to release more potent drugs such as tafluprost or
fluorometholone.45–47 In addition, other drug classes that are
used for the treatment of DME such as VEGF inhibitors
(bevacizumab, ranibizumab) could be released from our device
as we have previously demonstrated the ability of delivering
antibodies from our nanochannel system.17 Our device showed
an in vitro release of more than 0.8 μg/day DEX for almost three
weeks. However according to our simulation model, effective
concentration of drug to the target tissue could be sustained for
over 8 months. In view of this, tuning the nanochannels
dimension to achieve a quarter of the daily dose in the
envisioned smaller iteration of the device (one macrochannel)
could last for a year while the current device (four macro-
channels) could extend drug release up to 2 years.

In this study we developed a silicon micro fabricated implant
for the sustained zero-order release of drugs for intraocular
application. We showed sustained delivery of DEX and BIM
over 20 days in vitro. Further, we constructed an anatomically

similar human eye model to simulate intraocular DEX
pharmacokinetics and verified it with in vivo data of intravitreal
DEX injection in rabbits.32 Using this model, we simulated DEX
release from our implant based on our in vitro release data to
project in vivo intraocular pharmacokinetics over time. Model-
ing results showed that our intraocular device sustains a
simulated retinal tissue concentration of 1.8 ng/ml of DEX for
over 8 months, which is a clinically relevant therapeutic level for
treatment of ocular diseases such as DME and uveitis. While this
study focused on DEX and BIM, the nViSTA is a drug-agnostic
platform for sustained delivery of a wide array of intraocular
drugs providing a long-term clinical solution for various
ophthalmologic diseases.
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A B S T R A C T

Long-acting (LA) pre-exposure prophylaxis (PrEP) for HIV prevention is poised to address non-adherence and
implementation challenges by alleviating the burden of user-dependent dosing. Due to its potency, tenofovir
alafenamide (TAF) is a viable candidate for LA PrEP. However, the inherent hydrolytic instability of TAF pre-
sents a challenge for application in LA systems. In this work, we examined the mechanism of TAF hydrolysis in a
reservoir-based implant system and characterized TAF degradation kinetics as a function of the solution pH. We
determined a pH “stability window” between pH 4.8 – 5.8 in which TAF degradation is substantially mitigated,
with minimal degradation at pH 5.3. In a pursuit of a TAF formulation suitable for LA PrEP, we studied trans-
urocanic acid (UA) as a buffer excipient. Here we show that UA can maintain the pH of TAF free base (TAFfb)
solution inside a surrogate implant model at approximately pH 5.4. Through in vitro analysis, we demonstrated
preservation of released TAF purity above 90% for over 9 months. Further, we performed an in vivo assessment
of TAFfb-UA formulation in a reservoir-based nanofluidic implant inserted subcutaneously in non-human pri-
mates. Preventive levels of tenofovir diphosphate above 100 fmol/106 peripheral blood mononuclear cells were
achieved in 2 days and sustained over 35 days. Fluid retrieved from implants after 60 days of implantation
showed that UA preserved the aqueous phase in the implant at ~ pH 5.5, effectively counteracting the neu-
tralizing action of interstitial fluids. Moreover, residual TAF in the implants maintained > 98% purity. Overall,
TAF-UA represents a viable formulation applicable for LA HIV PrEP.

1. Introduction

Advances in antiretroviral therapy (ART) for pre-exposure prophy-
laxis (PrEP) have dramatically transformed the landscape of HIV pre-
vention. Specifically, Truvada® (200 mg emtricitabine/300 mg teno-
fovir [TFV] disoproxil fumarate [TDF]) and Descovy® (200 mg
emtricitabine/25 mg tenofovir alafenamide fumarate salt [TAFfs]) are
United States Food and Drug Administration (FDA) approved oral ART

pills for HIV PrEP. PrEP efficacy is tightly linked with adherence to
once-a-day regimen. With seven daily doses per week, PrEP is nearly
100% effective in curbing sexual HIV transmission in men or trans-
gender women who have sex with men (Grant, et al., 2010; Anderson,
2012), while two daily doses per week reduces prevention rate to 76%.
Further, according to the Centers for Disease Control and Prevention,
only approximately less than 5% of high-risk individuals who stand to
benefit have initiated PrEP (Kamis, 2019; Pinto et al., 2019). These
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PrEP adherence and implementation challenges, including limited
medical access, have galvanized research endeavors into devising long-
acting (LA) formulations or platforms that obviates the need for user-
dependent daily dosing (Benítez-Gutiérrez, 2018; Flexner, 2018; Spreen
et al., 2013; Dolgin, 2014; Pons-Faudoa, 2019).

LA formulations or controlled release implants offer prolonged de-
livery in a sustained manner to ensure continuity of exposure to the
drug (Pons-Faudoa et al., 2019; Ferrati, 2015; Ferrati, 2013). To max-
imize drug loading while maintaining low volume for injectables or
implants, research efforts are predominantly focused on the use of a
single drug. To this end, TAF has emerged as a prime candidate for LA
injectables or implants because of its superior potency at a lower dose
(Ray et al., 2016; Markowitz, 2014) and safety profile (Mills, et al.,
2016) compared to TDF. However, fundamental to the successful im-
plementation of LA TAF is overcoming the challenge of poor hydrolytic
stability (Golla et al., 2016). TAF free base (TAFfb) readily loses its
phosphonic acid protective groups and has a short half-life of 1.3 days
at physiological conditions (pH 7.4 and 37 °C). Of paramount im-
portance, development of LA systems requires TAF to be stable in the
body and maintain biological activity throughout the intended duration
of administration, ideally for months to years. As such, formulation-
based approaches are at the forefront of efforts directed at improving
TAF stability in LA systems.

Recognizing the potential of TAF for HIV PrEP, numerous LA stra-
tegies are under preclinical investigations. One strategy developed by
Gunawardana et al. entails a subdermal implant with TAFfb loaded into
a silicone tubing without excipients and a polyvinyl alcohol membrane
for controlled release (Gunawardana, 2015). The subcutaneous LA
implant developed by Su et al. involves granulating TAF fumarate salt
(TAFfs) with NaCl (2%, w/w) and dry-coating with sodium stearate
(2%, w/w) (Su, 2020). The resulting pellets were incorporated into a
medical-grade polyurethane tube, where the tube wall acts as a re-
servoir while the polyurethane membrane controls drug release. Ex-
cipient-based formulations were pursued by Johnson et al. using castor
oil to disperse TAFfb in a poly(caprolactone) implant (Johnson, 2019),
whereas Schlesinger et al. used PEG3000 (Schlesinger, 2016). These
reports showed that hydrolysis products inside the reservoir comprise
less than 10% of the total drug after extended periods of release.
However, the reported composition of the residual drug was universally
measured by assessment of all of the remaining content, including so-
lids. To the best of our knowledge, the stability of the solubilized drug
in the implant or purity of released TAF was not evaluated. Never-
theless, collectively, these studies underscore that hydrolysis is a key
factor in poor TAF stability, regardless of its fumarate or free base form,
emphasizing the need for stable formulations.

In this work, we first investigated the parameters affecting TAFfb
stability in a reservoir-based implant model and evaluated the me-
chanism of TAF degradation in vitro. We attributed the hydrolytic in-
stability of TAF to be dependent on pH in the implant microenviron-
ment. To improve drug stability, we rationally selected urocanic acid
(UA), a molecule endogenously abundant in the human skin (Safer
et al., 2007), as an excipient for TAFfb in LA platforms. UA has pH
buffering properties (Wezynfeld et al., 2014) and unlike typical pH
buffers, presents low solubility comparable to TAFfb. This allows UA to
be released from the implant with similar release kinetics as TAFfb,
while maintaining stable pH conditions within the range of 5.2 to 5.4 in
the implant for a long duration. As a result, UA minimizes TAF de-
gradation, as we demonstrated for at least 9 months in vitro. To validate
our finding, we assessed TAFfb-UA stability in our reservoir-based na-
nofluidic implant in non-human primates (NHP).

2. Materials and methods

2.1. Materials

All materials and reagents were purchased from Fisher Scientific

(Hampton, NH) unless otherwise noted. TAFfs was provided by Gilead
Sciences, Inc. (Foster City, CA).

2.2. HPLC analysis of TAF degradation

High performance liquid chromatography (HPLC) analyses were
performed using Hitachi Chromaster instrument equipped with UV–Vis
photodiode array detector and a 3.5 µm 4.6× 150 mm Eclipse Plus C18
column. HPLC analyses were performed using 25 µL injections with
ammonia acetate buffered water (solvent A) and methanol (B) gradient:
5% B (0 min), 5% B (0.8 min), 100% B (3.8 min), 100% B (4.6 min), 5%
B (5.2 min) at 2.000 mL/min flow rate. Chromatograms were recorded
at absorbance maximum of 260 nm. All peaks corresponding to TAFfb
and its hydrolysis products were integrated. TAF purity was calculated
as % TAFfb peak area relative to the sum of TAFfb and its hydrolysis
products.

2.3. TAF hydrolysis constant dependence on pH

A series of buffered solutions were prepared by combining 0.1 M
sodium citrate and 0.2 M sodium dihydrogen phosphate solutions at
different ratios. Each vial contained 2.7 mL of respective buffer solu-
tion. A 0.3 mL aliquot of fresh 1.0 mg/mL TAFfb solution in deionized
(DI) water was added to each vial. Vials were placed on a shaker at
37 °C for the solutions to equilibrate for 3 h. After 3, 27, 51, and 75 h,
pH of the solutions was measured with a pH meter. 25 µL of each so-
lution was removed and analyzed by HPLC. Hydrolysis constants were
determined by linear fitting of the ln([TAFfb]t/[TAFfb]0) versus time, t.

2.4. TAF stability from in vitro release

To evaluate TAFfb purity in the efflux between differently for-
mulated drugs, we used centrifugal filter tubes equipped with a nylon
membrane with 20 nm porosity as surrogates for reservoir-based im-
plants (Fig. 1). Filter membranes were primed by centrifuging (500 g for
2 min) 1X phosphate-buffered saline (PBS) through the membrane.
Each reservoir was loaded with 100 mg

TAFfs, 100 mg TAFfb, or 600 mg of TAFfb-UA formulation at 2:1 ratio
(w/w) in powder form and filled with PBS. Thereafter, to ensure
complete air removal, reservoirs were centrifuged (500 g for 2 min),
filled with PBS and capped. To avoid leakage, the seam between the
reservoir and cap was glued with acrylonitrile glue. Implants were
fitted and glued into hole-punched scintillation caps. Each scintillation
vial was equipped with a Teflon-coated magnetic stir bar and filled with

Fig. 1. Experimental setup for in vitro release and stability evaluation using
centrifugal filter tubes with 20 nm nylon membranes as implant surrogates.
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22.00 mL of PBS, serving as the sink solution. Assembled vials were
placed on a stirrer at 37 °C. Every 48 h, the sink solution was entirely
retrieved and replaced with 22 mL of fresh pre-warmed PBS. 500 µL
were used for analysis. Retrieved sink solutions were analyzed via HPLC
as described in 2.2. To evaluate the purity of released TAFfb, the hy-
drolysis occurring within the sink reservoir was considered. TAF %
purity fraction was obtained from the ratio between the release rate of
TAFfb (RRTAF) and the total release rate (RRTotal), inclusive of both
TAFfb and all degradation products. RRTotal was obtained directly from
HPLC peak integration, while RRTAF was calculated as follows:

= − ×d nTAF
dt

RR nTAF k
( )fb

TAF fb H [1]

which in its integral form leads to:

= − ⇒ = ×−− × − ×nTAF
RR
k

e RR
k

e
(1 )

nTAF
(1 )fb

TAF

H
k t TAF

fb H
k t

fb H
fb H [2]

where nTAFfb is the amount of TAFfb [mols] present in the sink
solution at any given time, t is time [day]; RRTAF is expressed as mols/
day, kH is the hydrolysis rate constant in PBS solution [day−1], and Vsink

is the volume of sink solution [L].

2.5. Implant assembly for in vivo study

Flat elongated 6Al4V titanium implants with a 570.0 mm3 drug
reservoir were used for TAFfb-UA release study in rhesus macaques. A
biocompatible, SiC-coated nanofluidic membrane with 150 nm na-
nochannels was mounted within each implant. Further details on the
membrane microfabrication, analysis and implant structure are avail-
able in literature (Di Trani, 2020). In these membranes, nanochannels
control diffusive drug release via physical and electrostatic confinement
on drug molecules, obtaining a saturated and sustained trans-mem-
brane transport (Ferrati, 2013; Di Trani et al., 2020; Bruno, 2018).
Implants were assembled in a sterile field as previously described (Pons-
Faudoa, 2020). Briefly, implants were cleaned, autoclaved and kept in
aseptic conditions during the assembly and drug loading steps. Mem-
branes were epoxied (EPOTEK 0G116-31) within the implant drug
chambers and UV-cured. Devices were loaded with ~ 300 mg of TAFfb-
UA. Implants were welded to ensure a tight seal. Thereafter, implants
were then immersed in sterile PBS and primed by applying and re-
leasing vacuum three times, consecutively.

2.6. Non-human primate (NHP) model studies and implantation procedure

The TAFfb-UA stability study using rhesus macaques as the NHP
model was conducted at the Michale E. Keeling Center for Comparative
Medicine and Research, The University of Texas MD Anderson Cancer
Center (UTMDACC), Bastrop, TX. The UTMDACC center is accredited
by the Association for Assessment and Accreditation of Laboratory
Animal Care-International (AAALAC-I). The animal studies were per-
formed in compliance with the requirements of the Animal Welfare Act,
PHS Animal Welfare Policy, and the principles of the NIH Guide for the
Care and Use of Laboratory Animals. All procedures were approved by
the Institutional Animal Care and Use Committee at UTMDACC. Male
rhesus macaques of Indian origin (Macaca mulatta; n = 4) at 5 years of
age, ranging between 7 and 10 kg, from the Specific Pathogen Free
breeding colony at this facility were used in the study. Animals had
access to clean, fresh water ad libitum and were fed a standard la-
boratory diet.

All procedures were performed under anesthesia with ketamine
(10 mg/kg, intramuscular) and phenytoin/pentobarbital (1 mL/10 lbs,
intravenous [IV]). The device implantation procedure was performed as
follows: A 10 mm dorsal skin incision was made on the right lateral side
of the thoracic spine followed by a ventral subcutaneous blunt dissec-
tion. Each animal received an implant, which was inserted into the
subcutaneous pocket at an approximate depth of 5-cm from the skin

incision, with the drug eluting membrane oriented towards the body.
4–0 polydioxanone (PDS) suture was used to close the pocket and
completed intradermally for closure of the incision. All animals were
administered one 50,000 U/kg perioperative penicillin G benzathine/
penicillin G procaine (Combi-Pen) injection and daily meloxicam
(subcutaneous, 0.2 mg/kg on day 1 and 0.1 mg/kg on days 2 and 3) to
treat post-surgical pain.

2.7. Macaque blood collection and peripheral blood mononuclear cells
sample preparation

Intracellular tenofovir diphosphate (TFV-DP) levels were measured
in peripheral blood mononuclear cells (PBMC) pre-implantation and on
day 1, 2, 3, 7, 14, 21, 28, and 35 post-implant insertion. PBMC isolation
from blood collected in EDTA-coated vacutainer tubes was completed
via Ficoll Hypaque centrifugation as previously described (Pons-
Faudoa, 2020). Cells (viability above 95%) were counted, pelleted by
centrifugation (400 × g, 10 min), diluted in 500 µL of cold 70%:30%
methanol: water solution, and kept frozen at −80 °C until analysis.

2.8. Measurement of intracellular TFV-DP PBMC concentration

Intracellular TFV-DP concentrations in PBMC were quantified using
previously described validated liquid chromatographic-tandem mass
spectrometric (LC-MS/MS) analysis (Anderson, 2012; Bushman, 2011).
The lower limit of quantitation (LLOQ) was 25 fmol/sample. However,
in the case sample required higher sensitivity, a 5 fmol/samples LLOQ
was used, as previously described (Bushman, 2011).

2.9. Device retrieval and evaluation of TAF stability

Enterobacter cloacae was unexpectedly detected in fluids sur-
rounding implants on day 49 post-deployment, which was non-im-
pactful to study endpoints. The fluid analysis was performed in re-
sponse to a mild swelling that was observed surrounding the implants
post day 35. The swelling was likely due to the bacterial infection.
Swelling could also be ascribed to subcutaneous tissue response to TAfb.
While this has been previously reported (Su, 2020), we did not observe
it in our previous study with subcutaneous TAfs implants (Chua, 2018;
Pons-Faudoa, 2020). In light of the swelling, we decided to limit the
PBMC results from the time of implantation to the time point before the
first sign of enterobacterial infection appeared. This was done to con-
servatively avoid any potentially confounding effect of the infection in
the results presented. Thus TFV-DP levels in PBMCs were followed for
35 days, whereas implants were surgically retrieved in a survival sur-
gery 63 days after implantation. Approximately 50 µL of drug solution
was aspirated with a syringe from the reservoir to evaluate TAFaq and
TAFs. A pH 4.0 – 7.0 indicator strip was dipped in MilliQ pore water and
gently agitated to remove excess water. A drop of drug solution was
placed on pH indicator strip and the color was compared to reference
color values. Remaining drug solution was retrieved from the implants
and stored at −80 °C until HPLC analysis. Devices were stored in
ethanol (70%, w/w).

Drug solution was thawed over ice, filtered with a 0.02 µm cen-
trifugation filter and diluted 100 times with 1X PBS. TAFs stability was
assessed by extracting the entire reservoir contents in ethanol (70%, w/
w), filtered with a 0.02 µm centrifugation filter and diluted 100 times
with Millipore water. TAFaq and TAFs were analyzed via HPLC as
aforementioned.

3. Results and discussion

3.1. TAF solubility vs pH

Most reservoir-based drug delivery implants under development use
TAFfb or TAFfs in solid form (TAFs) alone (Fig. 2A) or mixed with an
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excipient. This allows for maximizing drug loading efficiency and sta-
bility, while minimizing implant volume. First, we consider the scenario
of TAFs alone without excipient. Once an implant is surgically inserted
subcutaneously, interstitial fluid penetrates the drug reservoir via ca-
pillary wetting of the controlled-release membrane, dissolving a portion
of the drug (TAFaq).

Thereafter, an equilibrium between TAF dissolution and precipita-
tion is formed, defined by the solubility constant Ks = 0.015 M
(7.15 mg/mL). TAFfb is a weak base and in aqueous solutions exists in
an equilibrium between its neutral and protonated forms: TAFaq + H+

⇌ TAFH+
aq (pKa = 3.96). TAFfb solubility is dependent on the pH of the

solution and increases rapidly when pH approaches its pKa, due to the
significant contribution of protonated TAFH+ (Fig. 2B). Additionally,
the kinetics of TAF release from the implant is slower than the dis-
solution kinetics. Therefore, after an initial transient phase, steady state
conditions are established within the implant, in which the con-
centration c(TAFaq) of dissolved TAF remains constant and nearly equal
to its solubility:

⎜ ⎟= + = + = ⎛⎝ + ⎞⎠+ +
c TAF TAF TAFH K K( ) [ ] [ ] [TAF][H ]

K
1 pH

pKaq aq s s
a a

[3]

where Ka is the acidity constant of the conjugate acid TAFH+

= +
+K

H TAF
TAFH

[ ][ ]
[ ]a

aq

[4]

and Ks is the solubility constant of TAFaq=K TAF[ ]s aq [5]

3.2. TAF hydrolysis

Reaction of phosphonamidate esters such as TAFfb with water can
be initiated by water molecules, H+, or OH– ions. This hydrolysis

reaction proceeds through different pathways leading to various inter-
mediate products of degradation and finally, to tenofovir (TFV). The pH
of the solution determines the dominant hydrolysis pathway (Golla
et al., 2016). In this study, we defined the rate of hydrolysis, kH, as the
rate of TAFfb loss, related to the initial hydrolysis step, regardless of the
hydrolysis mechanism. Hydrolysis of both TAFfb and TAFH+ leads to
loss of starting material, and kH can be expressed as:

× + × = × + ×
= ×

+TAF k TAFH k TAF k k

TAF k

[ ] [ ] [ ] ( pH
pK

)

[ ]

aq H H aq H H

H

1 2 1 2
a

[6]

where kH1 and kH2 are the hydrolysis constants for TAFfb and TAFH+,
respectively.

To experimentally measure rates of TAFfb hydrolysis, we employed
a series of citric acid/phosphate buffers at 37 °C. A low TAFfb con-
centration (0.10 mg/mL) was adopted as TAFfb hydrolysis produces
phosphonic acid (TFV), which is a strong acid that can alter pH of the
solution at higher concentration. Measured kH values as a function of
pH of the solution are shown in Fig. 3A, B.

Decomposition of TAFfb appears to be significantly more sensitive to
[OH–] than to [H+], as the hydrolysis rate increases rapidly above pH
of 6. A “stability window” between pH 4.5 – 6.0 is observed with cor-
responding hydrolysis rate constants below 0.050 day−1 (Fig. 3A, B). kH
data within the stability window were fitted using the equation
kH = a × [H+] + b × [OH–] + c to highlight the contribution of
[H+], [OH–] and H2O to TAF hydrolysis. Values of a = 103,
b = 3.24 × 106, and c = 0.0132 were obtained. The fitting curve is
shown in Fig. 3B. The minimum theoretical value for kH = 0.025 day−1

was analytically obtained, corresponding to pH 5.24.
While the rate of hydrolysis and TAFfb solubility depend on pH, the

total amount of hydrolyzed byproducts (TFV*) depends linearly on the
volume of the aqueous phase inside the implant reservoir, Vaq. The rate
of TFV* generation (RTFV*) is shown in Fig. 3C as a function of Vaq.
While RTFV* is high at physiological conditions (pH 7.4), TFV*

Fig. 2. (A) Schematics of TAF dissolution, de-
gradation and release from a generic reservoir-
based drug delivery implant. Solid TAF (TAFs);
dissolved TAF (TAFaq); dissolved protonated TAF
(TAH+

aq); dissolved tenofovir (TFVaq); combined
products of TAF hydrolysis (TFV*aq). Ks is TAF
solubility constant, Ka is TAF acidity constant and
kH1, kH2 are the hydrolysis rate constants for neu-
tral TAF and TAH+. (B) TAF solubility dependence
on pH.

Fig. 3. (A) Hydrolysis rate kH dependence on pH. (B) kH fitting within ‘stability window’. (C) Hydrolysis product generation rate RTFV* at pH 3.6, corresponding to pH
of solution saturated with TAFfs, physiological conditions (pH 7.4), and at pH 5.3, corresponding to the minimum TFV* generation rate.
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generation is significantly mitigated (~16.4 fold) at pH 5.3, approxi-
mately corresponding to the theoretical minimum value. These results
clearly indicate that minimizing Vaq via rational implant design re-
presents a viable strategy to limit TAFfb degradation. However, for
implants possessing a rigid reservoir, Vaq will increase as drug is re-
leased and depleted from the reservoir. As such, to achieve long term
stability of TAFfb in the implant, a formulation capable of maintaining
pH 5.3 for the lifespan of the implant is needed.

3.3. TAF free base vs TAF fumarate salt

Although it is FDA-approved for oral use as an active ingredient in
Descovy®, TAFfs presents properties that limit its use in implants. TAFfb
is a weak base with pKa = 3.96, whereas fumaric acid has pKa1 = 3.03
and pKa2 = 4.44. Consequently, aqueous solutions of TAF fumarate are
acidic at a pH of 3.6, corresponding to TAFfb solubility of 23 mg/mL.
TAF free base has no buffering capacity near physiological pH and
therefore the pH of its saturated solution (7.0 mg/mL at 37 °C) is de-
termined by other ions. However, hydrolysis of TAFfb acidifies the so-
lution due to formation of phosphonic acid (TFV). As a result, hydro-
lysis at pH values above 5.3 is a self-inhibiting process.

To experimentally investigate the difference in stability between
TAFfb and TAFfs, we used tubes fitted with 20 nm porous nylon mem-
branes as surrogate models of reservoir-based implants. PBS was used
as sink solution, with samples collected every 48 h and analyzed via
HPLC as detailed in the materials and methods.

To assess drug stability, we analyzed the purity of TAFfb released
into the sink solution. In contrast to literature approaches
(Gunawardana, 2015; Su, 2020; Johnson, 2019; Schlesinger, 2016), we
focused our attention on the analysis of the purity of the residual so-
lubilized drug in the implant. The reasoning behind our approach is
that an ideal implant should release unhydrolyzed TAFaq, while main-
taining stable drug within its reservoir. While analyzing the entire
content of an implant reveals its internal composition, the purity of
released TAFaq remains unknown. Additionally, at any given time (ex-
cept at the final phase of drug depletion), most TAF within an implant
preserves its solid (unhydrolyzed) form due to its low aqueous solubi-
lity. As such, stability assessment via analysis of total residual drug in
an implant can be confounding and does not inform on the proportion
of TAFaq and TFV*aq released from the implant.

The results of our stability analysis for both TAFfb- or TAFfs-loaded
implants are shown in Fig. 4. Specifically, Fig. 4 shows the % of non-
degraded TAFfb versus all tenofovir species released by the surrogate
implants. While on day 4, all surrogate implants loaded with either
TAFfb or TAFfs yielded high purity of released TAFaq, where ~ 15%
degradation was observed within the first 6 days of release, corre-
sponding to a daily degradation rate of ~ 2.2%. Thereafter, a steep
degradation profile was maintained for TAFfs, with nearly 60% of purity

lost in the released drug by day 30. Further, pH in the reservoirs loaded
with TAFfs was strongly acidic (3.9 – 4.1) due to fumaric acid, leading
to rapid TAF degradation. Owing to its higher solubility, TAFfs was
released at a considerably higher rate as compared to TAFfb. Because of
this, surrogate implant reservoirs containing TAFfs were depleted by
day 30. In the case of TAFfb, while the degradation process continued, a
sharp reduction in slope was observed on day 6. Thereafter, an average
daily degradation rate of 0.25% was observed for TAFfb, corresponding
to a degradation process nearly one-order-of-magnitude slower than
TAFfs .

This is consistent with the establishment of a saturated TAFaq so-
lution in the reservoir, followed by the acidification of the local en-
vironment due to hydrolysis of TAFfb. As previously detailed, this
process is self-inhibiting and slows down further hydrolysis, resulting in
a change of degradation rate. In fact, analysis of the aqueous content of
the reservoirs loaded with TAFfb showed that pH was maintained at
6.4 ± 0.1, in contrast with the sink solution pH of 7.4.

The aqueous solutions in TAFfs-loaded reservoirs did not reach pH
3.6, as observed in the saturated solution. Similarly, the pH of TAFfb-
filled reservoir did not fall within the ‘stability window’ (below pH 6).
Neither of these events occurred because of the neutralization effect of
the sink solution (PBS at pH 7.4) with proton and anion exchange
through the membrane. As such, it should be noted that changing
membrane permeability to target specific TAFaq rates may significantly
affect trans-membrane ion exchange and ultimately impact the pH of
the implant reservoir.

3.4. Excipients: In vitro assessment of trans-urocanic acid

While solubility and dissolution rate of TAFfb are adequate for im-
plantable applications, excipients capable of maintaining the pH of
aqueous solution in the implant within a “stability window” are needed.
Typical buffers used to achieve pH values in the range 4.5–6 have a very
high solubility in water. As an example, for citrate buffer, the solubility
of citric acid at 37 °C is approximately 67% w/w (~4.4 M). High
concentrations within the drug reservoir may result in high osmotic
pressure that can damage an implant, especially those adopting poly-
meric reservoirs (Gunawardana, 2015; Su, 2020; Johnson, 2019;
Schlesinger, 2016). Further, high concentrations of H+ donors and
acceptors accelerates TAF hydrolysis. Most importantly, a significant
difference in solubility between buffer and TAF leads to rapid buffer
release and implant depletion. Under these circumstances, as the pH
drifts outside of the “stability window”, the ability to stabilize TAFaq is
rapidly lost.

We sought to solve this problem by using a biocompatible molecule
with a buffering capacity in the pH 4.5 – 6 window and with compar-
able solubility to TAF. While limiting our search to unimolecular buf-
fers, we identified trans-urocanic acid (UA, ((2E)-3-(1H-imidazol-4-yl)
prop-2-enoic acid) as a candidate (Zeng, 2014). In humans, UA is
synthesized from histidine by deamination and is naturally found in the
skin and liver (Viiri, 2009). In the skin, UA functions as a natural ul-
traviolet (UV)-protectant by absorbing UVB light and converting from
trans- to cis-form. Also, cis-UA has immunomodulating properties
(Norval and El-Ghorr, 2002) and was shown to reduce inflammation
and inhibit skin or heart allograft rejection in rodents (Gruner et al.,
1992; Oesterwitz et al., 1990).

Co-dissolution in saline solution at 37 °C, showed solubility limits of
3.45 ± 0.05 mg/mL and 6.97 ± 0.15 mg/mL for UA and TAFfb, re-
spectively. The pH of this saturated solution was measured within the
stability window of TAFfb (pH 4.9). A TAFfb-UA formulation was pre-
pared by mixing finely-ground solid powders at a 2:1 ratio (w/w). The
2:1 ratio between TAFfb and UA was adopted considering the solubility
of both molecules in the mixture, and to ensure proportional depletion
of TAF and UA from the implant reservoir. An in vitro TAFfb-UA release
experiment was performed using the same experimental setting as de-
scribed previously for TAFfb where surrogate implants with 20 nm

Fig. 4. Percentage of stable TAFaq released in vitro in sink solution from sur-
rogate implants loaded with either TAFfb or TAFfs. Data are presented as
mean ± STD (n = 5 replicates per group until day 44, n = 4 thereafter).
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nylon membrane were loaded with solid TAFfb-UA formulation. The
results showed that stability of released TAFaq was maintained
throughout the 9-month release study (Fig. 5). Specifically, un-
hydrolyzed TAFaq accounted for 92 ± 3% of released molecules pre-
dominantly throughout the study. Notably, a transient dip in stability
was observed within the first 14 days of release, with a minimum TAFaq
purity of 84 ± 8% measured at approximately one week from the
beginning of the study. We attribute this transient occurrence to the
slow solubilization of UA and the establishment of equilibrium in the
aqueous phase within the drug reservoir. This is consistent with the
release results obtained with TAFfb. However, in the case of TAFfb-UA
formulation, purity rebounded by day 16 with nearly 99% of TAFaq.

The pH values of the aqueous phase in the drug reservoir analyzed
on days 8, 136, and 288 were 5.30 ± 0.01, 5.40 ± 0.07, and
5.80 ± 0.56, respectively. This result confirmed that UA was able to
preserve buffering capacity long-term, maintaining the pH within the
“stability window”. However, on day 288, one of the surrogate implants
(Fig. 1) was completely depleted of UA, and had a pH of 6.44, and
72.2% TAFfb purity in the reservoir fluids, which negatively skewed the
results. In light of UA depletion in one of the surrogate implants, the
study was terminated for all other samples on day 288.

3.5. Evaluation of TAFfb-UA formulation in vivo

TAFfb-UA formulation was assessed in rhesus macaques (n = 4)
using flat, elongated Ti6Al4V implants mounted with a nanofluidic
membrane with 150 nm nanochannels (Fig. 6A). Implants were similar

to those previously adopted in our studies (Chua, 2018; Di Trani, 2020;
Pons-Faudoa, 2020) and further details are available in materials and
methods and elsewhere (Di Trani, 2020; Pons-Faudoa, 2020). The ob-
jectives of this pilot in vivo assessment of TAFfb-UA were: 1) to verify
that the released TAFaq could achieve preventive levels of TFV-DP in
the PBMC for 35 days; 2) to verify that under in vivo conditions, UA
could preserve the pH of the aqueous phase in the implant reservoir
within the ‘stability window’; and 3) to confirm stability of TAFaq and
TAFs in the implant. For this evaluation, implants were surgically in-
serted subcutaneously in the animal dorsum (Fig. 6A). Preventive TFV-
DP PBMC levels were achieved within 3 days after implantation. We
considered 100 fmol/106 PBMC as the prevention target, conservatively
exceeding the clinically protective level determined in the iPrEX trial
(Anderson, 2012; Gunawardana, 2015). Thereafter, TFV-DP PBMC le-
vels were maintained at a median concentration of 228.0 fmol/106 cells
(IQR, 204.8 to 423.8 fmol/106 cells) for 4 weeks (Fig. 6B), with all
implants exceeding the preventive threshold. Sixty-three (63) days
post-implantation, the implants were retrieved in a survival surgery.
Based on the analysis of residual drug in the implants, the estimated
average release rate for TAF (including degradation products) and UA
was 1.44 and 0.90 mg/day, respectively. The pH of the aqueous phase
inside the implant, measured immediately after explantation, was
5.48 ± 0.24 (Fig. 6C). This pH is remarkably close to the minimum
KH conditions and confirmed that UA was able to buffer the aqueous
phase in the implant, maintaining it within the stability range. The
analysis of aqueous phase showed that unhydrolyzed TAFaq accounted
for 78% (median) of the total amount of tenofovir-containing species
present in the solution within the implant. The remaining fraction
(~22%) consisted of TAF degradation products. In contrast, in a par-
allel study (Pons-Faudoa, 2020) we investigated TAFfs-loaded implants
in rhesus macaques and observed that after 1 and 4 months of im-
plantation (28 and 112 days), average TAF stability in the liquid phase
within the drug reservoir had decreased to 51.6% and 30.6%, respec-
tively. Collectively, these results show that UA significantly limits TAF
degradation and enhances TAFaq stability.

Stability analysis of TAF in its solid form showed that TAFs was
preserved, with purity of 98 ± 0.98% as measured via HPLC. This is
consistent with other studies in the literature, which have shown that
TAF in solid form is stable long-term. As the TAFfb-UA formulation is a
physical mixture, no effect of UA on altering TAF stability in solid state
was expected.

By taking into account drug loading and estimated daily release
of ~ 1.4 mg/day, the implants used in this study could in principle
sustain TAFfb-UA release for 215 days (~7 months). However, while the
effective preventive subcutaneous daily dose of TAF has yet to be

Fig. 5. Percentage of stable TAFaq released in vitro in sink solution from sur-
rogate implants loaded with solid TAFfb-UA formulation. Sink solution was
collected, replaced and analyzed every 48 h. Data are presented as
mean ± STD (n = 3).

Fig. 6. TAF pharmacokinetics and stability in rhesus macaques implanted with subcutaneous TAFfb-UA implants. Devices were retrieved after 63 days. (A) Medical-
grade titanium implant (bottom) and magnification of the nanofluidic membrane and implant outlets (top; scale bar 200 µm). (B) Intracellular TFV-DP PBMC
concentrations of TAFfb-UA implants over 35 days. Data are presented as mean ± SEM (n = 4). Dotted black horizontal line at 100.00 fmol/106 cells indicate the
threshold TFV-DP PBMC concentration that we adopted as the benchmark for prevention. (C) TAFaq and TAFs stability at time of implant removal on day 63.
Horizontal lines represent the median.
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determined, our release rate largely exceeded the TFV-DP concentra-
tions in PBMCs (100 fmol/106 cells) conservatively considered as the
benchmark prevention target (Pons-Faudoa, 2020). Notably, other
studies are investigating different implantable devices targeting daily
TAF releases lower than 1 mg/day (Gunawardana, 2015) and as low as
160 µg/day (Su, 2020). By considering release rates of 1 mg/day and
160 µg/day, our implant could nominally sustain TAFfb:UA release for
300 days (~10 months) and ~5 years, respectively.

4. Conclusions

In this work, we investigated the parameters involved in the long-
term stability of TAFfb in reservoir-based implantable systems. Through
in vitro analysis, we identified pH as the dominant factor affecting
TAFfb degradation via hydrolysis. Specifically, we determined a “sta-
bility window” in the range of pH 4.8 – 5.8 within which hydrolysis is
significantly mitigated. To minimize TAFfb degradation, pH 5.3 was
found to be the optimal condition to maintain within the aqueous phase
of an implant reservoir. We identified trans-UA as a potential buffer
excipient; trans-UA has comparable solubility to TAFfb and the ability to
maintain a reservoir at approximately pH 5.4 in vitro. This is re-
markably close to the optimal environmental conditions above. In
contrast with rapid degradation observed for TAF fumarate salt and free
base, UA preserved purity of released TAFfb from an implantable re-
servoir above 90% for over 9 months. As a first assessment of the for-
mulation in vivo in a relevant model, we performed a NHP study with
subcutaneously implanted nanofluidic implants loaded with TAFfb-UA
formulation. Preventive levels of TFV-DP in PBMC were achieved
within 2 days post-implantation, and surpassed and maintained for the
35 days of analysis. Further, 2 months post implantation, analysis of the
implant content showed that: 1) UA maintained the aqueous phase
within the “stability window” at pH 5.48 ± 0.24; 2) TAFaq and TAFs
stability were 78% and 98% (median), respectively. Overall, these re-
sults show that trans-UA represents a viable candidate to achieve TAFfb
stability in the context of LA HIV PrEP implantable or injectable sys-
tems. While reduction in UA content may be possible, this requires
further analysis. Along with this, additional studies to assess potential
effect of UA on solid TAFfb stability, and the long-term safety, toler-
ability, and tissue response to sustained subcutaneous delivery of trans-
UA in formulation with TAFfb are warranted. Moreover, a thorough
long-term PK investigation assessing levels of TAFfb and TFV in plasma
is required. These are focus of our next studies.
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A B S T R A C T   

Cyanobacteria can have high lipid content, are amenable to metabolic engineering, and contain valuable ma-
terials, such as ultraviolet (UV) protectants and antioxidants. Maximizing the production and harvesting of 
several valuable products at the same time is an important objective. UV exposure was evaluated as a strategy to 
induce synthesis of UV protectants, higher lipid productivity, and a high lipid-saturation index in the cyano-
bacterium Lyngbya purpurem UTEX LB 2716. While UVA stimulated the highest production of lipids and the 
largest amount of mycosporine-like amino acids (MAAs), UVB lead to greater generation of MAAs, which 
correlated to higher antioxidant activity. UVB also showed a shift towards saturated fatty acids, such as C16:0 
and C18:0, over unsaturated fatty acids, whereas UVA showed a shift towards the unsaturated fatty acids. In 
summary, UVB induced the highest MAAs production, anti-oxidant activity, and lipid saturation, and its yield of 
crude lipids and extracted FAME was only slightly lower than with UVA.   

1. Introduction 

Cyanobacteria, the most primitive form of photosynthetic microor-
ganisms, have potential for production of bioenergy feedstock and 
compounds useful in personal-care products [1]. Cyanobacteria can 
have high lipid content, are amenable to metabolic engineering, and 
contain valuable materials, such as antioxidants [2], phycobiliproteins 
[3], UV protectants [4], and vitamins [2]. They constitute an excellent 
feedstock to a biorefinery, which presents an opportunity of making 
production of these products more environmentally and economically 
sustainable [5–7]. 

The yield of cyanobacteria biomolecules can be increased by 
increasing cell density, increasing the intracellular accumulation of such 
products, or a combination of both. While the first method may depend 
largely on the type of cyanobacterial strain, the second relies more on 
the growing conditions and stress to which cyanobacteria are exposed. 
Therefore, knowledge about the effects of changes in culture conditions 
that may, in turn, change the synthesis and quantity of certain molecules 
would be of great interest for both basic and applied research. 

Maximizing the production and harvesting of several valuable 
products at the same time is challenging. Conditions that maximize one 
component at the cost of low production of other products can defeat the 
goal of a biorefinery. For example, lipid accumulation in cyanobacteria 
can be increased by UV exposure and nutrient deficiency, but these 
conditions may decrease overall biomass production [8–10]. Further-
more, UV protectants such as mycosporine-like amino acids (MAAs) [9] 
are hydrophilic and covalently linked to oligosaccharides in the extra-
cellular glycan coat of cyanobacteria [11,12], while lipids are hydro-
phobic and accumulate in cyanobacterial thylakoid membranes [13,14]. 
MAAs may be considered to be utilization associated products (UAP), 
because their molecular size is less than 1 kDa and their production is 
associated with biomass metabolism [15,16]. MAAs exhibit high anti-
oxidant activity by scavenging large amounts of reactive oxygen 
generated by supersaturated oxygen in deep, light-exposed the water. 

Increasing the production and recovery of MAAs and lipids by UV 
exposure offers advantages: The growth medium is not altered, and 
heterotrophic bacteria can be reduced [17]. UV radiation is broken 
down into three classes according to wavelength: Ultraviolet A (UVA) at 
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315–400 nm (3.10–3.94 eV per photon), Ultraviolet B (UVB) at 
280–315 nm (3.94–4.43 eV per photon), and Ultraviolet C (UVC) at 
100–280 nm (4.43–12.4 eV per photon) [18]. Being the most energetic 
form, UVC has the greatest germicidal properties, but is completely 
absorbed by the atmosphere over most of the Earth [19,20]. We 
designed experiments to study the effects of UVA and UVB exposures. 
Specifically, we carried out experiments to study the effects of UVA and 
UVB exposures on the productions of MAAs and lipids by a strain of the 
cyanobacterium Lyngbya purpurem UTEX LB 2716. We evaluated the 
total production of lipids, the saturation index of the produced lipids, the 
total production of the MAAs, the antioxidant properties of the produced 
MAAs, and the generation of phycobiliproteins [21]. 

Once lipids and MAAs are produced by cyanobacteria, extracting 
these co-products is the second major challenge. Any sequence of 
extraction procedures must preserve the various high-value cell com-
ponents. Hence, mild extraction technologies are essential. We evalu-
ated solvent extraction using nontoxic and eco-friendly chemicals. 

2. Materials and methods 

2.1. Cyanobacterial culture cultivation 

All experiments were performed with Lyngbya purpurem UTEX LB 
2716 grown from an inoculum procured from the UTEX culture collec-
tion at the University of Texas, Austin TX, USA (https://utex.org/produ 
cts/utex-lb-2716). From here, we refer to Lyngbya purpurem UTEX LB 
2716 as Lyngbya. Initially, 5 ml Lyngbya inoculum was transferred to a 
250-ml autoclaved flask that was sealed with a cotton plug and con-
tained 100 ml sterile BG-11 medium [22], and Lyngbya was allowed to 
grow for 15 days on a shaker with 30 revolutions per min for mixing. 
Then, we transferred the grown liquid culture into a 1-L borosilicate 
bottle holding 750 ml of sterile BG-11 medium to which sterile air was 
pumped passing through air filter by 0.20-μm acetate membrane filter 
(CLS431218-SIGMA, Sigma-Aldrich Mexico). The culture was sparged at 
the bottom through silicone rubber tubing (T2289-SIGMA) at a constant 
rate of 2 L/h to mix the culture and provide CO2 for synthesis. After 1 
week of growth, 750 ml of culture was transferred to 10 L sterile BG-11 
medium in a 20-L culture bottle, and it was sparged again with sterile air 
from the bottom through silicon piping at a constant rate of 10 L/h to 
mix the culture and provide CO2 for synthesis [7]. The culture continued 
growing for 10 days until it again reached a dry weight concentration of 
1.2 g/L and an optical density at 683 nm of 3.2. This culture was used for 
the experiments. The culture was grown with continuous illumination of 
approximately 110 μmol photons m 2 s 1 of PAR applied to the top of 
the flask and bottle at a constant temperature of 30 �C. 

2.2. Experimental design 

The impacts of UV wavelength and exposure time were evaluated 
according to the matrix in Table 1. Each of the five experiments was 
carried out in triplicate. UV lamps able to produce UVA or UVB were 
obtained from Ultra-Violet Products Ltd (CA, USA). The UVA and UVB 
lamps had 1 tube, each rated at 6 W. The UVA lamp produced constant 

wavelengths of 315–400 nm at a flux of 7.1 to 6.8 W/m2 from a distance 
of 30 cm, and the UVB lamp produced constant wavelengths of 280–315 
nm at a flux of 6.3 to 5 W/m2 at 30 cm. 350 ml of the Lyngbya culture 
having a dry weight biomass concentration of 1.2 g/l (optical density of 
3.2) was transferred to a 500-ml flask and exposed to UVA or UVB for the 
time defined in Table 1. The experiments are labeled with this pattern: 
UVA-t12 represent UVA exposure for 12 h, while UVB-t72 means UVB 
exposure for 72 h. Control algal biomass was grown using only PAR. 

Table 1 
Experimental matrix to study the effect of UV radiation type and exposure time.   

Experimental 
variation 

Conditions Time 
(h) 

Intensity at 15 cm 
(W/m2) 

1 UVA-t12 UVA exposure for 
12 h 

12 7.00 

2 UVA-t72 UVA exposure for 
72 h 

72 7.00 

3 UVB-t12 UVB exposure for 
12 h 

12 6.8 

4 UVB-t72 UVB exposure for 
72 h 

72 6.8  

Table 2 
COD conversion equivalents and units for mass balances.  

Compound name COD conversion ratio 

Carbohydrates Carbohydrates 1.07 mgCOD/mg 
carbohydrates 

MAAs Shinorine 1.20 mg COD/mg of shinorine 
Porphyra 334 1.25 mg COD/mg of porphyra 

334 
Protein Phycobiliprotein 

(Pigment) 
1.5 of phycobili protein 

Cellular protein 1.5 mgCOD/mg protein 
Saturated fatty acid Caproic acid (C6:0) 2.4 mg COD/mg caproic acid 

Palmitic acid (C16:0) 2.88 mg COD/mg palmitic acid 
Stearic acid (C18:0) 2.93 mg COD/mg stearic acid 

Unsaturated fatty 
acid 

Palmitoleic acid (C16:1) 2.83 mg COD/mg palmitoleic 
acid 

Oleic acid (C18:1) 2.89 mg COD/mg oleic acid 
Linoleic acid (C18:2) 2.86 mg COD/mg linoleic acid 
α- Linolenic acid C18:3 2.97 mg COD/mg linolenic 

acid  

Fig. 1. (a) Total mass of MAAs produced in each experiment; and (b) Antiox-
idant activity (AOA) of the UV-protectant crude extract. Whisker bars represent 
standard deviation around the mean in both figures. 
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2.2.1. Statistical analysis 
Each experimental condition was carried out in triplicate, and the 

average values of the yield and its standard deviations were determined. 
In addition, experiments were carried out in a random manner to 
minimize bias. 

2.3. Extraction and analytical methods 

Lyngbya biomass was assayed directly for total chemical oxygen 
demand (TCOD) using a HACH COD kit (concentration range 10–1500 
mg/L) (HACH Co., CO, USA). Carbohydrates were analyzed by the 
phenol-sulfuric acid colorimetric method using calibration curves with 
glucose [23]. Protein was quantified using the Bicinchoninic acid (BCA) 
method [24], and calibration was with bovine serum albumin standards. 
All organic components measured from individual assays were con-
verted to COD equivalents so that all components could be compared as 
fractions of the total COD. 

2.3.1. Extraction and quantification of MAAs 
Lyngbya biomass from each experimental flask was centrifuged at 

3800 g and lyophilized using a benchtop lyophilizer (Labconco, USA). 1 
g of sample was subjected to MAAs extraction using 100% HPLC-grade 
methanol with overnight incubation at 4 �C, followed by centrifugation 
at 3700g at 4 �C for 15 min. The methanolic supernatant was decanted in 
another tube, and the pellet was retained in the test tube and stored at 4 
�C in dark for lipid extraction. The methanolic extract was evaporated at 
38 �C for 12 h, and the residue was the amount of MAAs produced, 
expressed in mg MAA/g of biomass DW. 

The dried residue was suspended in 2 ml of sterile double-distilled 
water, followed by the addition of 600 μl of chloroform with gentle 
vortexing. Samples were centrifuged at 1800 g at 4 �C for 15 min, and 

the photosynthetic pigment-free uppermost aqueous phase was trans-
ferred carefully into a new Eppendorf tube and filtered through a 0.2-μm 
pore-size micro centrifuge filter to obtain the partially purified MAAs. 
The residual chloroform was preserved in airtight amber glass bottle in 
dark at room temperature for lipid extraction. 

The aqueous phase was analyzed by UV spectroscopy and Fourier 
transform infrared (FTIR) spectroscopy to confirm the presence of MAAs 
[25]. Spectroscopic analysis of the methanol extract was for 200 and 
400 nm using a UV–vis spectrophotometer Hach DR5000 (Loveland, CO, 
USA). The infrared spectrum of dried MAAs was obtained with an FTIR 
spectrometer in the 400-4000 cm 1 spectrum. (PerkinElmer Inc., Wal-
tham, MA). 

2.3.2. Lipid extraction and fatty acid analysis (GC-FID) 
The restored pellet and chloroform obtained during UV extraction 

were mixed together for lipids assay according to Bligh and Dyer (1959) 
[26]. Pellets containing solids and chloroform were frozen for subse-
quent lyophilization (Labconco Free Zone) at  50 �C under vacuum for 
2 days to obtain dry biomass. Total lipid was assayed using chloroform: 
methanol 2:1 (% v/v). The methanol phase was discarded, and the 
chloroform phase was separated from biomass with a 0.2-μm PTFE 
membrane filter. Later, the chloroform extracts were moved to a N2 
evaporator (Labconco RapVap N2) to remove the chloroform. Finally, 
dried extracts were weighed to calculate the total lipids extracted. 

The dried extract containing the lipids was subjected to fatty acid 
determination through transesterification of the fatty acid groups to 
fatty acid methyl esters (FAMEs) [10,27,28]. Undecanoic acid (C11:0) 

(1000 mg/L in hexane/acetone 80:20 v/v) was used as the internal 
standard. Trans-esterification of dried crude lipid was performed by 
adding 2 mL of methanol/sulfuric acid (93:7 v/v), 5 ml of hexane was 
added in the extracted lipid and vortexed for 1 min, and then the mixture 
was set aside for separation into two phases. The top organic phase was 
collected and subjected to FAMEs analyzed with an Agilent 6890 N GC 
(Agilent Technologies, Santa Clara, USA), equipped with a SP2380 
capillary column (30 m, 0.25 mm) and flame ionization 19244-80560 as 
a detector. 

2.3.3. Fatty acids quantification 
Quantification of fatty acids was performed by comparison with an 

external standard of 37 FAME components (obtained from Sigma 
Chemical, St. Louis, MO, USA). Quantifying the concentration of an 
individual FAME component (WFAMEi) in the extract used the following 
equation (AOAC 996.06 for fats [29]). 

WFAMEi¼

�
Pti * WtC11:0* C

PtC11:0 * Ri

�

where Pti ¼ is the peak area of the fatty acid i in the extract; WtC11:0 ¼

milligrams of internal standard C11:0 added to the extract; C ¼ is the 
conversion factor of internal standard from triglyceride to FAME to C11 
¼ 1.0067; P(tC11:0) ¼ is the peak area of the internal standard C11:0 in 
the extract; and Ri ¼ the response factor of the fatty acid i. 

The saturation index (Si) was calculated from 

Saturation indexðSiÞ¼
Total fatty acid Unaturated fatty acid

Amount of total fatty acid
X100 

The differential saturation index was calculated per Lai et al. (2016) 
[30]:  

2.3.4. Extraction of phycobiliproteins and total protein 
We used a freeze-and-thaw method for the extraction of phycobili-

protein. A 10-ml sample of Lyngbya biomass was centrifuged for 15 min 
at 3800 g, and the supernatant was discarded. 10 ml of distilled water 
was added, and the mixture was vortexed until homogenized. The ho-
mogenate was frozen at  20 �C (for ~ 1 h), thawed, and vortexed until 
homogenized. The freeze-thaw process was carried out for five cycles, 
and then the homogenate was centrifuged for 15 min at 3700 g. The 
recovered supernatant was assayed for absorbance (A) at 564, 592, and 
455 nm in the spectrophotometer. Phycoerythrin was calculated per 
[31]:  

PE (mg ml 1) ¼ [(A564 nm  A592 nm)  (A455 nm  A592 nm) X 0.2] X 0.12  

Total protein was analyzed through the Bicinchoninic acid (BCA) 
method using bovine serum albumin standards. Cellular protein was 
calculated from total protein and phycobiliprotein using equation 

Cellular protein¼ Total protein Phycobiliprotein  

2.3.5. Antioxidant activity (AOA) 
The assay ferric-reducing ability of plasma (FRAP) was performed 

according to Benzie and Strain [32] with some modifications. FRAP is a 
quantitative assay for measuring the antioxidant potential within a 
sample. Ferric iron (Fe3þ) is initially reduced by electron-donating an-
tioxidants present within the sample to its ferrous form (Fe2þ). The iron 

Differential saturation indexð%Þ¼
Saturated FAME ð%Þfinal Saturated FAME ð%Þ initial

Saturated  FAME  ð%Þinitial
X100%   
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colorimetric probe complex develops a dark blue color product upon 
reduction which can be measured at 593 nm. Samples can be compared 
to the iron standard for determining antioxidant potential. FRAP values 
are obtained by comparing the absorbance change at 593 nm in test 
reaction mixtures. 

The FRAP reagent was prepared by mixing 50 ml of acetate buffer 
(0.3 M) at pH 3.6, 5 ml of 10 mM tripyridyltriazine (TPTZ) solution 
prepared in 40 mM HCl, and 5 ml of ferric chloride solution (FeCl3) (20 
mM). 2900 μl of the freshly prepared FRAP reagent was added to 100 μl 
MAAa. Then, the absorbance was measured at 593 nm against the blank 
after 10 min at room temperature. Methanol was used as blank with 
FRAP solution. The standard curve was constructed using Trolox. The 
result was expressed as Trolox equivalent in AOA by FRAP mmol TE/g 
dried MAAs extract. 

2.3.6. COD equivalents mass balance 
The chemical oxygen demand (COD) distribution among carbohy-

drates, lipids (FAME), MAAs, phycobiliprotein, and cellular protein was 
computed based on conversions from measured concentrations. COD 
conversations, adapted from Lai et al. (2016) and Rittmann and McCarty 
(2001) [30,33], are summarized in Table 2, with background informa-
tion for the calculation of COD equivalents for MAAs given in SI.1. 

3. Results and discussion 

3.1. UV protectant 

Fig. 1a shows the total amount of MAAs produced from dry Lyngbya 
biomass for each experiment. UV type had a major effect on MAAs 
production: UVB exposure resulted in 75% higher production of MAAs 
over UVA exposure and nearly 4-fold more than with PAR. The time of 
exposure had much less impact, although the 12-h exposures gave 
slightly more MAAs than the 72-h exposures. Production of MAAs upon 
UV exposure supports that UV induced the production of UV protectant 
in the form of MAAs as a mitigation strategy to overcome UV stress [11]. 
Induction of MAAs depends on the UV wavelength, and their biosyn-
thesis occurs via the shikimate pathway or the pentose phosphate 
pathway [25,34]. 

Fig. 1b presents the AOA of the crude extract of the UV protectant 
based on the FRAP assay. The highest AOA was achieved after UVB 
exposure, and a 12-h exposure yielded greater activity than a 72-h 
exposure. These results parallel the pattern for the total amount of 
MAAs produced, showing that exposure to UVB led to double effect: 
more MAAs that also had more anti-oxidant activity. In particular, UVB 
at a 12-h exposure showed the maximum AOA, along with the highest 
MAAs concentration. 

Spectroscopic analysis of the methanolic extract, Fig. 2a, reveals 
absorption peaks for UVB-absorbing compounds (absorbance between 
300 and 362 nm), and this is consistent with the larger effect of UVB 

Fig. 2. (a) Spectroscopic analysis of methanol extract revealing prominent absorption peaks of UVB-absorbing compounds (absorbance between 300 and 362 nm); 
(b) MAAs confirmed by FTIR analysis showing 6 prominent bands (bar represent standard deviation of mean); and (c) Biomass growth for all experiments. 
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exposure [25]. Molecular characterization of MAAs was done by FTIR 
analysis and is presented in Fig. 2b. The 6 prominent bands indicate key 
functional groups: from left to right, 3200–3600 cm 1 for the OH group, 
3100-3020 cm 1 for C–H with sp2 hybridization, 1585 cm 1 for C––C 
bonds, 1342-1266 cm 1 for C–N in aromatics, 1250–1020 cm 1 for C–N 
in aliphatic, and 890 cm 1 for aromatics with out-of-plane ring bending. 
These analyses suggest that the of MAAs from Lyngbya were similar to 
the UV protectants porphyra-334 and shinorine [35–37]. The 
electron-microscope image in Section SI.2 of Supplemental Information 
shows that UV-B-exposed Lyngbya also had a prominent exopolymeric 
sheath to support the binding of the UV protectant. 

Fig. 2c shows that UVB exposure led to a larger decline in the growth 
of Lyngbya than did UVA exposure. While Lyngbya accumulated more 
MAAs able to absorb UVB, it did not overcome all of the effects of UVB 
inhibition. Biomass growth declined in UVB experiments, compared to 
UVA and PAR. UVB is high-energy radiation and has DNA-damaging 
property that causes permanent damage to cyanobacterial cell and 
stops growth [38]. Hence, accumulation of MAAs, which depended on 
UV dose and wavelength, seems to have been a mitigation strategy to 
minimize cell damage. 

3.2. Lipid productivity 

Fig. 3a shows that UVA-treated samples had a maximum of 30% 
crude lipid, followed by PAR at 27% and UVB at 26%. The FAME con-
centration was similar for each treatment, 14%–17.5%, and it roughly 
tracked the crude-lipid content. Thus, UV treatment and time of expo-
sure did not significantly affect lipid productivity. 

Although UV exposure did not have much effect on total lipid 

production, Fig. 3b shows that UV radiation changed the lipid compo-
sition and saturation. UV exposure reduces the capacity of microalgae to 
absorb macronutrients [39], and a deficiency in nutrient uptake may 
have been responsible for the changes in lipid composition in our 
experiments. 

While PAR had approximately equal amounts of saturated (C16:0, 
C18:0) and unsaturated (C16:1, C18:1, C18:2 and C18:3) FAME, UV-A 
showed a shift towards the unsaturated fatty acids, with a significant 
increase in C16:1, C18:1, C18:2, and C18:3 over C16:0 and C18:0. This 
might have been a mitigation strategy of the cyanobacterial cells, as the 
unsaturated fatty acids scavenge reactive oxygen species produced 
during UV exposure, helping maintain homeostasis of cyanobacterial 
cells [40]. 

Most important is that UVB showed dominance of C16:0 and C18:0 
over unsaturated fatty acids. As a consequence, the lipid saturation 
index was much greater for UVB exposure than UVA or PAR. The shift to 
saturated fatty acids with UVB exposure may have been a result of the 
unsaturated fatty acids being sensitive to high energy radiation and 
converted to saturated fatty acids [41]. 

3.3. COD mass balance 

The COD distributions based upon COD equivalents for measured 
carbohydrate, lipid, protein, MAAs, and phycobiliproteins are shown in 
Fig. 4. Whereas protein and lipid components were dominant for PAR 
exposure, UVA and UVB experiments showed a higher COD content in 
lipids. In particular, UVB had a large increase in saturated lipids, while 
UVA had increases in saturated and unsaturated lipids. The maximum 
MAAs were present in UVB experiments (particularly UVB-t72), 
although still a small proportion of the COD. 

Phycobiliproteins declined for both UV exposures, but the loss was 
greater for UVB, and the loss of phycobiliproteins may reflect that they 
were used sacrificially to mitigate UV damage. 

4. Conclusion 

UV exposure is a viable strategy to induce synthesis of UV pro-
tectants, higher lipid productivity, and a high lipid saturation index in 
Lyngbya purpurem UTEX LB 2716. While UVA stimulated the highest 
production of lipids, UVB generated the largest amount of MAAs, which 
correlated to higher antioxidant activity. UVB also showed a shift to-
wards saturated fatty acids, such as C16:0 and C18:0, over unsaturated 
fatty acids, whereas UVA showed a shift towards the unsaturated fatty 
acids. In summary, UVB induced the highest MAAs production, anti- 

Fig. 3. (a) Total crude lipid and FAME produced in all experiments after 
extraction of UV protectant (bar represent standard deviation of mean); (b) 
FAME profiles and lipid saturation indices. 

Fig. 4. COD distributions based upon COD equivalents for measured carbo-
hydrates, MAAs, lipid, phycobiliproteins, and cellular protein. 
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oxidant activity, and lipid saturation, and its yields of crude lipids and 
extracted FAME were only slightly lower than with UVA. This study 
helps advance cyanobacterial cultivation for recovering multiple prod-
ucts - such MAAs and lipids - from a single feedstock using a biorefinery 
approach. 
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