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HIV/AIDS continues to be one of the most challenging individual and public health concerns
of our days. According to the latest UNAIDS data, in 2018, roughly 37.9 million individuals were
infected with HIV globally, while around 770,000 people died of AIDS-related illness [1]. During
that same year, an estimated 1.7 million new infections occurred, mainly due to unprotected sexual
intercourse. Investment in the field has been considerable, but a cure to the infection remains elusive.
Nonetheless, tremendous advances have been made over the last 36 years since HIV-1 was identified,
namely in prevention, diagnostics, and treatment. The development of antiretroviral drugs and the
introduction of highly active antiretroviral therapy (HAART) in the mid-1990s—currently referred to as
combination antiretroviral therapy (cART)—led to a dramatic shift of AIDS from a fatal disease into a
chronic and often stable medical condition [2]. In fact, cART contributed decisively to a steady decrease
in the number of HIV-related deaths since the first years of the new millennium [3]. Antiretroviral
drugs have also been found useful in the prevention field, particularly in post-exposure prophylaxis or
mother-to-child transmission. Treatment as prevention and pre-exposure prophylaxis (PrEP) have
further contributed to the reduction of sexually transmitted HIV infections. Long-lasting injectable
products and antiretroviral-based microbicides that are currently in late stages of clinical development
or regulatory approval may soon provide new options for prevention [4]. Gene therapy and the use of
broadly neutralizing antibodies are also attracting a great deal of interest as possible approaches to
HIV/AIDS management [5–7].

Still, different challenges remain in anti-HIV drug therapy/prophylaxis, and these include the
following, among others: (i) the onset of severe adverse effects leading to the discontinuation or
interruption of therapy or even prophylaxis [8,9]; (ii) sub-optimal biodistribution and pharmacokinetics,
particularly in reservoir sites or mucosae involved in sexual transmission [10,11]; (iii) the occurrence
of viral resistance [12]; (iv) troublesome regimens and/or drug delivery routes that lead to poor
adherence by patients/users [13,14]; (v) low stability and reduced shelf-life of active molecules, which
may be particularly challenging in tropical climates and low-resource regions lacking adequate
refrigerated distribution channels and storage [15]; (vi) lack of suitable dosage forms for particular
populations (e.g., children and women) [16,17]; (vii) costly drug products that are often inaccessible
to populations in need of therapy/prophylaxis [15]; and (viii) social and legal constraints resulting in
poor access to and the discontinuation of anti-HIV therapy/prophylaxis [18,19]. The response from the
scientific community could not be more affirmative, and novel ideas and concepts have been emerging
throughout the last decade or so. More important, innovative products are now under development,
holding great promise for mitigating many of the challenges identified above.

This Special Issue presents an exciting series of reviews and original research articles from
eminent scientists in academia and different nonprofit organizations involved in the development of
antiretroviral drug products, focusing mainly on novel strategies for the formulation and delivery of
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anti-HIV compounds. Innovative approaches towards improved gene therapy and immunotherapy
are also addressed. The presented reports provide not only interesting overviews and opinion on
recent developments in the broad field of antiretroviral therapy/prophylaxis and drug delivery, but
also describe the development of new products that are currently tracked for clinical testing.

The Special Issue starts with an interesting review by Tsukamoto at Kindai University, Japan,
on strategies explored for curing HIV infection using a combination of gene therapy and host
immunization [20]. In particular, the author emphasizes the possible role of anti-HIV intracellular
immunization using gene silencing, among other approaches, in the protection of bone marrow
hematopoietic stem/progenitor cells. Still in the same field, Düzgüneş and Konopka at the University of
the Pacific, USA, contributed a stimulating review on a potential strategy for the eradication of cellular
reservoirs of HIV [21]. This thought-provoking piece explores how such an objective could be achieved
by using suicide gene therapy for killing HIV-infected cells, excision of chromosome-integrated viral
DNA, and cytotoxic liposomes targeted to latency-reversed HIV-infected cells.

In the first original research study included in the Special Issue, the group of Veiga at the
Complutense University of Madrid, Spain, provides details on the development of mucoadhesive
tablets for the vaginal delivery of tenofovir, in the context of topical PrEP [22]. The combination of
drug-loaded hydrophobic granules obtained by hot-melt granulation and hydrophilic matrices not
only allowed the adhesive behavior of tablets to be increased, but also provided sustained drug release.
This new formulation could be potentially beneficial in providing longer protective time windows
against male-to-female transmission of HIV. The Special Issue continues with a review article on
topical nano-microbicides, this time from my research team [23]. We provide an overview on useful
vaginal and rectal platforms for the delivery of anti-HIV microbicide nanosystems. Critical topics and
relevant studies concerning the development and testing of vehicles such as aqueous suspensions,
gels, thermosensitive systems, films and fiber mats, among others, are detailed. Steinbach-Rankins
and colleagues at the University of Louisville, USA, contributed an excellent revision of their own
work, as well as the work of others, concerning the development and potential of electrospun fibers for
vaginal drug delivery [24]. They particularly focus on the formulation of anti-HIV compounds, and
how suitable material selection and the engineering of fibers can contribute to the modulation of the
time required for complete drug release, ranging from a few minutes to over one week.

Still in the area of prophylaxis, the team led by Banga at Mercer University and CONRAD,
USA, propose a new transdermal delivery system for tenofovir alafenamide, a nucleotide reverse
transcriptase inhibitor [25]. The silicone-based patch was shown to be able to provide in vitro sustained
drug release that may potentially allow weekly cutaneous applications for the purpose of systemic
PrEP. Another exciting alternative for the delivery of tenofovir alafenamide was reported by Johnson et
al. at RTI International and PATH, USA [26]. These researchers provide details on the manufacturing
and in vitro evaluation of a subcutaneous reservoir-style implant for long-term delivery of the drug.
In particular, sustained release was achieved for an impressive period of 180 days, representing an
important step towards the development of a putative long-acting product for systemic PrEP or
even therapy.

Rohan and colleagues at the University of Pittsburgh, Magee-Womens Research Institute,
University of Louisville and International Partnership for Microbicides, USA, contributed an interesting
study that further endorses the potential of nanotechnology-based microbicides [27]. In their study,
poly(lactic-co-glycolic acid)-based nanoparticles were developed as carriers for the co-delivery of
griffithsin and dapivirine, two potent candidate microbicide compounds. Studies in vitro showed that
the proposed formulation not only featured interesting technological properties (including biphasic
drug release), but also allowed a synergistic antiretroviral effect to be obtained. In another paper
pertaining to the application of nanotechnology against HIV infection, Grande et al. (University of
Calabria, Italy) reviewed the literature for nanocarriers of reverse transcriptase inhibitors [28]. In this
interesting article, the authors provide a critical analysis on how nanosystems such as liposomes,
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niosomes, and solid lipid nanoparticles can help with overcoming technological and pharmacokinetic
problems of this important class of antiretroviral drugs.

I hope that researchers involved in the fields of antiretroviral drug delivery and anti-HIV
therapy/prophylaxis may find useful and stimulating information here that can be translated into their
own ongoing and future work. A final word of appreciation is due to all the contributing authors,
anonymous reviewers, and editorial staff at MDPI for making the publication of this Special Issue of
Pharmaceutics possible.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Although current antiretroviral drug therapy can suppress the replication of human
immunodeficiency virus (HIV), a lifelong prescription is necessary to avoid viral rebound.
The problem of persistent and ineradicable viral reservoirs in HIV-infected people continues to
be a global threat. In addition, some HIV-infected patients do not experience sufficient T-cell immune
restoration despite being aviremic during treatment. This is likely due to altered hematopoietic
potential. To achieve the global eradication of HIV disease, a cure is needed. To this end, tremendous
efforts have been made in the field of anti-HIV gene therapy. This review will discuss the concepts of
HIV cure and relative viral attenuation and provide an overview of various gene therapy approaches
aimed at a complete or functional HIV cure and protection of hematopoietic functions.

Keywords: human immunodeficiency virus; acquired immunodeficiency syndrome; hematopoietic
stem/progenitor cells; gene therapy

1. Introduction

Human immunodeficiency virus (HIV) infects CD4+ T cells and causes acquired immunodeficiency
syndrome (AIDS). AIDS remains as a global threat due to multifactorial reasons, including the difficulty
in developing an effective vaccine [1]. According to The Joint United Nations Programme on HIV/AIDS
(UNAIDS), in 2017, about 36.9 million people were living with AIDS while only 21.7 million patients
were receiving antiretroviral therapy (ART), resulting in about 1.8 million newly HIV-infected people per
year [2]. Although ART can limit the size and distribution of HIV reservoirs depending on the earliness
of its initiation, it cannot eliminate latent HIV infections from the host and thus, a lifelong prescription is
required for suppressing viral rebound from the reservoirs [3]. Therefore, further exploration is vital to
discover new treatment options and effective vaccines [4].

The depletion of memory CD4+ T cells preceding AIDS manifestation may be mainly due to the
infection of these cells. However, HIV may also reduce the production of naïve T cells by infecting
CD4+ thymocytes [5–8]. On the other hand, although the dynamics of hematopoietic stem/progenitor
cells (HSPCs) in HIV-infected settings is still unclear, it is well established that HIV infections are
associated with hematological changes, such as anemia and pancytopenia [9]. These hematological
changes are likely due to the modified HSPCs and hematopoietic potential of the host. Therefore,
a cure for HIV disease should consider not only the absence of newly HIV-infected CD4+ cells but also
the normal production rates of CD4+ T cells and other hematopoietic cells. To achieve an HIV cure in
its strict sense, the protection of bone marrow hematopoietic functions is essential (Figure 1).

Pharmaceutics 2019, 11, 114 5 www.mdpi.com/journal/pharmaceutics
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Figure 1. The concepts of human immunodeficiency virus (HIV) cure. A cure for the HIV disease
is commonly interpreted as antiretroviral drug therapy (ART)-free life without viral rebound for
prolonged periods. In addition, the cure for bone marrow dysfunctionalities observed in HIV-infected
patients could be included in a stricter definition of a HIV cure.

This review first describes the current evidence of modified bone marrow hematopoietic potential
in HIV infection, leading to the strict definition of an HIV cure. It then explains how anti-HIV gene
therapy methods applied to HSPCs can support the preservation of hematopoietic potential and a
functional cure. This will be followed by an overview of different potential gene therapy methods for
achieving this goal.

2. Evidence of Modified CD34+ Cell Dynamics and Functions in HIV Infection

HIV-1 may cause the loss of primitive hematopoietic progenitors without directly infecting these
cells [10]. However, HIV infection does not cause the complete loss of CD34+ stem cells and therefore,
it is possible to harvest stem cells from HIV-infected patients suffering from lymphoma [11] albeit
with reduced efficiencies in relation to the reduction of peripheral CD4+ T-cell counts [12] or reduced
in vitro lymphopoiesis capacities [13]. The recovery of CD4+ T-cell counts after successful antiretroviral
drug therapy treatment may depend on the recovery of CD34+ cell counts [14].

A number of potential mechanisms have been suggested for the changes of CD34+ cells in
the presence of HIV, such as reduced expression of the proto-oncogene c-mpl on CD34+ cells [15]
and elevated plasma stromal cell-derived factor 1 (SDF-1) levels [16]. HIV-1 infection causes the
upregulation of inflammatory cytokine production that may affect the dynamics and functions [17]
or induce Fas-mediated apoptosis [18] of bone marrow CD34+ cells. On the other hand, HSPCs
themselves may contribute to inflammation and allergies [19]. This may be partly due to the fact that
inflammatory signals are involved in HSPC development [20]. Recent evidence has suggested that
CD34+CD226(DNAM-1)brightCXCR4+ cells may represent a subset of common lymphoid progenitors
associated with chronic HIV infection and inflammation, reflecting the altered dynamics of natural
killer cells and α/β T cells [21].

Humanized mouse models are useful for analyzing bone marrow CD34+ loss or changes after
the HIV-1 challenge. In studies with humanized mice infected with CXCR4-tropic HIV-1NL4-3, CD34+

hematopoietic progenitor cells were depleted and showed impaired ex vivo myeloid/erythroid colony
forming capacities after the challenge [22,23]. A reduction of bone marrow CD34+ cell counts after
CCR5-tropic HIV-1 infection was also detected in another study [24]. Interestingly, the depletion
of bone marrow CD34+ cells following CCR5-tropic HIV infection has been reported to depend on
plasmacytoid dendritic cells [25] or to be associated with the expression of CXCR4 [26]. The latter
implicates a potential role of the SDF-1/CXCR4 axis in the loss of CD34+ cells. Another recent in vitro
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study suggested that CD34+CD7+CXCR4+ lymphoid progenitor cells may be depleted in the presence
of CXCR4-tropic HIV-1 in the coculture of HIV-infected cord-derived CD34+ cells with mouse stromal
OP9-DL1 cells, which allow the differentiation of T cells [27].

3. The Idea of Intracellular Immunization of HSPCs to Replace the Whole Hematopoietic System

After this, it is important to consider how we could deal with hematopoietic changes in
HIV infection. A potential solution is gene therapy. In 1988, David Baltimore presented his idea
of intracellular immunization by gene therapy [28] and his concepts are still valid today. First,
he suggested expressing inhibitory molecules against HIV in target cells. Second, he proposed
using retroviral vectors to transduce cells although lentiviral vectors are widely used today. Third,
he conceived the use of gene-modified HSPCs to replace the immune system of the hosts with an
HIV-resistant one. These concepts may be summarized as intracellular artificial immune systems
designed against HIV and working independently from HIV-specific CD4+ helper T cells, which are
the most vulnerable HIV targets [29]. Since his work, a number of candidate gene therapies have been
proposed and tested and are described later in this article.

4. The Protection of Bone Marrow CD34+ Cells by an Anti-HIV Gene Therapy Demonstrated In Vivo

However, there have been few reports so far that have tested the protection of CD34+ cells after
HIV infection by gene therapy. This may be because viral suppression and CD4+ counts have been
widely accepted as measures for the effect of gene therapies against HIV. However, the true goal for
any gene therapy against HIV should be the protection of hematopoietic potential because this is
another arm of the definition of AIDS, i.e., the loss of cellular immunity (Figure 1).

Regarding this, we have recently reported that a transcriptional gene silencing (TGS) approach
using a short hairpin (sh) RNA, which is called shPromA (Figure 2), resulted in limited
CXCR4-associated depletion of bone marrow CD34+ cells following CCR5-tropic HIV infection in
humanized mice (Figure 3). This suggests that anti-HIV gene therapy can support the preservation of
the hematopoietic potential of the hosts [26]. Further characteristics of shPromA and previous studies
testing its efficacy as a functional cure gene therapy method is discussed in Section 8.

Figure 2. A schematic overview of PromA. PromA induces chromatin compaction in the human
immunodeficiency virus (HIV)-1 promoter. This prevents HIV-1 DNA from reactivation, such as
NF-κB-mediated reactivation by tissue necrosis factor (TNF). For details on the molecular mechanisms
involved in transcriptional gene silencing induced by PromA, see Klemm et al., 2016 [30] and
Mendez et al., 2018 [31].
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Figure 3. Summary of the humanized mouse study to test the efficacy of shRNA PromA (shPromA) [26].
Newborn NOD/SCID/Jak3null mice were intrahepatically transfused with unmanipulated cord-derived
CD34+ cells or CD34+ cells lentivirally transduced with shPromA. Those mice showing engraftment of
human cells were challenged with CCR5-tropic HIV-1JRFL. Two weeks after the challenge, the mice were
sacrificed and their bone marrow (BM) CD34+ cells and peripheral T cells were analyzed. Interestingly,
mice transplanted with unmanipulated CD34+ cells showed unexpectedly low BM CD34+ cell counts 2
weeks after HIV infection, with concomitant depletion of peripheral CD4+ T cells. On the other hand,
mice engrafted with shPromA-expressing CD34+ cells showed preserved BM CD34+ cell and peripheral
CD4+ T-cell populations at 2 weeks post challenge.

5. Target Cells for Anti-HIV Gene Therapies

Recent studies, including the above shPromA study, indicate that ideal anti-HIV gene therapy
targets should be hematopoietic stem cells rather than more differentiated cells, such as peripheral CD4+

T cells, because the transduced cells could engraft the host bone marrow and act as a lifelong source of
HIV-resistant CD4+ cells [26,32,33]. Potential gene therapies using CD34+ cells have been investigated
in vitro using cell culture experiments [26,34–36] or in vivo using humanized mice [26,35,37–40].
Furthermore, the transplantation of macaques with gene-modified autologous CD34+ cells followed by an
infection with SIV has also been tested [41,42] although strategies may differ between gene therapies [33].
Based on such basic study results, the clinical trials using the transplantation of retrovirally or lentivirally
gene-modified CD34+ cells in HIV-positive patients have been carried out [43–45]. Gene therapies of
CD34+ cells have been considered as a cure for monogenic immune diseases. For example, the patients
with adenosine deaminase deficiency [46], Wiskott–Aldrich syndrome (WAS) [47] and X-linked severe
combined immunodeficiency [48,49] were successfully treated in clinical trials by transplantation of
autologous CD34+ cells retrovirally or lentivirally transduced with the wild-type gene. Lentiviral vectors
may be more efficient in gene transfer into resting stem cells at the G0/G1 phase compared with murine
retroviral vectors [50]. If applied to the gene therapy of HSPCs, both retroviral and lentiviral vectors
could have adverse effects, including the deregulation of gene expression [51] and the triggering of the
p53 protein [52]. However, lentiviral vectors may be safer than retroviral vectors because the latter may
occasionally cause insertional mutagenesis near the active start regions of genes, which could possibly
lead to oncogenesis and cancers, such as leukemias [48]. Self-inactivating retroviral or lentiviral vectors
lacking the U3 region of 3′ LTRs have further safety advantages [53]. Moreover, recent evidence has
shown that the transplantation of WAS patients with autologous CD34+ cells transduced with lentiviral
vectors encoding WAS protein results in the long-term survival of genetically engineered hematopoietic
stem cells and lymphoid-committed progenitors [54]. Thus, this provides hope for lifelong protection
from HIV.

Induced pluripotent stem cells (iPSCs) may also be candidates for anti-HIV gene transfer. iPSCs
can be generated from the somatic cells of patients, which can differentiate to any cells in vitro and are
expected to be utilized for the treatment of a broad range of genetic diseases [55–58]. Although CD34+

cells can engraft in the bone marrow following transplantation and differentiate to hematopoietic cells
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in vivo, iPSCs may be more convenient for in vitro hematopoiesis compared to CD34+ cells because of
their ease of culture [59]. Interestingly, the impact of shPromA-transduced iPSCs on the suppression of
viral replication in vitro has recently been demonstrated, suggesting that the large-scale production of
gene-modified monocytes or lymphocytes in vitro for adoptive therapy could be a future option [60].
Additionally, the generation of iPSCs from HIV epitope-specific CD8+ cytotoxic T cells followed by
their redifferentiation into the identical epitope-specific CD8+ T cells for adoptive transfer could be an
effective immunotherapy [61].

6. Complete Cure vs. Functional Cure for HIV Infection

Before describing individual anti-HIV gene therapy methods, this review looks back on Figure 1
to summarize two major strategies for the treatment of HIV infection. One is to eliminate all the HIV
DNA copies within the host, which is termed a complete cure (Figure 1). In pursuing the feasibility of
this goal, tremendous efforts have been made to (1) find a method to detect all the latently infected HIV
DNAs in viral reservoirs and to (2) eliminate all the detected HIV DNAs so that the host would become
sterile in terms of HIV infection [62]. Among the methods to achieve this, the so-called “shock and
kill” method, in which the reactivation of the viral reservoir is attempted with a shock-inducing agent
followed by the immune-mediated killing of the reactivated cells, has been widely investigated [63–67].
These efforts have been partly successful [62,68]. However, the difficulty of viral eradication in vivo
is not limited to HIV but include other viruses that induce long-lasting latent infections, such as
herpes simplex viruses, varicella–zoster virus, cytomegalovirus and Epstein–Barr virus, making them
ineradicable [69]. HIV may differ from other latently infecting viruses as the viral replication from the
latent reservoir can resume quickly even if the host is not considered to be immunocompromised [70].
Moreover, even in the case of the Berlin patient who exhibited no sign of HIV existence following
allogeneic transplantation with CCR5-Δ32/Δ32 hematopoietic stem cells, a complete cure was assumed
rather than being fully demonstrated [71,72].

Alternatively, some potential gene therapy methods aim at a functional cure that is evidenced by
the control of HIV replication below the limit of detection and the immune system being functionally
normal despite residual cells harboring HIV proviral DNAs in the host (Figure 1) [68,73]. This approach
might be more practical than the complete cure approach, given that many successful vaccines for
chronic viral infections so far exert a functional cure rather than achieving the elimination of the
targeted viruses [74]. In light of this, it could be stated that for those pathogens where an effective
vaccine has not been developed to date, researchers could instead develop gene therapies aimed at a
functional cure. In this way, there is an overlap between the concept of functional-cure gene therapy
and the concept of vaccines against chronic pathogens [75]. In the next paragraph, the relevance of
this is better clarified by looking at a similarity between live-attenuated vaccines and functional-cure
gene therapy.

7. Connection between Functional-Cure Gene Therapies and Live-Attenuated Vaccine Approaches

Anti-HIV gene therapy might be compared to some of the vaccine candidates tested so far in
order to better foresee its future direction. Live-attenuated vaccines have been tested in macaque
AIDS models using simian immunodeficiency virus (SIV) strains [76–82]. After the infection of a
host with a live-attenuated SIV or simian-human immunodeficiency virus (SHIV), the vaccine strain
is controlled by T-cell response but remains slowly replicating in the infected host. This results in
further immunization of the host to prepare for the subsequent superinfections of wild-type SIV or
SHIV. Therefore, even if live-attenuated vaccines are powerful, they provide a functional but not a
complete cure. This means that there is a scientific connection between live-attenuated vaccines and
gene therapy approaches for a functional cure because the latter confer viral attenuation indirectly
by rendering the host cells HIV-resistant (Figure 4a). The two distinct strategies can be collectively
interpreted as the relative attenuation of the infected virus to the unmanipulated/gene-modified host
cells (Figure 4b). Thus, relative viral attenuation might help the host immunity to control the virus [83].
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Figure 4. The concept of relative viral attenuation. (a) A schema describing direct and indirect
viral attenuation. HIV usually infects host CD4+ cells efficiently and replicates rapidly. As a result,
the host immune system fails to control viral replication (left). However, accumulating evidence
in macaque AIDS models suggests that a live-attenuated virus, which infects and replicates slowly
because of partial defects in the viral genome, can be controlled by the immune system and helps in
further immunization against a potential superinfection with immunodeficiency virus strains that are
homologous to the vaccine strain (upper right). The live attenuation method cannot be directly applied
to HIV infection in humans because of safety concerns. However, indirect viral attenuation can be
achieved by rendering the host cells HIV-resistant by an “intracellular immunization” gene therapy
(lower right); (b) The definition of relative viral attenuation. This idea can connect live-attenuated
vaccine studies and gene therapy approaches to achieve a functional cure. While live-attenuated
HIV vaccines are not testable in humans for safety concerns, functional-cure gene therapy could be
an alternative.
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8. Gene Therapy Strategies against HIV

The Berlin patient, an HIV-positive male United States citizen who was diagnosed with HIV
while attending university in Berlin and later suffered from acute myelogenous leukemia, received a
transplantation of allogeneic hematopoietic stem cells homozygous for CCR5-Δ32. This resulted in a
subsequent functional HIV cure [71,72]. Because CCR5 is critical in HIV infection and transmission,
as observed with CCR5-Δ32 homozygous cells resistant to HIV infection [84], the manipulation
of CCR5 expression on HIV target cells has been intensively investigated and is considered to
be effective [34,35,37,39,40,85–102]. CCR5 can be targeted by zinc finger nucleases [103,104],
ribozymes [105], CRISPR/Cas9 methods [106], transcription activator-like effector nucleases [106] and
shRNAs [86,107,108]. Among these, several gene therapy methods, including one using lentiviral
vector LVsh5/C46 that expresses shRNA against CCR5 and HIV-1 entry inhibitor C46 [109] have
been tested in clinical trials [93]. While CCR5 is involved in numerous pathologic states, including
inflammatory and infectious diseases [110], a complete knockout of CCR5 can be related to an increased
sensitivity to some viral infections [111,112]. Therefore, CCR5 gene editing should only be considered
for an HIV cure [110].

The targeting of HIV RNA sequences by ribozymes or RNAs [44,99,113–123] and HIV DNA
sequences by the CRISPR/Cas9 system [124] has been investigated and is also considered a major
strategy [100,125]. The latter method has recently been of great interest, which is primarily because of
its potential for targeting and disrupting integrated HIV DNA sequences to achieve a complete cure.
A recent study targeted and inactivated the HIV-1 long terminal repeat (LTR) U3 region in vitro by
Cas9 and guide RNAs (gRNAs), with no off-target gene editing to the host cells being detected [126].
Another study also successfully targeted the HIV-1 LTR U3 region using the CRISPR/Cas9 system.
However, this study also detected the emergence of escape variant viruses mediated by the error-prone
non-homologous end joining (NHEJ) DNA repair following the CRISPR/Cas9 targeting in the host
cells [127]. The mutagenesis problem with CRISPR/Cas9 has also been observed in the treatments
of other diseases [128] but can be a serious problem when targeting the HIV DNAs because the
strategy might require sustained expression of Cas9 and gRNA in the potential HIV target cells,
which means a sustained risk of mutagenesis [129]. Therefore, an improved method for disrupting
HIV DNA while prohibiting the emergence of replication-competent escape variants caused by the
NHEJ repair system might be necessary. Nevertheless, radical approaches can still be tested in
cultured cells and animals. For example, a recent study demonstrated that the in vivo gene delivery of
multiplex single-gRNAs and Staphylococcus aureus Cas9 to transgenic mice bearing HIV DNA using an
adeno-associated virus (AAV) vector resulted in an efficient excision of HIV DNA in various tissues
and organs [130]. If safety concerns are met, such a gene delivery method can be a powerful tool to
achieve the systemic elimination of latent viral reservoirs in hematopoietic cells and nonhematopoietic
cells, such as astrocytes [131]. Wang et al. (2018) have written a thorough review of topics regarding
the targeting of HIV DNA by CRISPR/Cas9 [124].

An alternative to the CRISPR/Cas9 strategy is the silencing approach, which aims to reduce the
production rate of HIV viral particles per integrated HIV DNA copy [68]. Lentiviral gene delivery
enables RNA-based gene silencing, including the previously characterized small interfering RNA
(siRNA) called PromA [30,132]. PromA is a short RNA sequence specific for the two NF-κB binding
sites in the HIV LTR U3 region. While specific mRNA cleavage by post-transcriptional gene silencing
is the best-known mechanism for siRNAs, PromA triggers TGS, which is mediated by epigenetic
changes, such as DNA methylation and heterochromatin formation [116,133]. In fact, PromA has
been shown to induce chromatin compaction in the HIV-1 promoter region [133]. This means that
in contrast to methods attempting to eradicate HIV DNA, PromA locks and stabilizes the latently
infecting HIV provirus and prevents the reactivation of viral reservoirs from stimuli, such as tissue
necrosis factor (Figure 2) [31,134,135]. The efficacy of PromA in suppressing HIV-1 replication in vivo
was first demonstrated by an HIV challenge study using humanized NOD/SCID/JAK3null (NOJ)
mice transplanted with human peripheral mononuclear cells expressing shPromA [135]. Our recent
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study to extend the results using NOJ mice engrafted with shPromA-transduced CD34+ cells and their
derivatives further demonstrated that PromA could be an effective gene therapy for protecting bone
marrow CD34+ cells and the hematopoietic potential of the host from HIV infection (Figure 3) [26].

Other potential gene therapy methods include the secretion of soluble HIV entry inhibitors [38];
the rescue of hematopoiesis, including myelopoiesis, erythropoiesis and megakaryopoiesis using
c-mpl [136]; the expression of a chimeric human-simian TRIM5α [137]; the expression of p68
kinase [138]; and the expression of HIV Gag mutants [36].

9. Application of Gene Therapy Methods to Immunotherapies

This section sheds lights on a different application of gene therapy methods to fight against
HIV. Immunotherapy approaches based on gene therapy methods have been extensively investigated.
Chimeric antigen receptor (CAR) T cells are engineered T cells expressing CARs for the recognition
and killing of target cells [139,140]. Most typical CARs are engineered to recognize an antigen with
a monoclonal antibody-derived extracellular domain that is conjugated to T-cell receptor-derived
transmembrane and intracellular domains. Therefore, despite the use of T-cell signaling pathways,
such CAR T-cell therapies might be regarded as an enhancement of antibody-based therapies [141,142].
To date, most successful CAR T-cell therapies have been against cancers [143]. For example, the
high efficacy of the adoptive transfer of CAR T cells recognizing CD19 has been demonstrated for
the treatment of patients with B-cell acute lymphoblastic leukemia [144] and diffuse large B-cell
lymphoma [145]. In contrast, CAR T-cell therapies may require the manufacture of autologous CAR T
cells for each patient and thus are not yet widely available [145]. Several broadly neutralizing antibodies
have been considered for generating CAR T cells against HIV infection [146–148]. Despite the shared
concern of escape mutations with antibody-based therapies, CAR T cells are MHC-independent and
more potent than the administration of neutralizing antibodies so better outcomes can be expected.
A further improvement of HIV CAR gene therapy has been tested to make CAR T cells HIV-resistant
by the insertion of the HIV CAR gene expression cassette into the CCR5 locus, which results in
the disruption of CCR5 [148]. Finally, an adoptive transfer therapy using autologous CD34+ cells
transduced with lentivirus expressing a CD4-based CAR that is able to bind the HIV envelope protein
has been tested in humanized mice infected with HIV-1 [149] and pigtail macaques infected with a
SHIV [150].

Another exciting gene transfer-based immunotherapy involves programming the production of
specific anti-HIV antibodies [151,152]. Compared with vaccination, passive immunization using a set of
broadly neutralizing antibodies is customizable, MHC-independent and provides instant and reliable
protection against HIV [153,154]. However, neutralizing antibodies need repeated administration to
provide prolonged protection [154]. Thus, the concept of antibody gene transfer is to overcome the
limitation of passive immunization, which is only transiently effective [155]. It was demonstrated in a
humanized mouse model that antibody gene transfer by intramuscular inoculation of an AAV vector
encoding a full-length antibody was able to induce the production of the antibody by muscle cells and
confer protection against intravenous HIV-1 challenge [156]. In another study, an adenovirus serotype
5 (Ad5) vector encoding an HIV-1-specific broadly neutralizing antibody PGT121 (Ad5.PGT121)
afforded a more rapid and robust antibody response than an AAV encoding PGT121 (AAV1.PGT121)
in HIV-1-infected bone marrow-liver-thymus humanized mice [157].

10. Biosafety and Bioethics Concerns Regarding the Application of Anti-HIV Gene Therapies to
Human Germline Cells for Pregnancy

In the last part of the review, I would like to comment on the recent issue raised against
anti-HIV gene therapy. In late 2018, it was reported that a Chinese researcher used the CRISPR/Cas9
technology to create twins bearing CCR5 double knockouts to confer HIV resistance [158]. However,
the inheritable gene modification of human germline cells culminating in human pregnancy is currently
unacceptable [159]. If applied to germline cells, CRISPR/Cas9 could cause additional inheritable
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mutations in the host genome DNA [128,160–162] and the influence of this is not entirely predictable at
this moment. Therefore, such an investigation on human germline cells should be limited to nonclinical
(i.e., in vitro) studies. Regarding the targeted gene, it should be emphasized that CCR5 knockout has
not been proven to be safe. Even if a small population of people, mostly of Caucasian origin, is living
without functional CCR5 alleles, this does not mean that the loss of CCR5 is universally harmless.
This is partly because CCR5 has been reported to play important roles in some viral infections [111,112].
Moreover, there is an unexcluded possibility that the lack of CCR5 function among those carrying the
CCR5-Δ32/Δ32 double mutations could be compensated by accompanying genetic variations that
do not exist in the majority of human populations with the wild-type CCR5 alleles. Regarding the
protection from HIV-1 infection, CCR5-knockout individuals are still susceptible to the infection of
CXCR4-tropic HIV-1 strains despite these risks. We refer to the statement published in 2017 by an
American Society of Human Genetics workgroup regarding human germline genome editing [163].

11. Conclusions

The evidence suggests that the HIV infection alters the bone marrow hematopoietic potential of
the host. This can lead to impaired CD4+ T-cell generation and contributes to the loss of peripheral
CD4+ T cells and the manifestation of AIDS. Further investigations on the topics discussed in this
review will collectively enhance our understanding of the important role that HIV gene therapy
can contribute toward an HIV cure. Intracellular immunization gene therapies, including silencing
approaches, are expected to confer relative viral attenuation without interfering with the HIV genome
and assist cellular immunity to kill HIV-infected cells. This will ultimately lead to better viral control
and a functional cure. In light of this, the long-term preservation of bone marrow CD34+ cells and
hematopoietic potential as well as aviremic states and restored peripheral CD4+ T-cell counts may be
an appropriate endpoint of future anti-HIV gene therapies. With this regard, our recent in vivo study
using humanized mice transplanted with shRNA (shPromA)-transduced CD34+ cells and challenged
with HIV-1 has been described to show that the anti-HIV intracellular immunization gene therapy can
indeed protect bone marrow HSPCs. Although the efficacy and safety of those novel gene therapy
strategies need further improvements for the future applications to autologous HSPC transplantation
of HIV-infected patients, a combination of a gene therapy and host immunization based on preserved
bone marrow hematopoietic potential and relative viral attenuation will give a hope for a functional
cure. Furthermore, the recent advances in gene therapy-based immunotherapy approaches against
HIV have also been described in this review.
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Abstract: Predictions made soon after the introduction of human immunodeficiency virus type-1
(HIV-1) protease inhibitors about potentially eradicating the cellular reservoirs of HIV-1 in infected
individuals were too optimistic. The ability of the HIV-1 genome to remain in the chromosomes
of resting CD4+ T cells and macrophages without being expressed (HIV-1 latency) has prompted
studies to activate the cells in the hopes that the immune system can recognize and clear these cells.
The absence of natural clearance of latently infected cells has led to the recognition that additional
interventions are necessary. Here, we review the potential of utilizing suicide gene therapy to kill
infected cells, excising the chromosome-integrated HIV-1 DNA, and targeting cytotoxic liposomes to
latency-reversed HIV-1-infected cells.

Keywords: suicide gene therapy; CRISPR/Cas9; broadly neutralizing antibodies; cytotoxic
liposomes; lentivirus

1. Antiretroviral Therapy

Following cell entry, human immunodeficiency virus type 1 (HIV-1) integrates its genome into the
host cell chromosome. While some infected cells produce new virions, others are infected latently and
do not express any viral envelope glycoproteins (Env; gp120/gp41) on their surface [1,2]. Treatment with
antiviral drugs can inhibit the binding of the viral glycoproteins to the co-receptors on host cells (e.g.,
maraviroc), the fusion of the viral membrane with host cells (e.g., enfuvirtide), reverse transcription
of the RNA genome of the virus (e.g., abacavir, lamivudine), integration of the reverse transcribed,
double-stranded DNA into the host cell chromosome (e.g., raltegravir), and the viral protease involved
in viral polyprotein cleavage and virus maturation (e.g., indinavir, darunavir). These treatments,
however, do not eliminate the source of the virus, which is the HIV provirus integrated into the
cellular chromosome.

Various therapeutic approaches have been tried in an attempt to eradicate the source of the virus.
Soon after the introduction of protease inhibitors for HIV therapy, a mathematical analysis of the decay
of blood levels of the virus following the co-administration of nelfinavir, zidovudine, and lamivudine
suggested that cell-free virions and productively infected CD4+ T cells would be eliminated in less
than two months [3]. The analysis also suggested that lymphocytes latently infected with an infectious
provirus could be “completely eliminated after 2.3–3.1 years of treatment with a 100%-inhibitory
antiretroviral regimen.” Nevertheless, the possibility was raised that longer treatment periods might
be needed because of the “possible existence of undetected viral compartments or sanctuary sites”,
as well as the persistence of infected mononuclear cells that could not be activated to produce virions [3].
Therapeutic interventions have also included early antiretroviral treatment during seroconversion,
structured treatment interruptions, and targeted toxins; however, these approaches have not been able
to eradicate the virus [4,5].
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2. HIV-1 Latency

HIV-1 remains latent in some infected cells. These cells do not express any viral proteins on their
surface, and they do not present any peptides in association with Class I major histocompatibility (MHC)
molecules [6–8]. These latently infected cells, widely believed to be memory CD4+ T cells, and possibly
cells of the monocyte-macrophage lineage [9–11], are hidden from recognition by the cellular immune
system and render HIV infection intrinsically incurable with current antiretroviral therapy alone [12].
It is thought that the low-level viremia that continues despite therapy and the short-term viral blips
(RNA below 200 copies/mL) do not depend on the presence of new drug-resistance mutations due to
active replication but rather arise from viral release from stable reservoirs [12,13].

HIV latency is a multifactorial process. In most cases, the HIV-1 proviral DNA, reverse transcribed
from the viral RNA genome, integrates into the host cell genome in regions that are being transcribed
actively. It is ironic that most latent proviral DNA in patients who are on combination antiretroviral
therapy (cART) and have suppressed viral replication are found in actively transcribed segments of
the cellular chromosomes [13]. Several mechanisms of transcriptional interference may be involved
in suppressing the expression of the proviral DNA: (i) the cytoplasmic sequestration of transcription
factors, including NF-κB and NFAT, may inhibit viral gene expression; (ii) if the host promoter is
located upstream of the provirus, the RNA polymerase (Pol II) may “read through” the HIV-1 promoter
(5′-LTR) and displace the transcription factors necessary for viral transcription; (iii) if the proviral
DNA has integrated into the host chromosome in the opposite orientation of the host gene, the RNA
Pol II complexes of the provirus and the host may collide, and RNA transcription stops; (iv) resting
CD4+ T cells have low levels of Cyclin T1, which would otherwise form P-TEFb and also play a
role in HIV-1 transcription and Tat-mediated transactivation—this would therefore result in a lack
of transcription of proviral DNA; (v) methylation of DNA and compaction of chromatin may also
contribute to transcriptional silencing and hence HIV-1 latency [13].

A groundbreaking study by Lehrman et al. [14] showed that inhibition of histone deacetylase
(the chromatin remodeling enzyme that helps maintain the latency of integrated HIV-1) by valproic
acid, together with cART supplemented with enfuvirtide (ENF), reduced the frequency of resting
cell infection. This finding suggested that, with new approaches, it may be possible to reduce or
eliminate the reservoir of HIV in infected individuals. A subsequent study employing raltegravir or
enfuvirtide in addition to standard cART and valproic acid in a slightly larger patient pool showed,
however, that there was no effect on the low-level viremia measured by single-copy plasma HIV
RNA [15]. This approach relied on cell death upon activation of the latently infected cells, or by
recognition and destruction by the immune system. Margolis et al. [16] indicated that “a major
approach to HIV eradication envisions antiretroviral suppression, paired with targeted therapies to
enforce the expression of viral antigen from quiescent HIV-1 genomes, and immunotherapies to clear
latent infection.” Sengupta and Siliciano [17] reiterated this point, stating “neither viral cytopathic
effects nor CTL-mediated lysis may occur upon latency reversal without additional interventions.” In this
mini-review, we describe most of these “additional interventions”, including some approaches from
our laboratory.

3. Latency Reversal

Richman et al. [9] emphasized that latency is likely to be established and maintained by blocks
at different steps in the HIV-1 replicative cycle, which may complicate efforts to eradicate these cells.
One of these blocks was inhibited by the administration of the histone deacetylase inhibitor, vorinostat,
to HIV-infected patients, as shown by cellular acetylation and an increase in HIV RNA expression in
resting CD4+ cells [18]. Thus, the latency of HIV-1 in resting CD4+ cells in patients can be reversed
by a tolerable dose of vorinostat. The low number of latently infected cells in patients has hindered
studies on HIV-1 activation. Latently infected T cell lines are thus useful in experiments identifying the
agents that can activate latent HIV-1. Another problem with the activation of latently infected cells is
the percentage of cells that are actually induced to synthesize viral proteins. The site of chromosomal

24



Pharmaceutics 2019, 11, 255

insertion of HIV-1 DNA affects the response to activating agents; for example, phytohemagglutinin
and vorinostat reactivated proviruses at distinct genomic locations [19]. Since the activation of the cells
will produce infectious virions, it will be necessary to concomitantly employ a cART regimen used in
the studies of Lehrman et al. [20] (2005) and Archin et al. [15].

Latency reversing agents include various protein kinase C activators, such as diacylglycerol
lactones [21], anti-tumor-promoting phorbol esters [4,22] histone deacetylase inhibitors [23],
interleukin-7 [14], toll-like receptor-1 and-7 agonists [24], bryostatin analogs [25] and other
compounds [26,27]. Spina et al. [26] compared the response to numerous activators of primary
T cell models, J-Lat cell lines, and patient-derived infected cells, and found that the different cellular
systems responded differently to the activators than the latently infected T cells obtained from patients.
Nevertheless, protein kinase C agonists and phytohemagglutinin were able to activate latent HIV in
all the cellular models developed in different laboratories. A library of marine natural products was
used to identify four latency reversing agents, including aplysiatoxin, which induced the expression
of HIV-1 provirus in cell lines and primary cell models at concentrations 900-fold lower than that of
prostratin without significant effects on cell viability [28]. The expression of provirus-derived RNA in
single cells upon the reversal of latency—even before the synthesis of viral proteins—may be useful in
delineating the mechanisms of these agents [29].

Another approach to reversing latency is the use of the CRISPR/Cas9-derived systems [SunTag and
synergistic activation mediator (SAM) systems] that recruit several transcriptional activation domains
to an optimal target region within the HIV 5′ long terminal repeat (LTR) [30]. Transcriptional activation
of proviral genomes was observed in various latently infected cell lines at levels comparable to or higher
than treatment with established latency reversal agents and led to the production of infectious virions.
A similar system that comprised an RNA-guided dCas9-VP64 activator targeting the junction between
two NF-κB transcription factor-binding sites within the LTR enhancer region induced transcriptional
activation of latent HIV-1 infection in all latency models tested [31].

In the “shock and kill” studies described above, it was expected that HIV-1-specific CD8+ cytotoxic
T lymphocytes would recognize HIV-1 antigens on the activated CD4+ T cells and kill them. However,
some latency reversal agents were found to also adversely affect the function of CD8+ cells [32,33].
Another consideration in this approach, which is also relevant to the other methods described below,
is the potential of stimulating a deleterious, systemic inflammatory response [33]. Huang et al. [34]
showed that following the ex vivo exposure of CD4+ T lymphocytes from ART-treated individuals to
several latency-reversing agents and autologous CD8+ T lymphocytes reduced cellular HIV DNA but
could not deplete the replication-competent virus. This observation may indicate that cells containing
replication-competent HIV are resistant to cytotoxic T cells.

4. Suicide Gene Therapy

The insertion of potentially cytotoxic genes that can be activated by characteristic proteins
of HIV-1 may be a useful approach to eliminating HIV-1-infected cells. Plasmids expressing the
diphtheria toxin A-fragment (DT-A) under the control of HIV-1 LTR sequences (−167 to +80) could
be trans-activated by the viral Tat protein, but the toxin gene was also expressed to some extent
without Tat [35]. When cis-acting negative regulatory elements from the env region of the viral
genome were incorporated in the 3’ untranslated region of these plasmids, basal expression from
the LTR was minimized. The DT-A gene could then be trans-activated at a maximal level in the
presence of both Tat and Rev proteins from the virus. CD4+ H9 cells that were transduced with a
retrovirus to express this gene construct and then infected with HIV-1 could limit HIV-1 production [36].
The intracellularly “immunized” cells were protected against clinical HIV-1 strains up to 59 days [37].
Co-transfection of HeLa cells with the plasmid expressing DT-A and the proviral HIV-1 clone, HXBΔBgl,
completely inhibited virus production by the cells [38].

Our laboratory is working on developing an HIV-1-specific promoter that minimizes basal
expression (e.g., in the absence of the HIV-1 transactivator, Tat) and that drives the expression of
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suicide genes that would induce cell death specifically in HIV-1-infected cells. As an initial attempt
at modifying the LTR, we generated several clones with deletions in parts of the LTR (Figure 1).
For example, LTR2 had the modulatory region deleted, whereas in LTR3, the NF-κB binding site was
deleted. In a model system employing Tat-expressing HeLa cells and luciferase-expressing, wild-type,
and mutant LTR-driven plasmids, we showed that the mutant LTR2, from which the modulatory
elements at the 5′ end of the LTR were deleted, was 100-fold more responsive to the presence of Tat
(which would only be present in infected cells that are actively producing the virus) than in control
cells not expressing any Tat (e.g., uninfected cells or quiescent, latently-infected cells) [39] (Figure 2).
The LTR2 promoter may now be used to drive the expression of the herpes simplex virus thymidine
kinase (HSV-tk) gene preferentially in infected cells, resulting in cytotoxicity upon administration
of the anti-herpesvirus drug, ganciclovir (Figure 3). To enable this construct to be delivered to all
HIV-1-infected cells, it would most likely have to be incorporated into an HIV-1-based lentiviral vector.
The advantage of this system over the DT-A-based plasmid described above is that it can be turned on
and off. Thus, “treatment” can be initiated by the administration of ganciclovir and interrupted by
ceasing it. We previously studied cytotoxicity induced by the HSV-tk system in oral squamous cell
carcinoma and cervical carcinoma cells [40–43], as well as in an animal model of oral cancer [44,45].

Transcription factor recognition regions & LTR mutant clones 

κ

Figure 1. Transcription factor recognition regions of human immunodeficiency virus type-1 (HIV-1)
long terminal repeat (LTR) and mutated LTR sequences used in HIV-1-specific gene expression studies
shown in Figure 2.

 

Figure 2. Comparison of luciferase gene expression from wild type LTR and LTR mutant clones
(shown in Figure 1) in HeLa cells and HeLa-tat-III cells that constitutively express the HIV-1 Tat protein
(data from [39]).
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Figure 3. (A) HIV-1-lentivirus delivery of LTR2-driven suicide gene (HSV-tk) to a latently HIV-1-infected
CD4+ cell. The suicide gene is then integrated into the chromosome of the cell. (B) Latency reversing
agent-activated HIV-1-infected cell with integrated LTR2-driven suicide gene. The cell produces viral
proteins, including Tat, which activates the LTR2 to express HSV-tk, which then monophosphorylates
ganciclovir that has been delivered to the cell.

There is still a finite amount of luciferase expression from LTR1, LTR2, and LTR3 in the absence of
Tat (Figure 2). Further genetic engineering of the HIV-1 promoter will be necessary to eliminate even
this basal level of gene expression.
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Garg and Joshi [46] cloned the tk gene into the vector, pNL-GFPRRESA, which includes the full
LTR promoter that also expresses GFP in the presence of Tat. Following the selection of cells expressing
GFP and treatment with ganciclovir, virus production and the number of virus-infected cells was
reduced, demonstrating the feasibility of this system.

5. Excision of Chromosome-Integrated HIV-1 DNA

The modification and the development of the clustered regularly interspaced palindromic repeat
(CRISPR)/Cas9 endonuclease system, originally identified in certain bacteria as an adaptive immune
system, has led to a molecular tool that can target specific sequences in DNA [47,48]. This method
could be particularly useful in cells that are not activated to produce HIV proteins and hence are not
amenable to become targets of the immune system (as in the proposed “shock and kill” method), or in
suicide gene activation by the Tat protein (vide supra). This system has been applied to alter the HIV-1
genome and block its expression. CRISPR/Cas9 components targeting various HIV1-derived sequences
were transfected into T cells with integrated, LTR-driven GFP and TAR sequences. Upon stimulation
of the cells, LTR-driven gene expression was inhibited significantly [49]. Sequence analysis confirmed
that the targeted LTR and TAR sequences were cleaved.

Following the cleavage by the enzyme Cas9 of specific DNA sequences determined by
intracellularly delivered guide RNA, the non-homologous end joining (NHEJ) machinery of the
cells causes insertions and deletions (termed “indels”) at the cleaved site, thereby causing the
impairment of DNA function at the site. In the case of HIV-1-infected cells, these indels can inactivate
the virus, but they can also produce replication-competent virions that have a slightly different proviral
DNA sequence. These sequences may now be resistant to recognition by the same guide RNA [50],
demonstrating that the CRISPR/Cas9 system can both inactivate HIV-1 and generate mutant virus [51].

Transcription activator-like effector nucleases (TALENs) [52] were employed to target the LTR
site used with the CRISPR/Cas9 system above. The intracellular introduction of mRNA encoding the
specific TALEN caused about 80% of the target DNA to be removed [53].

The Cas9/guide RNA (gRNA) system was utilized to target the HIV-1 LTR U3 region and excised
a 9709 bp fragment of integrated proviral DNA from its 5’ to 3’ LTRs [54]. This resulted in inactivation
of viral gene expression and replication in various cell types, including a microglial cell line and a
promonocytic cell line, without causing genotoxicity or off-target effects in the host cells. The same
approach was applied to latently infected human CD4+ T-cells to cleave the chromosome-integrated
proviral DNA, and whole-genome sequencing of the treated cells indicated that there was no effect on
cell viability, cell cycle, and apoptosis. The co-expression of Cas9 and the targeting gRNAs in cells
from which HIV-1 had been eradicated protected the cells against de novo HIV-1 infection [55]. In a
study with transgenic rodents with the HIV-1 genome, a short version of the Cas9 endonuclease was
used in conjunction with a multitude of gRNAs that targeted the viral 5’-LTR and the gag gene and
delivered in an adeno-associated virus [56]. This treatment resulted in the generation of a 978 bp HIV-1
DNA fragment in various organs and in circulating lymphocytes, indicating the cleavage of part of the
proviral DNA.

6. Cytotoxic Liposomes Targeted to HIV-1-Infected Cells

In addition to the delivery of an HIV-1-activated suicide gene into latently-infected cells,
our laboratory is focusing on the killing of such cells by targeting liposomes encapsulating cytotoxic
drugs to infected cells whose latency has been reversed and that now express Env on their
surface. For this purpose, we are coupling broadly neutralizing anti-Env antibodies (bNAb) [57–59],
CD4-immunoadhesin [60], or CD4-derived peptides [61] as ligands to target the activated cells (Figure 4).
Such liposomes are expected to be internalized, as shown for liposomes targeted to cancer cells [62,63]
(vide infra) and kill the infected cells. To prevent an immune reaction to the antibodies, they can be
engineered to be “humanized” for eventual clinical use, as in the case of a number of antibody-based
drugs, including anti-HER2 [64].

28



Pharmaceutics 2019, 11, 255

.

Figure 4. Cytotoxic liposome targeted to cell surface Env, which is expressed following treatment of
a latently infected cell with a latency reversing agent. The targeting ligand is a broadly neutralizing
anti-Env antibody. The liposome is endocytosed after binding to cell surface Env. The liposome may
be engineered to be pH-sensitive so as to destabilize the endosome membrane at mildly acidic pH
achieved in the endosome lumen and to enhance drug delivery to the cytoplasm.

Sterically stabilized liposomes containing poly(ethylene glycol) (PEG)-conjugated lipids and
loaded with the cytotoxic DNA-intercalating anticancer drug, doxorubicin, are currently approved
for the treatment of Kaposi’s sarcoma, ovarian cancer, breast cancer, and multiple myeloma [65].
These liposomes have prolonged circulation in the bloodstream and can extravasate into tissues,
including lymph nodes [66]. Liposomes administered subcutaneously are cleared via the local
lymph nodes [66,67], thus localizing in tissues where HIV-1 is either replicating or hiding in latently
infected cells [68–70]. Subcutaneous injection of liposomes carrying indinavir resulted in a 21–126 fold
higher accumulation of the drug in all tissues compared to the free drug [71]. Indinavir delivered
subcutaneously in liposomes to HIV-1-infected macaques localized in lymph nodes and caused a
significant reduction in viral load [72]. Liposomes encapsulating the HIV-1 protease inhibitor, L-689,502,
reduced the EC50 of the drug by 3-5-fold in infected macrophages [73]. The protease inhibitor PI1
encapsulated in liposomes targeted to gp120 expressed on infected cells via the antibody F105 had
a 10-fold higher anti-HIV activity than the free drug at 100 nM [74]. However, it should be noted
that, although the activity of antiviral agents can be enhanced by delivery in liposomes, and passive
targeting to lymph nodes may reduce the need for daily administration of the drugs, this approach
will not lead to the eradication of HIV-1-infected cells.

Nevertheless, liposomes containing cytotoxic drugs and targeted via anti-HER2 (ErbB2)
monoclonal antibody fragments have been utilized in cancer chemotherapy. For example, they enhanced
doxorubicin uptake in HER2-overexpressing cells in culture by up to 700-fold and resulted in tumor
regression in five different tumor xenograft animal models [62], indicating their superior ability to kill
tumor cells. Doxorubicin liposomes targeted to cell surface CD44 receptors on B16F10 melanoma cells
had a 5-6-fold higher rate constant of cell killing than the free drug for a given amount of intracellular
doxorubicin [63], showing the effectiveness of targeting. Sterically stabilized liposomes can also be
rendered pH-sensitive to facilitate or enhance the intracellular delivery of cytotoxic drugs [75,76].

Since latently infected cells do not express the viral glycoproteins on their surface, they need
to be activated by “latency reversing agents” to produce HIV-1 and express Env and hence will be
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recognizable by the targeted liposomes. These liposomes do not have to be administered for prolonged
periods of time, since they will eliminate HIV reservoirs, unlike current treatment modalities with
lifelong administration of antiviral agents. Thus, the inconvenience of subcutaneous, intravenous,
intraperitoneal, or spinal delivery of liposomes is likely to be tolerable by patients who are likely to be
cured of their HIV infection, perhaps after a series of injections.

The activated, previously latently infected cells are thus expected to express the HIV-1 Env protein
on their surface, be recognized by the targeted cytotoxic liposomes, and be killed as a result of the
intracellular delivery of the cytotoxic drug.

The fact that doxorubicin encapsulated in sterically stabilized liposomes is already approved
for clinical use in the treatment of various cancers supports the feasibility of our approach [65,77].
An additional route of liposome administration for lymph node accumulation is intraperitoneal
injection [78]. Anti-HLA-DR-bearing sterically stabilized liposomes accumulate in the lymph node
cortex following subcutaneous injection [79]. Liposomes can also be injected into the spinal cord,
as demonstrated in an animal model [80], enabling them to reach HIV-1-infected macrophages/microglia
in the central nervous system [81]. Although this appears to be a difficult procedure, it is considerably
more applicable than complete eradication of the immune system for bone marrow transplantation
of HIV-1-resistant CCR5Δ32/Δ32 hematopoietic stem cells, a method that was applied in curing the
“Berlin patient” and the “London patient” [82,83]. Therefore, after we demonstrate that targeted
cytotoxic liposomes can specifically eliminate HIV-1-infected cells in culture, it will be possible to apply
this method in vivo in HIV-1 infection models and eventually in patients.

7. Concluding Remarks

HIV-1 latency, the ability of the HIV-1 genome to remain in the chromosomes of resting CD4+ T
cells and macrophages without being expressed, has been an important challenge in attaining HIV-1
remission and an eventual cure. It is astounding that a virus with just a few genes has evolved a
way to reverse transcribe and integrate its genome into host cell chromosomes, but that virologists
and molecular biologists throughout the world have not yet come up with an effective solution to
excise or inactivate the viral genome or to specifically kill the infected cells. One possible reason for
this is that the prevailing dogma in the scientific community soon after the identification of HIV-1
and HIV-2 as the etiologic agents of acquired immune deficiency syndrome (AIDS) was that it was
impossible to cure HIV/AIDS and that our efforts should be focused on preventing viral replication.
Nevertheless, in 1993, we proposed to use oligonucleotide-conjugated endonucleases [84,85] to cleave
the chromosome-integrated HIV-1 provirus. In 2004, we also proposed to use triple-helix forming
oligonucleotides [86,87] with an intervening spacer that would hybridize with the viral LTRs at the
beginning and the end of the provirus, thereby connecting the two LTRs via the spacer and potentially
inducing DNA repair mechanisms that would remove the looped DNA. We expect that the approaches
we reviewed here (suicide gene therapy to kill infected cells, excision of chromosome-integrated HIV-1
DNA, and cytotoxic liposomes targeted to latency-reversed HIV-1-infected cells) will be developed
further to be able to treat infected patients.
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Abstract: Hot-melt granulation is a technique used to obtain granules by dispersing a drug in
polymers at a high temperature. Tenofovir, an antiretroviral drug with proven activity as a vaginal
microbicide, was dispersed in melted Gelucire® (or a mixture of different Gelucire®) to obtain
drug-loaded granules. Studies performed on the granules proved that the drug is not altered in
the hot-melt granulation process. The granules obtained were included in a matrix formed by the
hydrophilic polymers hydroxypropylmethylcellulose and chitosan to obtain vaginal tablets that
combine different mechanisms of controlled release: The Gelucire® needs to soften to allow the
release of the Tenofovir, and the hydrophilic polymers must form a gel so the drug can diffuse
through it. The studies performed with the tablets were swelling behavior, Tenofovir release, and ex
vivo mucoadhesion. The tablets containing granules obtained with Tenofovir and Gelucire® 43/01 in
a ratio of 1:2 in a matrix formed by hydroxypropylmethylcellulose and chitosan in a ratio of 1.9:1 were
selected as the optimal formulation, since they release Tenofovir in a sustained manner over 216h
and remain attached to the vaginal mucosa throughout. A weekly administration of these tablets
would therefore offer women protection against the sexual transmission of HIV.

Keywords: controlled release; ex vivo bioadhesion; Gelucire®; Human Immunodeficiency Virus;
mucoadhesive vaginal compacts; Tenofovir

1. Introduction

The hot-melt granulation technique consists of dissolving or dispersing an active principle in
one or more melted polymers in order, after cooling, to obtain granules with a defined structure [1].
The melt entropy of the different components determines whether they will crystallize simultaneously,
in turn conditioning the microstructure of the granules in the solid state [2].

The most common applications of this technique in pharmaceutical development are targeted
drug release, masking the taste of active substances, and particularly improving the solubility of poorly
soluble drugs [3]. In the latter case, solid dispersions of the drug are usually prepared in an inert
hydrophilic matrix, causing the active principle to convert from its crystalline state to an amorphous
form and improving its solubility [4]. However, this technique could also be applied in reverse to delay
the dissolution of water-soluble drugs, which would aid the development of sustained-release systems
capable of releasing the drug at a given rate, thereby achieving a constant concentration of the active
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principle at the site of action [3,4]. Some references to this possibility can be found in the literature:
Mini-matrices have been developed where the drug is found in polymers as diverse as ethyl cellulose
and xanthan gum [5], polyvinylpyrrolidone (PVP) [6], thermoplastic polyurethane [7] or ethylene
vinyl acetate and polyethylene oxide [8]. One alternative yet to be explored would be to develop these
systems using as carriers various Gelucire®, a group of amphiphilic excipients commonly used to
develop sustained-release matrices [9,10]. Another advantage is that Gelucire® is commercialized with
different melting points and hydrophilic-lipophilic balances (HLB), offering a wide range of options
from which to select the most suitable for our purposes [11].

This last option—developing systems for the sustained release of drugs—raises the possibility of
applying this technique to produce a vaginal microbicide to prevent the sexual transmission of the
human immunodeficiency virus (HIV). A vaginal microbicide is any suitably formulated compound
which, when applied in the vagina before intercourse, has the ability to prevent or reduce the
transmission of sexually-transmitted diseases. The latest published data reflect the gender inequality
in HIV protection, with an estimated 18.6 million women and girls living with the virus, and three
young women infected every four minutes [12]. This explains the growing interest in recent decades in
developing this type of formulations as a tool to protect women from the sexual acquisition of HIV.

Tenofovir (TFV) is an antiretroviral drug, specifically a nucleotide analogue reverse transcriptase
inhibitor, approved by the Food and Drug Administration and recommended by the World Health
Organization for its use as a first-line drug for the treatment of HIV [13]. It has also been extensively
studied for the development of vaginal microbicides, mainly since the publication in 2010 of the results
of the CAPRISA 004 trial, in which a 1% TFV gel showed a 39% effectiveness in protecting against
HIV infection [14]. However, the fact that it required a daily application reduced the effectiveness of
the formulation, so the current trend is to develop sustained-release formulations that require less
frequent administration [15]. TFV is a hydrophilic drug that is soluble in aqueous media, such as
vaginal fluid, requiring techniques to obtain sustained-release formulations that slow its dissolution
rate in the vaginal environment.

The aim of this work is to prepare granules of TFV by hot-melt granulation using one or more
Gelucire® containing mono-, di- and triglyceride esters of fatty acids (C8 to C18), –Gelucire® 39/01
(G39) and Gelucire® 43/01 (G43)–, which are characterized by their low HLB value (HLB = 1) and
low melting point (39 ◦C and 43 ◦C respectively). However, rather than manufacturing matrices, the
granules are incorporated in a hydrophilic matrix formed by a combination of hydroxypropylmethyl
cellulose (HPMC) and chitosan (CH), two polymers that are capable of swelling in the presence of
vaginal fluid and have proven to be an excellent choice for the development of sustained drug-delivery
systems [16]. Vaginally administered tablets could then be developed in which the release of the drug
would be conditioned by multiple factors. A Gelucire® with a predominantly lipophilic rather than
hydrophilic character would prevent the dissolution of the granules in the vaginal medium, while their
low melting point would cause Gelucire® to soften at body temperature and allow the vaginal fluid to
diffuse through it and dissolve the drug; alternatively, the combination of HPMC and CH would swell
with the vaginal fluid and form a gel which would initially delay the arrival of the vaginal fluid at
the granules, and subsequently hinder the diffusion of the dissolved drug through the gel to reach
the vaginal environment. The aim is to develop mucoadhesive systems that offer weekly protection
against HIV infection and encourage greater adherence to the use of the microbicide, due to their lower
frequency of administration, and consequently achieve greater protective efficacy.

2. Materials and Methods

2.1. Materials

Gelucire® 39/01 (G39, lot: 3E3701-2) and Gelurice® 43/01 (G43, lot: 1E5203-2) were a gift from
Gattefossé (Saint-Priest, France). Tenofovir (TFV, lot: FT104801401) was supplied by Carbosynth
Limited (Berkshire, UK). Chitosan, whose properties were characterized experimentally determining
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that it has a molecular weight of 32.1 kDa—being therefore a low-molecular-weight chitosan-, with an
intrinsic viscosity of 24.75 dL/g and a degree of deacetylation of 54. 7% [17] (CH, lot: 0055790), was
provided by Guinama (La Pobla de Vallbona, Spain). Hydroxypropylmethylcellulose—Methocel® K
100 M (HPMC; lot: SB13012N31) was kindly supplied by Colorcon Ltd. (Kent, UK). Anhydrous calcium
hydrogen phosphate—Emprove®—(ACDP; lot: K93487944416) was supplied by Merck (Darmstadt,
Germany). Polyvinylpyrrolidone—Kollidon® 30—(PVP; lot: 98-0820) was purchased from BASF
Aktiengesellschaft (Ludwigshafen, Germany). Magnesium stearate PRS-CODEX (MgSt; lot: 85269
ALP) was acquired from Panreac (Barcelona, Spain).

All other reagents in this study were of analytical grade and used without further purification.
Demineralized water was used in all cases.

2.2. Preparation of the Granules

The granules were prepared using G39, G43 and a mixture of both in equal proportions in the
carrier/TFV ratios, shown in Table 1. The granules were obtained by first melting the Gelucire® in
an oil bath (Selecta® Univeba-401, Barcelona, Spain), taking care to ensure the temperature never
exceeded 50◦C. Once completely melted, the TFV was incorporated and the mixture was stirred until
the drug was homogeneously dispersed. The mixture was then spread over a smooth non-stick surface
and left to stand at room temperature for a few minutes to solidify. Finally, the solidified mixture was
forced through a 1 mm mesh to obtain the granules. Thus, this ensured that all granules obtained had
a size of < 1mm in diameter.

Table 1. Granule composition (mg).

Granules Tenofovir Gelucire® 39 Gelucire® 43

TFV-1-G43-2 30 60
TFV-1-G43-1 30 30
TFV-2-G43-1 30 15
TFV-1-G41-2 30 30 30
TFV-1-G39-2 30 60

2.3. Characterization of the Granules

2.3.1. Infrared Spectroscopy

Fourier Transform Infrared Attenuated Total Reflection Spectroscopy (FTIR-ATR) was used
to characterize the pure materials and prepared granules with a Perkin-Elmer spectrophotometer
equipped with a MIRacle™ accessory designed for FTIR-ATR measurements (Perkin-Elmer, Waltham,
MA, USA).

2.3.2. Thermal Analysis

Hot-stage microscopy studies were performed between 30 ◦C and 350 ◦C. Approximately 1 mg of
each sample was placed on a microscope slide with a cover on a Kofler stage and heated at a rate of
2 ◦C/min. A thermogalen microscope fitted with the Kofler stage (Leica, Wetzlar, Germany) was used
for the microscopy examinations.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were done in an
SDT-Q 600 TA Instruments TG/DTA analyzer (TA Instruments, New Castle, DE, USA). In this case,
about 5−10 mg of samples were placed in a pinholed aluminium sample pan with a lid and heated in
atmospheric air to between 30 ◦C and 500 ◦C at a rate of 10 ◦C/min.

2.3.3. X-ray Diffraction

An automated Philips X’Pert-MPD X-ray diffractometer with Bragg–Brentano geometry (Malvern
Panalytical Ltd., Royston, UK) was used to obtain the X-ray diffraction patterns of pure materials and
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all granulated systems. Monochromatized Cu-Kα radiation (λ = 1.5406 Å) was irradiated over the
samples at 45 kV, 40 mA and a time per step of 2 s, and analyzed between 2θ angles of 5◦ and 50◦.

An X-ray thermodiffraction of the TFV was also performed using an X’Pert PRO MPD in
theta-theta configuration with an Anton Paar HTK1200 high-temperature camera (Malvern Panalytical
Ltd., Royston, UK). Monochromatized Cu-Kα radiation (λ = 1.5406 Å) was irradiated over the sample
at 45 kV and 40 mA. The sample was heated to 5 ◦C/min and analyzed between 2θ angles of 5◦ and
50◦ at 25 ◦C, 150 ◦C, 175 ◦C and 225 ◦C. The sample was then cooled at the same rate and analyzed at
200 ◦C, 150 ◦C and 25 ◦C under the same conditions.

2.4. Preparation of the Tablets

Vaginal tablets were developed with a combination of hydrophilic polymers (HPMC and CH)
containing the granules developed previously. Each granulated system was in turn included in three
different combinations of HPMC and CH. HPMC, CH and ACDP were mixed, and the mixture was
then wetted with a solution of PVP in ethanol to produce a mass, which was granulated using a 1 mm
mesh. Three granulates were obtained (C1, with a ratio of 1:1 HPMC/CH; C2, with a ratio of 1.9:1
HPMC/CH; and C3, with a ratio of 1:1.9 HPMC/CH) and dried at room temperature for 24 h. Lastly,
each granulate was mixed with the TFV granules for a final content of 30 mg of drug and 290 mg
of hydrophilic polymer per tablet. All granulates were prepared by forcing them through the same
mesh to ensure that all granules—polymeric and TFV-loaded granules—had the same size (<1 mm
in diameter), and the blends were homogeneous. MgSt was added to the total dried granules before
tableting. The final content of each batch is shown in Table 2.

Table 2. Tablet composition (mg/unit).

Batch HPMC CH ACDP PVP TFV G43 G39 MgSt

TFV-1-G43-2 C1 145 145 45 27 30 60 3
TFV-1-G43-2 C2 190 100 45 27 30 60 3
TFV-1-G43-2 C3 100 190 45 27 30 60 3
TFV-1-G43-1 C1 145 145 45 27 30 30 3
TFV-1-G43-1 C2 190 100 45 27 30 30 3
TFV-1-G43-1 C3 100 190 45 27 30 30 3
TFV-2-G43-1 C1 145 145 45 27 30 15 3
TFV-2-G43-1 C2 190 100 45 27 30 15 3
TFV-2-G43-1 C3 100 190 45 27 30 15 3
TFV-1-G41-2 C1 145 145 45 27 30 30 30 3
TFV-1-G41-2 C2 190 100 45 27 30 30 30 3
TFV-1-G41-2 C3 100 190 45 27 30 30 30 3
TFV-1-G39-2 C1 145 145 45 27 30 60 3
TFV-1-G39-2 C2 190 100 45 27 30 60 3
TFV-1-G39-2 C3 100 190 45 27 30 60 3

HPMC: Hydroxypropylmethylcellulose; CH: Chitosan; ACDP: Anhydrous calcium hydrogen phosphate.

The tablets were produced using a press similar to the one used for preparing solid samples for
analysis by IR spectroscopy. A constant pressure of 5 tons was applied for four minutes using a punch.
The resulting tablets were cylindrical in shape with a diameter of 13 mm and a height of 2.5–2.8 mm.

2.5. Assessment of the Tablets

2.5.1. Swelling Behavior

The method described by Ruiz-Caro et al. [18] was used to analyze the swelling behavior of each
batch in simulated vaginal fluid (SVF) [19]. The test was done in triplicate in a shaking water bath
(Selecta® UNITRONIC320 OR, Barcelona, Spain) at 37 ◦C and 15 opm. The discs were removed from
the medium at predetermined times, placed on filter paper to eliminate excess liquid and weighed.
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The swelling ratio (SR) was calculated following Equation (1) where Ts and Td correspond to the
swollen and dry tablet weights respectively:

SR =
Ts − Td

Td
·100. (1)

Since the initial tablet weight varies depending on the amount of Gelucire® it contains, the SR of
different batches was compared by determining the adjusted swelling ratio (ASR), where the weight
increment is related to the amount of swellable polymer, as shown in Equation (2) where SR, Td and
SP correspond respectively to the swelling ratio determined by Equation (1), the dry tablet weight,
and the amount of swellable polymer in the tablet:

ASR =
SR· Td

SP
. (2)

2.5.2. Release Study

The release of TFV from the batches was evaluated with the method described by
Sánchez-Sánchez et al. [20]. The tablets were immersed in 80 mL of SVF in a borosilicate glass bottle
and placed in a shaking water bath (Selecta® UNITRONIC320 OR, Barcelona, Spain) at 37 ◦C and
15 opm. The test was performed in triplicate. Release tests are performed in sink conditions because
the solubility of TFV in SVF, measured at room temperature, is 4 mg/mL. 5 mL samples were taken
and filtered at given times, and the medium was replaced with the same volume of SVF at the same
temperature. The TFV released was quantified by UV spectroscopy at a wavelength of 260 nm in a
Shimadzu® UV-1700 (Kyoto, Japan).

The similarity factor (f 2) (Equation (3)) was calculated in order to statistically demonstrate the
differences between the batches.

f2 = 50 × log

⎧⎨
⎩
[

1 +
(

1
n

) n

∑
j=1

Wj
∣∣Rj − Tj

∣∣2]−0.5

× 100

⎫⎬
⎭. (3)

This is a model-independent index described by Moore and Flanner [21], where n is the number
of samples for each dissolution test, Rj and Tj are the drug release percentage at each time for the
reference and test product respectively, and Wj is a weight factor, which in this study is equal to 1.
A value of f 2 > 65 means similarity between the profiles of over 95%, while f 2 < 65 indicates that the
profiles are significantly different [22].

Finally, the experimental drug-release data were fitted to different model-dependent methods
(zero order, first order, Higuchi, Hixson-Crowell, Hopfenberg and Korsmeyer-Peppas models) to
investigate the drug release kinetics [23].

2.5.3. Mucoadhesion Test

The method described by Notario-Pérez et al. [24] was used to evaluate ex vivo mucoadhesion
time. A sample of freshly excised veal vaginal mucosa was obtained from a local slaughterhouse and
attached to an 8.5 cm × 5 cm stainless steel plate with a cyanoacrylate adhesive. Each tablet was
then placed over the mucosa and weight of 500 g was applied for 30 s. The system was placed at
an angle of 60◦ in a beaker containing 150 mL of SVF and then in the shaking water bath (Selecta®

UNITRONIC320 OR, Barcelona, Spain) at 37 ◦C and 15 opm. All batches were tested in duplicate.
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3. Results and Discussion

3.1. Characterization of the Granules

3.1.1. Infrared Spectroscopy

The analysis of the granules by FTIR-ATR, and the subsequent comparison with the spectrum
obtained by analyzing the raw materials used in their preparation, reveal any possible interactions
that may have occurred at the molecular level during the granulation process. These interactions—if
they occur—require an in-depth analysis to ensure that the therapeutic efficacy of the TFV has not
been modified.

The two types of Gelucire® analyzed (G39 and G43) showed a very similar FTIR-ATR spectrum,
which is to be expected given their close structural similarity (Figure 1B). These spectra are also clearly
similar to those obtained by other authors with other types of Gelucire® [25]. Characteristics worth
noting include a band at around 1650 cm−1 corresponding to the C–O bonds and another double band
around 2800 cm−1, due to the C=O bond [26].

Figure 1. FTIR-ATR spectra of TFV, G43 and their combinations (A); and TFV, G43, G39 and their
combinations in a 1:2 ratio of TFV/Gelucire® (B). The absorbance spectra (right axes) correspond
to TFV.

TFV is notable for a band around 1700 cm−1, corresponding to C=O stretching [27]. It also has
bands at 3100 cm−1 and 3200 cm−1 corresponding to C–H and N–H bonds respectively [28] (Figure 1).

The results of the spectra obtained with the prepared granules are in all cases very similar, and
always resemble the results that would be obtained by superimposing the spectra for the raw materials
(Figure 1).

The FTIR-ATR analysis confirms that the raw materials—Gelucire® and TFV—do not interact with
each other at a molecular level during the granulation process, thus maintaining the drug’s properties.
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3.1.2. Thermal Analysis

Thermal analysis was performed in order to determine the characteristics of the granules in
greater detail. The TGA analysis (Figure 2) shows the weight lost by the granules during heating.
The raw materials were also analyzed using this technique. In the case of TFV, about 5% of the weight is
lost at around 90 ◦C (this is probably a loss of the water captured by the drug during storage), followed
by a strong degradation that possibly corresponds to the drug decomposition, beginning at around
320 ◦C. At 500 ◦C, the sample maintains about 65% of its initial weight. In contrast, the Gelucire®

samples show no water loss in the TGA analysis, due to the Gelucire®’s limited uptake of water at
ambient humidity conditions [29], and there is no change in the TGA curves until around 240 ◦C. From
this point until 370 ◦C the samples undergo a marked decomposition and lose over 80% of their weight.
With further heating, Gelucire® samples continue losing weight more slowly and when the test ends
at 500 ◦C, less than 5% of the initial weight remains. Both G43 and G39 show similar results, but
should be noted that the final weight loss is lower in the G39 sample. These minor differences between
the different Gelucire® products can be attributed to the slight variations in their composition [11].
Granules combining TFV and Gelucire® in all cases display an intermediate behavior between the raw
materials used in their manufacture. The comparison of granules with different TFV/Gelucire® ratios
show that the greater the amount of Gelucire® included in the sample, the higher the final weight
loss (Figure 2A). The variations are almost negligible in granules prepared with different Gelucire®,
although the inclusion of more G39 than G41 can still be seen to cause the granules to degrade more, as
in the case of the raw materials. Finally, it should also be noted that no weight loss is observed in the
TGA analysis of the granules at around 90 ◦C, as occurs in the TFV sample, which confirms that the
weight loss is due to water, as the raw materials are heated and the water has already been removed
during the preparation of the granules.

 

Figure 2. Thermogravimetric analysis (TGA) curves of TFV, G43 and their combinations (A); and TFV,
G43, G39 and their combinations in a ratio of 1:2 of TFV/Gelucire® (B).

DSC analyses were performed to check if during the process of preparation of the solid dispersion
it occurs the dissolution of the active principle in the molten vehicle, which would later be reversible
by crystallization of the TFV during the cooling of the binary system, and the results are shown in
Figure 3. The TFV DSC curve is characteristic, due to an endothermic peak at around 160 ◦C and an
exothermic peak at around 220 ◦C, which may correspond to changes in the crystallinity of the drug.
A stronger endothermic peak beginning at 295 ◦C corresponds to the TFV melting point [30]. Finally,
drug decomposition is observed at around 315 ◦C.

An endothermic peak can be seen in both G43 and G39 at approximately their respective melting
points. These melting points begin shortly after ambient temperature, as has already been observed by
other researchers [31], and can be explained by the fact that Gelucire® are multicomponent mixtures
with a semi-solid nature. Exothermic readings beginning at 230 ◦C are observed in both Gelucire®,
and the main difference is in their decomposition, which in both cases begins after 400 ◦C but is much
more vigorous for G43 than for G39.
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When analyzing the DSC curves from the granules combining one or both Gelucire® with TFV,
the main observation is an intermediate curve between the curves obtained from the raw materials.
The three characteristic peaks of TFV appear in all the prepared granules, so mixing with Gelucire®

apparently has no effect on the drug. Nevertheless, it should be noted that the inclusion of TFV appears
to lower the melting point of Gelucire® (Figure 3).

 
Figure 3. Differential scanning calorimetry (DSC) curves of TFV, G43 and their combinations (A); and
TFV, G43, G39 and their combinations in a ratio of 1:2 of TFV/Gelucire® (B).

Finally, hot stage microscopy (HSM) was performed to complete the thermal analysis of the
samples. TFV can be seen as a crystalline substance in the visualization. When heating the sample,
some changes in the shape of particles are observed at 167 ◦C. The temperature continues rising and
a similar behavior can be seen on reaching 220◦C. These two changes may correspond to crystalline
transitions of TFV, as was assumed to occur when analyzing the DSC curve. Finally, the sample begins
to melt at around 265 ◦C.

Both Gelucire® appear as irregularly-shaped particles of a waxy substance with a rough surface.
They are crystalline, since polarized light can pass through the samples. The start of the melting
process is identified by HSM at a somewhat lower temperature than indicated by the supplier (40 ◦C
for G43 and 36 ◦C for G39), as shown in the DSC analysis (Figure 3). G39 turns brown at around 310◦C,
as though the sample had charred, and it appears to start boiling.

Very similar results are obtained when analyzing the granules by HSM. The main changes are
summarized in Figure 4. They all appear in the microscope as irregular particles that allow the partial
passage of polarized light. In all the samples, the first change observed is the melting of the Gelucire®.
The more G39 there is in the granules, the lower the melting point (Figure 4). When comparing samples
containing only G41 and TFV, the granules with twice as much TFV as G41 have a higher melting
point. However, the melting of G41 is more difficult to visual identify, due to its low proportion, so it
probably occurs before it can be visually detected (when a halo of melted Gelucire® is seen around
the TFV particles). Once the Gelucire® is completely melted, there are more particles that allow the
passage of polarized light, corresponding to TFV crystals surrounded by melted Gelucire®. The first
crystalline transition in the TFV raw material is not detected in any of the granules. However, an
interesting phenomenon occurs at the temperature of the second crystalline transition of TFV. From
212 ◦C to 226 ◦C, depending on the sample, the TFV crystals that allow the passage of polarized light
to disappear, probably because after the change in its crystallinity TFV is able to dissolve into the
melted Gelucire®. This ability of melted Gelucire® to dissolve drugs has also been noted by other
researchers [31]. However, some TFV crystals are still in evidence, so the amount of molten Gelucire®

is insufficient to dissolve all the TFV present in the sample. A little later, at between 224 ◦C and
251◦C, the sample carbonizes and turns brown, probably because the dissolved TFV has burned.
Between 262–270 ◦C, the remaining particles that still allow the passage of polarized light disappear
completely in some samples, corresponding to the melting of the undissolved TFV, which occurs at the
temperature at which the TFV raw material melts. Finally, at around 290 ◦C, the Gelucire® can be seen
to be boiling. After analyzing all the information from the thermal analysis of the granules, it can be
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confirmed that no interaction between Gelucire® and TFV occurs at the manufacturing temperatures;
however, a more in-depth study was made using X-ray diffraction techniques to confirm the TFV
transitions and some of the interactions that are assumed to occur at higher temperatures.

 
Figure 4. Diagram of the changes visualized during the observation of TFV, Gelucire® and the granules
by hot stage microscopy.

3.1.3. X-ray Diffraction

X-ray spectrometry studies were performed to evaluate if these is any change in the crystalline
state of the drug during the granulation process. These studies could also corroborate the hypotheses
formulated after the thermal analysis of the granules. First the raw materials (TFV, G43 and G39) and
the manufactured granules were analyzed to compare them and confirm that there is no interaction
between the drug and the carriers during granulation.

The X-ray diffraction pattern for TFV reveals the four characteristic peaks of the drug at 7.3,
14.7, 18.3 and 23.4◦ 2θ [32]. This clearly confirms that TFV is a crystalline substance, as observed in
HSM. There are hardly any differences between G43 and G39, and both are crystalline (as observed
in HSM) with two intense peaks at 20.9 and 23.1◦ 2θ. This agrees with the results obtained for other
Gelucire®, which also present peaks at between 20–25◦ 2θ [33]. A third peak of lower intensity can
also be distinguished at around 6.8◦ 2θ, which is more clearly visible in G39 (Figure 5). The spectra
observed in the granules is a mixture of the spectra obtained with their component raw materials, and
the lower the proportion of each material in the composition of the granules, the lower the intensity of
the characteristic peaks (Figure 5).

 

Figure 5. X-ray diffraction patterns of pure TFV, G43 and their combinations (A); and TFV, G43, G39
and their combinations in a ratio of 1:2 TFV/Gelucire® (B).

In conclusion, this analysis allows us to confirm that no drug-Gelucire® interaction occurs in the
granulation process.

However, various changes were observed in TFV in DSC and HSM that have been attributed to
the crystalline transition of the drug, although a further study was done to confirm this.

The X-Ray thermodiffraction technique revealed the changes in the drug’s crystallinity caused by
temperature. A study was done to confirm that the changes observed in DSC and HSM at 167 ◦C and
220 ◦C correspond to the crystalline transition of TFV. This consisted of measuring a sample of pure
TFV by X-ray diffraction at room temperature (25 ◦C) and then after heating. The temperature was
maintained for five minutes before and after the temperatures at which changes were observed, then a
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measurement was taken by X-ray diffraction. After reaching 225 ◦C, higher than the temperatures at
which the previous change had occurred, the sample was cooled and new measurements were taken
using the same procedure to determine whether the temperature-related changes are reversible.

The spectra observed when the sample was analyzed at 25 ◦C is exactly the same as in the previous
study at room temperature (Figures 5 and 6). Although other authors have found that the crystallinity
of TFV does not change with temperature, their studies reached only 80 ◦C [32,34]. In our study, the
sample was heated to 150 ◦C before taking the second measurement, prior to the first change in the
structure of TFV. Surprisingly, changes can be seen in TFV at this temperature. This is probably because
the first transition has already begun, as the characteristic peaks have been displaced to 7.3◦ and 23.4◦

2θ, the peak that was present at 14.7◦ 2θ has disappeared, and a series of peaks have appeared between
16–19◦ 2θ. At 175 ◦C, the spectrum is completely different to the one obtained at 25 ◦C, with a double
peak between 8–9◦ 2θ, another two double peaks around 17–18◦ 2θ, and a band with multiple peaks
between 19–20◦ 2θ that were not observed at lower temperatures. This clearly confirms that the first
crystalline transition of TFV is complete (Figure 6). At 225 ◦C the spectrum is slightly different: The
peak at 9◦ 2θ disappears and the intensity of the peak at 17◦ 2θ decreases. The second crystalline
change is therefore complete at 225 ◦C, allowing the dissolution of TFV in its new state in the melted
Gelucire®, as observed in the HSM studies. Finally, the sample was cooled and new measurements
were taken, and no change was observed in X-ray diffraction, thus confirming that the crystalline
changes in TFV are irreversible.

 

Figure 6. X-ray thermodiffraction patterns of pure TFV while heating to 25 ◦C (a), 150 ◦C (b), 175 ◦C (c)
and 225 ◦C (d); and then while cooling to 200 ◦C (e), 150 ◦C (f) and 25 ◦C (g).

After the IR, thermal and X-ray analysis of the prepared granules, we can confirm that TFV is not
altered in the hot-melt granulation process but conserves its therapeutic properties, thus enabling the
use of the granules for prevention of HIV.

3.2. Assessment of the Tablets

3.2.1. Swelling Behavior

The evaluation of the swelling behavior of the formulations has a twofold importance: The capture
of water is the main mechanism controlling the release of the drug, since it is unable to diffuse until
the hydrophilic polymer swells and the water surrounds the granules [35]; and the swelling of the
formulations can be seen as a way of improving adherence to prophylactic treatment, as the lower
water capture would make the tablets more comfortable for women.
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The inclusion of the drug granulated with G43 in the polymer matrix clearly improves the
formulation in terms of swelling. As can be seen in Figure 7, the maximum swelling ratio is notably
lower than in the formulations containing the drug without Gelucire® [16], and especially in the
formulations in which HPMC is greater than or equal to CH, due to the predominantly hydrophobic
character of Gelucire®. The formulation achieves complete erosion sooner with the addition of
the granules: After 216 h instead of the 264 h for the original formulation. This behavior would
imply greater adherence to prophylaxis, since the formulation would remain less time in the vaginal
environment after the drug release, making it more comfortable for women. The more HPMC there is
in the formulation, the higher the maximum swelling ratio. This was expected, as the swelling capacity
of HPMC is higher than CH [24]. Finally, no clear differences ca be seen between the formulations
containing granules with a different G43/TFV ratio (Figure 7).

 

Figure 7. Adjusted swelling ratio profiles obtained from batches containing TFV/G43 drug-loaded
granules in HPMC/CH matrices with equal ratios of both polymers (A); more HPMC than CH (B);
and more CH than HPMC (C). They are all compared with standard formulations of HPMC/CH [16].

The use of different G39 or a mixture of G39 and G43 does not appear to change the swelling
behavior of the formulations. This is to be expected since HPMC and CH are polymers with a capacity
to capture water, and both Gelucire® act similarly as a barrier to water diffusion. Only the tablets
with more HPMC than CH show a slight difference in the formulations containing G39 (or a G39/G43
mixture), which have a lower water capture than tablets with only G43. Nevertheless, an improvement
is again observed compared to the formulations without Gelucire® (Figure 8).
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Figure 8. Adjusted swelling ratio profiles obtained from batches containing TFV/Gelucire® (in a 1:2
ratio) granules in HPMC/CH matrices with equal ratios of both polymers (A); more HPMC than CH (B);
and more CH than HPMC (C). They are all compared with standard formulations of HPMC/CH [16].

The inclusion of the granules creates barriers within the tablet that hinder the diffusion of water
and leads to lower water capture. This not only makes the tablets more comfortable, but would also
probably prevent the loss of the drug, since it contains less water through which to diffuse. We can
therefore formulate the hypothesis that this formulation would be more effective for the controlled
release of TFV, although this must be confirmed in subsequent drug-release studies.

3.2.2. Release Study

As can be seen in Figure 9, the inclusion of mixed TFV/G43 granules in the formulations enhances
the controlled release of the drug. These differences can be observed from the beginning of the drug
release test, as the Gelucire® must soften as it forms granules with the drug to allow the release of the
TFV. This softening is enabled by the presence of water and body temperature. Once the Gelucire® is
softened and the drug diffuses through it, it is incorporated in a matrix of HPMC and CH polymers,
which form a gel in the vaginal medium through which the drug must diffuse. As has been observed
in the swelling test, the presence of the granules hinders the swelling of the polymers, which also
causes the drug to be released from the tablet in a more sustained way.

In the samples containing granules with equal or more TFV than G43 (TFV2G(43)1 and
TFV1G(43)1), the TFV drug release profiles obtained are quite similar. In these samples the main
improvement is the slowdown of the release of TFV, since almost all the drug is released at 120 h
(as occurred in the samples that do not use Gelucire®), although there are significant differences in
the drug release behavior. In batches with TFV1G(43)2 granules, which include twice the amount of
G43 as TFV, the improvement is much more marked (as an example, at 24 h approximately half the
amount of drug has been released as in standard batches). This is because of the higher amount of G43
impedes softening and it takes longer for the drug to be released from the granules. Drug release is
prolonged to 216–240 h, thus achieving 9−10 days of a controlled release of TFV. This is double the
time taken without Gelucire® granules, and could represent a milestone in HIV transmission, since a
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degradable vaginal formulation capable of reaching these controlled release times has never previously
been achieved.

 

Figure 9. TFV release profiles obtained from batches including TFV/G43 drug-loaded granules in
HPMC/CH matrices with equal ratios of both polymers (A), more HPMC than CH (B) and more CH
than HPMC (C). All of them are compared with standard formulations of HPMC/CH [16].

It was also necessary to evaluate whether a Gelucire® with a melting point that was closer to
body temperature would alter the release of the drug. Figure 10 shows that when G39 or a mixture of
G39 and G41 is used to manufacture the granules, TFV is released faster than in tablets with TFV/G43
granules. These batches confirm that the softening of the Gelucire® is a crucial factor for controlling
TFV release; this agrees with other authors, who also highlight that in the case of Gelucire® that melt
above body temperature, the release of the drug depends on the composition and HLB value [36].

 

Figure 10. TFV release profiles obtained from batches containing TFV/Gelucire® (in a ratio of 1:2)
granules in HPMC/CH matrices with equal ratios of both polymers (A); more HPMC than CH (B);
and more CH than HPMC (C). All are compared with standard formulations of HPMC/CH [16].
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The TFV1G(43)2 granules are therefore undoubtedly the best formulation. Finally, a comparison
must be made of the formulations containing different proportions of HPMC/CH. Although the three
proportions have similar TFV release profiles, the formulation with the most HPMC (TFV1G(43)2 C2)
shows the greatest controlled release (Figure 10B).

Although the figures visually identify the improvements achieved with the formulations, the f 2

similarity factor was also calculated as a statistical analysis that could demonstrate these differences [37].
Table 3 shows the f 2 values for all the formulations.

Table 3. Similarity factor (f 2) values for the release profiles obtained from reference and problem
formulations. Comparisons with significant difference (f 2 < 65) are in bold.

REFERENCE PROBLEM f 2 REFERENCE PROBLEM f 2 REFERENCE PROBLEM f 2

C1 T1G(43)2 C1 44.6 C1 C2 84.3 T1G(43)2 C1 T1G(43)2 C2 83.4
C1 T1G(43)1 C1 64.7 C1 C3 76.9 T1G(43)2 C1 T1G(43)2 C3 78.4
C1 T2G(43)1 C1 66.9 C2 C3 85.6 T1G(43)2 C2 T1G(43)2 C3 68.1
C1 T1G(41)2 C1 60.4 T1G(43)2 C1 T1G(43)1 C1 54.5 T1G(43)1 C1 T1G(43)1 C2 83.5
C1 T1G(39)2 C1 60.5 T1G(43)2 C1 T2G(43)1 C1 53.7 T1G(43)1 C1 T1G(43)1 C3 84.9
C2 T1G(43)2 C2 40.9 T1G(43)2 C1 T1G(41)2 C1 56.3 T1G(43)1 C2 T1G(43)1 C3 75.1
C2 T1G(43)1 C2 55.8 T1G(43)2 C1 T1G(39)2 C1 57.2 T2G(43)1 C1 T2G(43)1 C2 81.3
C2 T2G(43)1 C2 56.7 T1G(43)2 C2 T1G(43)1 C2 50.0 T2G(43)1 C1 T2G(43)1 C3 94.5
C2 T1G(41)2 C2 60.5 T1G(43)2 C2 T2G(43)1 C2 51.0 T2G(43)1 C2 T2G(43)1 C3 84.8
C2 T1G(39)2 C2 54.7 T1G(43)2 C2 T1G(41)2 C2 48.4 T1G(41)2 C1 T1G(41)2 C2 86.2
C3 T1G(43)2 C3 43.3 T1G(43)2 C2 T1G(39)2 C2 50.0 T1G(41)2 C1 T1G(41)2 C3 73.7
C3 T1G(43)1 C3 60.5 T1G(43)2 C3 T1G(43)1 C3 54.6 T1G(41)2 C2 T1G(41)2 C3 83.7
C3 T2G(43)1 C3 56.5 T1G(43)2 C3 T2G(43)1 C3 59.1 T1G(39)2 C1 T1G(39)2 C2 88.1
C3 T1G(41)2 C3 61.9 T1G(43)2 C3 T1G(41)2 C3 52.4 T1G(39)2 C1 T1G(39)2 C3 62.7
C3 T1G(39)2 C3 64.1 T1G(43)2 C3 T1G(39)2 C3 49.3 T1G(39)2 C2 T1G(39)2 C3 67.4

The first point to emphasize is that all the formulations developed in the present work improve
those with the same proportion of HPMC/CH but without Gelucire® (except for formulation
TFV2G(43)1 C1, which has a slight similarity with the formulation without Gelucire®). This highlights
the role of Gelucire® in controlling the release of TFV from the tablets. However, when comparing
formulations with the same granules but with a different proportion of the HPMC/CH mixture,
significant differences were observed in only one case (batches TFV1G(39)2 C1 and TFV1G(39)2 C3).
This reaffirms the fact that the combination of HPMC and CH forms a very robust mixed gel capable
of delaying the release of TFV regardless of the proportion of polymer [16]. Although the granules’
ability to control the release has been demonstrated, these results must be compared with formulations
with the same proportion of HPMC/CH but different granules, in order to determine which granules
are the most suitable. The comparison of these formulations confirms that the granules identified in
Figure 9 as best controlling TFV release (TFV1G(43)2) always present significant differences with the
other granules, regardless of the proportion of HPMC/CH in the tablets that include the granules.

The statistical analysis therefore shows that the TFV1G(43)2 granules are the best option for
preparing our formulations, although it is impossible to specify the most appropriate proportion of
hydrophilic polymers to include in these granules since they are all very similar.

Finally, the experimental data obtained in the drug release tests were adjusted to different
mathematical models (zero order, first order, Higuchi, Hixson-Crowell, Hopfenberg and
Korsmeyer-Peppas). The correlation coefficients (r2) obtained after the adjustment are shown in
Table 4.

49



Pharmaceutics 2019, 11, 137

Table 4. Correlation coefficients obtained when experimental data are fitted to different
mathematical models.

Batch
Correlation Coefficients (r2)

Zero Order First Order Higuchi Hixson-Crowell Hopfenberg Korsmeyer-Peppas

TFV1G(43)2 C1 0.9557 0.7162 0.9975 0.9888 0.9824 0.9915
TFV1G(43)2 C2 0.9658 0.7139 0.9961 0.9925 0.9877 0.9876
TFV1G(43)2 C3 0.9567 0.7188 0.9971 0.9922 0.9858 0.9911
TFV1G(43)1 C1 0.9140 0.6436 0.9885 0.9749 0.9624 0.9795
TFV1G(43)1 C2 0.9298 0.6610 0.9911 0.9884 0.9771 0.9887
TFV1G(43)1 C3 0.9110 0.6514 0.9878 0.9835 0.9690 0.9896
TFV2G(43)1 C1 0.9190 0.6474 0.9920 0.9852 0.9723 0.9801
TFV2G(43)1 C2 0.9351 0.6671 0.9954 0.9911 0.9813 0.9864
TFV2G(43)1 C3 0.9306 0.6849 0.9939 0.9938 0.9834 0.9933
TFV1G(41)2 C1 0.9377 0.663 0.9930 0.9958 0.9877 0.9850
TFV1G(41)2 C2 0.9307 0.6604 0.9912 0.9963 0.9897 0.9889
TFV1G(41)2 C3 0.9148 0.6139 0.9886 0.9918 0.9775 0.9662
TFV1G(39)2 C1 0.9384 0.6522 0.9886 0.9948 0.9850 0.9862
TFV1G(39)2 C2 0.9270 0.6708 0.9854 0.9916 0.9796 0.9941
TFV1G(39)2 C3 0.9005 0.6437 0.9819 0.9879 0.9705 0.9983

As can be seen, all the formulations have a similar drug release profile and a good fit to the kinetics
of Higuchi, Hixson-Crowell, Hopfenberg and Korsmeyer-Peppas (Table 4). However, there are slight
differences between the batches that merit discussion. One observation is that all batches containing
G43 tend to have a better fit to Higuchi kinetics. This model is often used to describe the behavior of
matrix tablets, where the drug is released through a diffusion mechanism [38]. The most likely reason
that these batches fit this kinetic more closely is that the G43 softens slowly, and the gelation of the
outer layer of the hydrophilic polymer has already taken place when it occurs. This explains why
the drug release is predominantly controlled by the diffusion mechanism (through both the softened
Gelucire® and the gel formed by the HPMC/CH mixture).

The tablets containing the mixture of G43 and G39 have a better fit to the Hixson-Crowell kinetics,
a mathematical model applied when the drug is released from the parallel planes of the dosage form,
which maintains its shape while its size decreases [39]. In these cases the Gelucire® mixture softens
a little faster than in the previous ones; one possible explanation for this drug-release mechanism is
that the hydrophilic polymers gel from the outer to the inner layers, and the Gelucire® softens as the
vaginal fluid reaches the granules through the gel. This explains why the drug is released in layers,
first diffusing the TFV in the outer layers of the tablet, and then the drug in the innermost layers.

Finally, batches with G39 are better fitted to the Korsmeyer-Peppas kinetics (except batch
TFV1G(39)2 C1, which has a better fit to the Hixson-Crowell kinetics, although it also fits the
Korsmeyer-Peppas kinetics quite well) (Table 4). The Korsmeyer-Peppas model gives us the most
information about the drug-release mechanism, since the drug is released in different ways depending
on the value of n obtained in the adjustment [40]. Thus for cylindrical tablets, TFV release follows a
pure diffusion process (n ≤ 0.45) or an anomalous transport with simultaneous structural modification
and diffusion (0.45 < n < 0.89). If there is a structural modification of the polymer matrix, the release is
classified as transport case II (n = 0.89) or transport Supercase II (n > 0.89).

In our case, almost all the formulations can be seen to follow a simultaneous mechanism of
structural modification and diffusion (Table 5), which is to be expected since it is first necessary for
the hydrophilic polymer gel and the Gelucire® to soften (structural modification) and the TFV to
subsequently diffuse before the drug can be released. However, there are three exceptions which
present a Supercase II release and are precisely the three that include G39 in the granules (Table 5).
In these cases, the melting temperature of the vehicle is so low that the G39 softens as soon as it is at
body temperature, even before the vaginal fluid reaches the granules, implying that the structure of
the tablet changes even before the HPMC/CH mixture begins to gel.
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Table 5. TFV release kinetics from the different batches showing the kinetic constants for the models
with the best fit.

Batch
Higuchi Hixson-Crowell Hopfenberg Korsmeyer-Peppas

KH KHC KHF KKP n

TFV1G(43)2 C1 0.083 0.0040 0.0054 0.042 0.68
TFV1G(43)2 C2 0.080 0.0039 0.0052 0.036 0.71
TFV1G(43)2 C3 0.088 0.0045 0.0060 0.046 0.67
TFV1G(43)1 C1 0.102 0.0059 0.0075 0.045 0.82
TFV1G(43)1 C2 0.103 0.0060 0.0076 0.037 0.86
TFV1G(43)1 C3 0.106 0.0065 0.0081 0.048 0.81
TFV2G(43)1 C1 0.103 0.0061 0.0077 0.056 0.73
TFV2G(43)1 C2 0.108 0.0058 0.0074 0.047 0.78
TFV2G(43)1 C3 0.105 0.0065 0.0081 0.052 0.75
TFV1G(41)2 C1 0.107 0.0067 0.0083 0.038 0.85
TFV1G(41)2 C2 0.111 0.0076 0.0091 0.040 0.86
TFV1G(41)2 C3 0.110 0.0073 0.0089 0.043 0.88
TFV1G(39)2 C1 0.108 0.0066 0.0083 0.026 0.97
TFV1G(39)2 C2 0.109 0.0067 0.0084 0.029 0.93
TFV1G(39)2 C3 0.112 0.0075 0.0091 0.042 0.93

In addition to providing an insight into the mechanism of TFV release, this adjustment allows us
to identify which formulation best controls the drug release based on the values of the release constants
(KH, KHC, KHF and KKP). A comparison of these constants conclusively highlights the batches with the
TFV1(G43)2 granules previously identified as the most suitable for controlled-release formulations.
Taking the Higuchi kinetic as an example, which has the best fit for these formulations (Table 4), the
batches that include these granules have a KH value of 0.08, while the KH value of the other batches is
always greater than 0.1 (Table 5). This points to the greater control over the release of the TFV from
these batches, but once again makes it impossible to select the ideal proportion of HPMC/CH, given
the close similarity of the constants obtained with batches C1, C2 and C3.

3.2.3. Mucoadhesion Test

Finally, another crucial parameter to evaluate was the mucoadhesion residence time of the
formulations. Mucoadhesion is important because the tablets must remain adhered to the vaginal
mucosa during the time TFV is being released [41]. The detachment of the formulation would imply
an incomplete prophylactic treatment and discomfort for women, leading to a decrease in the use of
the formulations.

A comparison of formulations with different ratios of TFV/G43 reveals that the more G43 the
formulation contains, the longer it remains adhered to the vaginal mucosa (Figure 11). As this excipient
has no adhesive properties this bioadhesion cannot be directly attributed to G43, so the only possible
explanation is that it acts as a structural agent that helps form a more robust gel—as observed in
the swelling test (Figure 7)—and hence remains attached for longer. In terms of the influence of the
type of Gelucire®, it can be seen that the lower the melting point of the Gelucire®, the shorter the
mucoadhesion time. This is probably due to the easier and faster softening of G39, which again causes
the tablets to erode faster. Finally, the C2 batches appear to be the most mucoadhesive, undoubtedly
due to the higher mucoadhesion of HPMC than CH [24].

TFV1G(43)2 granules therefore confer the strongest adhesive properties on the tablets. Among
these batches, it is worth highlighting TFV1G(43)2 C2, which remains adhered to the vaginal mucosa
for almost 225 h.

51



Pharmaceutics 2019, 11, 137

 
Figure 11. Mucoadhesion residence time in the simulated vaginal fluid in the batches.

The results of these studies, which are summarized in Figure 12, can be used to select the optimal
formulation for preventing the sexual transmission of HIV.

 

Figure 12. Summary of the data obtained from the drug release, mucoadhesion and swelling test. TFV
complete release time (blue), mucoadhesion time (orange) and time until complete erosion (green) are
shown for each batch.

The main parameter is undoubtedly the time taken to release the TFV from the formulation, since
the aim of this work was to develop weekly sustained-release tablets whose administration could be
markedly spaced in order to improve women’s adherence to prophylactic treatment, which is currently
the main problem with vaginal microbicides. Batches containing TFV1G(43)2 granules achieve the
longest controlled release of TFV (216h), above the established target. However, the objective was not
only to achieve a longer release time, but also to ensure the mucoadhesion of the formulation for as
long as the drug is being released; there are only two formulations whose mucoadhesion time exceeds

52



Pharmaceutics 2019, 11, 137

their complete TFV release time (batches TFV1G(43)1 C2 and TFV1G(43)2 C2). Finally, the formulation
must not remain for long in the vaginal environment after the complete TFV release.

Batch TFV1G(43)2 C2 is conclusively selected as the optimal formulation for HIV prevention,
since it is able to release TFV in a sustained manner for 216 h and remains attached to the vaginal
mucosa throughout. Almost all the formulation has been eroded by the end of the process (with
complete disintegration at 240 h), making it comfortable for women and enabling the next dose of the
prophylactic treatment to be easily administered.

4. Conclusions

The combination of hydrophobic granules (prepared with Gelucire®) and hydrophilic matrices
(HPMC and CH) in the development of vaginal mucoadhesive tablets allow the sustained-release
of TFV.

The ratio TFV-Gelucire, as well as the proportion of HPMC and CH is critical for the development
of the optimal formulation. Thus, the one with the best results contains TFV1G(43)2 granules in
a mixture of HPMC and CH in a ratio of 1.9:1, which allows the sustained release of TFV for
216 h. The formulation remains adhered to the vaginal mucosa throughout this time, so a weekly
administration of the tablets could protect women again the sexual transmission of HIV.
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Abstract: Prevention strategies play a key role in the fight against HIV/AIDS. Vaginal and rectal
microbicides hold great promise in tackling sexual transmission of HIV-1, but effective and safe
products are yet to be approved and made available to those in need. While most efforts have been
placed in finding and testing suitable active drug candidates to be used in microbicide development,
the last decade also saw considerable advances in the design of adequate carrier systems and
formulations that could lead to products presenting enhanced performance in protecting from
infection. One strategy demonstrating great potential encompasses the use of nanosystems, either
with intrinsic antiviral activity or acting as carriers for promising microbicide drug candidates.
Polymeric nanoparticles, in particular, have been shown to be able to enhance mucosal distribution
and retention of promising antiretroviral compounds. One important aspect in the development
of nanotechnology-based microbicides relates to the design of pharmaceutical vehicles that allow
not only convenient vaginal and/or rectal administration, but also preserve or even enhance the
performance of nanosystems. In this manuscript, we revise relevant work concerning the selection
of vaginal/rectal dosage forms and vehicle formulation development for the administration of
microbicide nanosystems. We also pinpoint major gaps in the field and provide pertinent hints for
future work.

Keywords: antiretroviral drugs; dendrimers; dosage forms; HIV prevention; mucosal drug delivery;
nanocarriers; nanomedicine; nanoparticles

1. Introduction

HIV/AIDS remains a huge healthcare burden. Despite continuous effort to circumvent the
pandemic, the amount of new infections has been declining over recent years at a slower pace than
required in order to meet the milestone set by the UNAIDS for 2020, i.e., less than 500,000 annual
cases. During 2017 alone, 1.8 million people were estimated to be infected by HIV, mostly due to
sexual exposure [1]. This alarming figure highlights that much more has to be done, particularly in
the field of prevention. Alongside other approaches, topical pre-exposure prophylaxis (topical PrEP)
holds considerable potential for tackling new HIV-1 infections [2]. This strategy comprises the use of
microbicides, which can be defined as medical products intended to be administered in the vagina

Pharmaceutics 2019, 11, 145 56 www.mdpi.com/journal/pharmaceutics



Pharmaceutics 2019, 11, 145

and/or rectum in order to avoid early steps of viral transmission upon sexual intercourse. The principle
behind topical PrEP relies on the inhibition of HIV-1 at the mucosal level by one or several compounds,
presenting more or less specific antiviral activity. Receptive partners are the ones potentially benefiting
from microbicides, although reciprocal protection would also be desirable [3]. The field has come a long
way but only mild success has been achieved. The most advanced microbicide in the development
pipeline is the dapivirine (DPV) vaginal ring, which was shown to reduce HIV-1 acquisition in women
by roughly 30% under placebo-controlled phase 3 clinical trials [4,5]. The product is now under
regulatory evaluation and a final decision from the European Medicines Agency is expected soon [6].
Still, partial protection observed for more “conventional” products leaves a wide margin for advances
in the development of microbicides.

Trailing on the exciting findings and achievements of nanomedicine, different nanotechnology-based
microbicide systems were shown to present potentially advantageous features that could contribute to
improved protection from HIV transmission. Several microbicide nanosystems, either with inherent
antiviral activity or used as drug carriers, have been proposed over the years, often with promising
pre-clinical results [7]. Still, one important feature has frequently been overlooked, namely the selection
of dosage forms and the development of pharmaceutical vehicles (or platforms) that can incorporate
microbicide nanosystems as active ingredients. The main objective is the development of final products
that allow suitable vaginal and/or rectal self-administration by users. However, other questions can
be further raised regarding functionality. For example, what are the interactions occurring upon
incorporation (e.g., chemical or physical bonding between nanosystems and excipients from vehicles,
structural changes to the matrix of polymeric vehicles, coating of nanosystems with components of
vehicles) and how will these affect the behavior of nanosystems and vehicles, both during storage
and in vivo? Do we want/need platforms that have additional roles beyond simple vaginal or
rectal administration? Indeed, to which extent can a vehicle influence the original performance
of nanosystems, especially in vivo? The intention of the present manuscript is to provide a brief
and critical appraisal of the different vehicles that have been considered for vaginal and/or rectal
administration of microbicide nanosystems, as well as hints for future work.

2. Microbicides for Preventing Sexual HIV Transmission

The idea behind the onset of modern microbicides is usually traced back to the early 1990s and,
in particular, to the seminal commentary paper by Zena A. Stein [8]. In this, she called out to the need
for the development of new methods that women could use in order to protect themselves against
viral transmission. The following years saw the emergence of various drug candidates and vaginal
microbicide products. This first generation of microbicides was characterized by the use of compounds
featuring non-specific antiviral activity and simple formulations, mostly based on gels, although many
other dosage forms have also been considered (e.g., creams, tablets, capsules, sponges, or films) [9].
The concept of using products already available in the market that could also present anti-HIV activity
was particularly attractive. Nonoxynol-9, a non-ionic surfactant used in the composition of different
vaginal spermicides and shown to present anti-HIV activity, was earlier suggested as a preferential
target for development [10]. Results from clinical trials conducted during the late 1990s/early 2000s
were, however, disappointing. Products based on surfactants and anionic/acidic polymers featuring
non-specific antiviral activity not only lacked efficacy in protecting women against HIV acquisition but
also, in some cases and paradoxically, increased transmission [11–16]. Additional studies confirmed
that candidate microbicide compounds, such as nonoxynol-9 [17] and cellulose sulfate [18], can
actually induce changes or even damage to the vaginal mucosa, thus facilitating HIV-1 transmission.
Since then, a dramatic shift towards products based on potent antiretroviral drugs occurred in the field
and particular emphasis was placed on safety evaluation. Additionally, formulation development of
microbicide products benefited from increasing attention and was established as having a fundamental
role in the performance of antiretroviral drug candidates [19].
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Proof of a first partially successful microbicide was announced in 2010. Results from the CAPRISA
004 phase 2b clinical trial showed a 39% reduction in HIV-1 transmission in women using a 1% tenofovir
(TFV) gel, as compared to placebo [20]. Partial protection was mainly attributed to poor adherence,
which could have accounted for low or fluctuating levels of TFV throughout the timeframe of potential
viral exposure and, thus, insufficient protection [21]. Recent evidence of differential drug metabolism
by vaginal microbiota has been reported as another possibility [22]. Despite all the excitement around
this first success, further studies testing similar TFV gels administered in alternative regimens failed to
confirm the potential for protection [23,24]. Adherence issues were again held accountable [24,25].

Vaginal rings have the potential to abbreviate adherence issues observed with coitally-dependent
products based on dosage forms, such as gels. This possibility motivated the development of the DPV
ring, which allows maintaining sustained drug levels in the vagina for several weeks [26]. Somewhat
surprisingly, data from two phase 3 clinical trials demonstrated only mild reduction (27–31%) in HIV
acquisition by women [4,5]. Again, poor adherence was claimed as one of the main contributor to these
results [27]. Intermittent use of the ring leads to a sharp decline in vaginal levels of DPV, which creates
opportunity windows for viral transmission. Notably, adherence to product use is a key issue in
microbicide protection. Post-hoc analysis of data from phase 3 clinical trials of the DPV ring indicates
that higher protection rates were observed for women that used the product consistently [28]. Despite
multiple factors being involved, acceptability and preferences regarding dosage forms and usage
schemes are recognized as important in determining adherence [29]. Current thought in the field
supports that a single product will not be enough to fulfil the requirements of a majority of women.
Instead, a relatively vast panel of products from which to choose from, including multipurpose ones,
will likely be required [30].

Microbicides for rectal use have followed on the footpath of vaginal products. Several
antiretroviral drugs and dosage forms (e.g., suppositories or enemas) have been considered [31],
although products based on TFV and presented as gels have been frequently selected as preferential.
Some of the latter have reached as far as phase 2 clinical trials [32,33]. Product design has been
regarded with equal or even greater importance than vaginal microbicides. The particularities of the
colorectal compartment make it more susceptible to HIV transmission than the cervix/vagina [34] and
a challenge to formulation. For example, the large surface area available for viral entrance that requires
to be covered by a single product, the high susceptibility of the thin single columnar epithelium to
toxic insult, or the possibility of extensive systemic absorption of the administered drug(s) are just
some of the possible problems that need to be considered when developing a rectal microbicide [35].

3. Potential of Nanotechnology in Developing Microbicides

More than a trendy gimmick, the application of nanotechnology to the development of
anti-HIV microbicides relies on solid research work, as previously revised by our group [7,36] and
others [37,38]. General advantageous features are schematically presented in Figure 1. Although
potentially applicable to both mucosal sites, work has been mostly conducted with the intention of
vaginal use. Nanosystems intended for microbicide development may be classified in two major
classes, as follows: (i) Nanosystems presenting intrinsic antiviral activity and/or competing with HIV
for host targets and (ii) nanosystems acting as carriers for microbicide drugs [39]. In the first case,
surface chemical functionalization of nanosystems is directly responsible for the inactivation of HIV
or blockage of cell membrane receptors involved in viral infection. Dendrimers (often considered
as polymers, not actual nanosystems) are the best representatives of this class, particularly SPL7013.
This fourth-generation dendrimer is the active ingredient of VivaGel® (Starpharma, Australia), mainly
owing its anti-HIV activity to the direct interaction of terminal naphthalene disulfonate groups with
gp120, a viral surface glycoprotein essential for cell infection [40]. Despite promising early results, the
development of VivaGel® as a microbicide has been discontinued following safety issues in clinical
trials [41,42]. Meanwhile, other candidates have been under active development [43]. In particular,
the G2-S16 dendrimer resulting from the systematic screening of a series of carbosilane dendrimers,
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proposed by Muñoz-Fernández and collaborators, was shown to be promising for further clinical
testing [44,45]. Apart from dendrimers, other types of nanosystems with intrinsic activity have also
been studied, namely oligomannose-coated gold nanoparticles (NPs) [46]. This type of nanosystems
can block the C-type lectin receptor DC-SIGN present at macrophages and dendritic cells, which is
involved in mediating HIV infection and translocation.

 
Figure 1. The potential of nanotechnology-based systems for microbicide development. Features of
anti-HIV microbicide nanosystems at cervicovaginal or colorectal mucosal sites in the context of sexual
HIV transmission are indicated in pink call-outs (see text for more details). FGT—female genital tract.

Interest in nanocarriers for the vaginal and/or rectal delivery of potent microbicide drugs has
been growing over recent years. Fine tuning of the physicochemical properties of nanosystems, namely
regarding size and surface properties, can provide active moieties with considerable advantage over
“naked” counterparts (Figure 1). Apart from more general features, such as controlled drug release,
protection of labile active molecules, or promotion of the solubility of hydrophobic compounds,
nanocarriers may further (i) present enhanced distribution and retention along the mucosal site [47];
(ii) feature a variable ability to interact with mucus [48]; (iii) promote epithelial penetration and
accumulation at mucosal tissues [49,50]; and/or (iv) target immune cells involved in viral transmission
and increase intracellular drug accumulation [51]. One or more of these features should contribute
to the improvement of local pharmacokinetics (PK) [52,53], i.e., prolong and/or increase drug
levels at the organ/tissue/cell level and ultimately enhance protection from HIV transmission [54].
Antiretroviral drugs previously used in microbicide development, namely the viral transcriptase
inhibitors TFV and DPV, have been selected as preferential compounds for assessing the potential
of using nanocarriers [55,56]. Other more complex molecules have also been considered (e.g., fusion
inhibitor peptides [57], RANTES analogues [58,59], or siRNA [60]). Polymeric NPs have been
amongst the most popular nanocarriers used [61], although solid lipid NPs [62], liposomes [63],
or nanolipogels [64] have been considered as alternatives. Furthermore, nanofibers attracted great
interest as vaginal microbicides due to their ability to modulate drug release, provide fast distribution of
incorporated compounds, and allow formulation of multiple active molecules in the same system [65].

Discussion on whether nanosystems should interact with mucus or not has generated substantial
interest over recent years [66]. Contrary to the common idea that mucoadhesion is advantageous
to improve mucosal residence, nanosystems presenting reduced size (typically under 500 nm
or less) and an inert surface (usually conferred by dense coverage with 5–10 kDa polyethylene
glycol (PEG)) can better traverse mucus and distribute throughout the vaginal and colorectal
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epithelial surface [67]. Furthermore, the ability of mucus-penetrating nanosystems to permeate
mucus and reach areas closer to the epithelia, where mucus turnover is slower, can actually
promote retention as compared to mucoadhesive counterparts [68]. Still, a case-by-case analysis
as to which behavior may better sustain the residence and distribution of NPs following administration
seems advisable, as shown by a recent report on the comparison between mucoadhesive and
mucus-penetrating poly(lactic acid)-hyperbranched polyglycerol-based NPs [69]. Another issue
needing further investigation is the ability of certain nanosystems to reach sites of interest beyond
mucosae. For example, a few studies suggest that NPs can partially undergo cell-mediated or even
free transport from the vagina to regional lymph nodes associated with the female mouse genital
tract [70,71]. This may be relevant since HIV also endures a similar path following initial proliferation
at the cervicovaginal mucosa [72]. Scanty evidence further indicates that the transport of vaginally
administered NPs to the upper parts of the mouse genital tract may occur, albeit to a limited extent [73].

4. Vehicles for Microbicide Nanosystems

Pharmaceutical vehicles play an essential role in the delivery of active ingredients, encompassing
both the general features of a defined dosage form and the individual properties of the specific
formulation and manufacturing process. Broad definitions of “dosage form” adopted by regulatory
bodies typically embrace the physical form of a product that contains one or more active ingredients
and is intended to be administered to individuals in need [74,75]. For the purpose of this manuscript
and from a technological perspective, microbicide nanosystems as a whole are considered as active
ingredients. Various dosage forms have been traditionally considered for developing vehicles for
vaginal and rectal drug administration and these have served as the usual starting point for the
incorporation of nanosystems. Interested readers are further referred to compendia detailing the
general principles of vaginal and rectal drug delivery and dosage forms [76,77]. Importantly, the design
and production of vaginal or rectal vehicles should envision complying with the particularities of the
mucosal site in which administration is intended. Many differences exist between both environments
and some of the most relevant are summarized in Table 1. Safety is particularly relevant in the case of
microbicides. Lessons learned the hard way in the early days of the field are now being translated
into valuable guidance that aids in product development, particularly at preclinical stages [78].
Other features, such as manufacturing feasibility, cost, and acceptability by end-users must also
be taken into consideration. Here we discuss the most relevant aspects of different vaginal and/or
rectal vehicles, organized by dosage form, that were used for incorporation and delivery of microbicide
nanosystems and detail on their relevance to the performance of such active ingredients.

Table 1. Typical characteristics of vaginal and rectal mucosae (revised in [35,76]).

Characteristics Vaginal Mucosa a Rectal Mucosa

Extension b 9–12 cm 15–20 cm c

Surface area 65–165 cm2 200–400 cm2

Epithelium Stratified squamous Simple columnar
pH of mucus 4–5 7–8

pH buffering capacity of mucus Low Low
Typical volume of mucus 0.5–1 mL d 1–3 mL

Mucin concentration in mucus 1–2% <5%
Osmolality of mucus Nearly isoosmolal e Nearly isoosmolal e

Enzymatic activity Low Medium
Microbiota composition Lactobacilli dominant Variable

Involuntary motility Low Medium to high
a Considering healthy women of reproductive age; b at the longest axis; c total extension of the colorectum is
around 150 cm; d largely increased upon sexual stimulation; e as compared to the osmolality of blood plasma
(≈290 mOsm/Kg).
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4.1. Suspensions

Aqueous liquids are, by far, the most common vehicles in which microbicide nanosystems have
been suspended and tested, particularly for in vivo studies. Fluidity of these systems can be seen as an
advantage since it promotes wide and fast distribution along the mucosal site upon administration and
is particularly important in the case of rectal microbicides [79]. However, the chief reason for their use
probably relates to the fact that nanosystems are usually produced/synthetized in aqueous media and,
indeed, originate nanosuspensions. Formal formulation efforts are usually minimal since convenience,
rather than the achievement of a putative pharmaceutical product, usually drives selection of this type
of vehicles. Thus, for the purpose of this work, all nanosuspensions are considered as de facto dosage
forms. Saline-based buffers (approximately isoosmolal and with the pH around neutral) have been the
most commonly used vehicles [52,53,80,81]. Indeed, particular attention should be given to pH and
osmolality, as these factors are recognized to potentially affect safety [82]. While vehicles featuring
pH around neutrality appear to be suitable for rectal vehicles, the choice of such low hydrogen-ion
concentrations is related to the physiology of animal models typically used to test microbicides [83].
Deviations from the normal vaginal pH of women of reproductive age (4–5) could, however, potentially
affect performance.

Vehicles matching physiological osmolality are usually regarded as suitable. Still, Ensign et al. [84]
showed that hypoosmolal vehicles can actually enhance the distribution and retention of 100 nm
mucus-penetrating NPs in the vagina, without apparent mucosal damage. These findings were
explained by the promotion of faster transport of NPs across mucus and towards the epithelial
surface, as driven by osmotic convection. The effect was pronounced even when a slight variation
from isoosmolality was observed (Figure 2) [84]. The same group also studied the effect of rectally
administered 60 nm mucus-penetrating NPs and found that osmolality affected distribution and
retention, although the effect was more complex and dependent on ion composition [85]. For instance,
potassium-based, but not sodium-based, had significant impact on osmotic convection when testing
for osmolality at or below normal levels (20–300 mOsm/kg). This effect was attributed to the role of
ion transport on water absorption at the colon. While sodium promotes water uptake by tissue, the
opposite is true for potassium [85]. Overall, these studies suggest that the performance of microbicide
nanosystems can be enhanced or impaired by proper selection of liquid vehicles and at least their
qualitative and quantitative composition should be reported.

 
Figure 2. Vaginal distribution of fluorescent 100 nm mucus-penetrating particles administered in
suspensions of varying osmolality. (A–E) Distribution of mucus-penetrating particles in transverse
vaginal cryosections. Values of osmolality are presented in the individual images and have mOsm/kg
as units. Images are representative of n ≥ 5 mice. Adapted from [84], Copyright (2013), with permission
from Elsevier.

A final aspect of liquid vehicles that should not be underestimated concerns their general
low vaginal and rectal retention following application. Leakage is typical and, in the case of rectal
administration, extensive if voluntary anal sphincter closure by users is not observed. The presence
of material in the rectal ampulla induces an urge to defecate that needs to be firmly opposed upon
administration. This problem is particularly noteworthy with increasing volumes being administered.
Fractionated administration in a supine position may help mitigate leakage.
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4.2. Gels

Gels are among the most popular dosage forms for vaginal and rectal drug delivery, largely
due to their technological versatility, acceptability by users, and low production cost. These have
been widely explored in microbicide formulation [86]. The semi-solid nature of gels as well as the
mucoadhesive properties of various gelling agents may help with improving the vaginal and colorectal
residence of nanosystems. Not surprisingly, this was the chosen dosage form selected for the SPL7013
dendrimer in order to obtain VivaGel®. The gel is based on carbomer 941 and is reported to contain
1% (w/w) of glycerin and propylene glycol, although fully detailed composition and basic properties
(pH, osmolality, viscosity, dendrimer release, etc.) are not available [87]. A role for the gel on safety
issues detected during clinical testing was not evident [41,42].

Selection of gel bases for the incorporation of microbicide nanosystems has been typically
made in an empirical fashion. Most commonly used gelling agents include different carbomers [88]
and hydroxyethylcellulose [44]. The common use of this last cellulose derivative in microbicide
development has its origins in the established safety of the hydroxyethylcellulose-based formulation
“Universal Placebo” [89]. However, a more systematic approach to the development of gels as platforms
for microbicide nanosystems is recommended. Interactions between both are particularly relevant
and may potentially impact the final protection outcomes. For example, Wang et al. [90] developed
efforts in order to formulate different gels containing liposomes loaded with the microbicide candidate
octylglycerol. Among other effects, the addition of gelling agents, such as carbomers, led to a mild
reduction of the in vitro efficacy of octylglycerol-loaded liposomes against HIV-1. This effect was
attributed to a reduction in the amount of octylglycerol that could be released, due to the increased
viscosity. Still, the setup used for testing efficacy may have overlooked another relevant aspect of
gels, namely the ability to provide a barrier to effective HIV diffusion. In a study by Lara et al. [91],
the incorporation of microbicide polyvinylpyrrolidone (PVP)-coated silver nanoparticles (30–50 nm)
into a carbomer-based commercial gel (Replens™, Lil’ Drug Store Products, USA) slightly improved the
inhibition of HIV-1 infection when the product provided a layer on top of cervical explants. The viscous
layer presumably provided an additional barrier for virions to cross until reaching target cells present
in tissue. Although limited animal data reported previously by other researchers appear to support
this possibility [92], it is debatable for how long could such a barrier actually impact viral transmission.
Additional research on this topic is required.

4.3. Thermosensitive Systems

Thermosensitive systems envisioned for vaginal or rectal drug administration are typically
presented as liquid dosage forms that present the ability to undergo sol-gel transition at just below
body temperature, originating semi-solid gels [93,94]. Rationale for use relies on their ease of
administration and a wide initial distribution of a fluid along the mucosal cavity, while a semi-solid
(often incorporating mucoadhesive polymers) provides improved local retention. Thermosensitive
systems considered for vaginal and rectal drug delivery have been almost exclusively based on
poloxamers due to their well-known temperature-dependent sol-gel transition, regulatory status
(currently used in different pharmaceutical products), and excellent safety profile [95]. The utility of
thermosensitive dosage forms is established for mucosal drug delivery, but their ability to influence
the performance of nanosystems is not well understood.

Thermosensitive systems have been preferred for the incorporation and administration of
microbicide drug-loaded NPs [96]. From a simple technological perspective, incorporation of
nanosystems into a fluid system at room temperature is easier than in an already pre-formed gel.
However, the possibilities and pitfalls for microbicide NPs-in-thermosensitive systems may extend
beyond that. For example, drug release and gelation temperature may be affected. Timur et al. [97]
found that the incorporation of TFV-loaded chitosan NPs (≈545 nm) into a poloxamer-based
thermosensitive vehicle allowed a mild delay in the release of the drug, as compared to NPs in
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suspension or the same thermosensitive platform containing free TFV. The gelation temperature was
also affected by the incorporation of NPs [97].

One concern of using thermosensitive systems relates to the possibility that NPs are not able to
escape the structured matrix formed upon sol-gel transition, thus affecting performance. Although
impossible to generalize, Date et al. [98,99] showed that both poly(lactic-co-glycolic acid) (PLGA)-
and cellulose acetate phthalate (CAP)-based NPs (around 80–100 nm) were able to be released
from a poloxamer-based thermosensitive vaginal gel at 37 ◦C and be taken up by epithelial cells,
as shown using an in vitro cell-based model. In the particular case of efavirenz (EFV)-loaded CAP
NPs, the antiretroviral activity was demonstrated to be maintained following incorporation into the
thermosensitive vehicle [99]. Importantly, the same thermosensitive gel, containing rilpivirine-loaded
PLGA NPs (66 nm), was fully or partially (50%) effective in preventing HIV-1 transmission in
a humanized mouse model when administered at 90 min or 24 h, respectively, before intravaginal
viral challenge [54]. Although drug-loaded NPs in suspension were not actually tested in vivo, authors
claimed that the protection observed even at 24 h post-administration was due to the extended
residence of nanosystems provided by the thermosensitive vehicle. Microscopy analysis of vaginal
sections, collected from animals treated intravaginally with fluorescent NPs-in-thermosensitive
systems, indeed provided evidence that, although residual, NPs could still be found at 24 h
post-administration. A subsequent study using the same thermosensitive vehicle to deliver tenofovir
disoproxil fumarate (TDF)-loaded PLGA NPs (≈150 nm) to humanized mice also provided evidence
of complete protection up to at least 24 h post-administration [100]. Again, the lack of a control group
using drug-loaded NPs in a liquid vehicle limited the assessment of the true role of the thermosensitive
system in the protection outcomes.

The use of NPs-in-thermosensitive vehicles seems to be particularly interesting for rectal use.
Still, no specific study is available for the purpose of microbicide development. Apart from increased
residence, wide distribution of microbicide nanosystems in the colorectum may be challenging.
As stated previously, the liquid state preceding gel formation may allow enhanced distribution
immediately upon intrarectal administration. Preliminary data from our group support that PLGA
NPs (≈180 nm) administered to mice were able to provide roughly the same extent coverage of the
colon when incorporated into phosphate buffered saline or a poloxamer-based enema [101]. Residence
was enhanced in this last case, presumably due to the formation of a gel at body temperature.

4.4. Vaginal Films

Pharmaceutical films comprise thin, soft, flexible, and often translucent solid strips of polymeric
nature, in which active ingredients are dissolved or dispersed [102]. Solvent-casting is the preferred
technique for manufacturing films, although hot-melt extrusion can also be used. Upon contact with
vaginal fluids, films typically dissolve rapidly and originate a low volume and gel-like fluid. However,
films can also be designed to disintegrate slowly. Their use for vaginal drug administration, particularly
in microbicide development, is well documented and supported by features such as the ability to
(co-)formulate multiple drugs, the established technology, and good stability upon storage, among
others [103,104]. Acceptability by women is usually high since the films are portable, easy to administer
without the need of an applicator (contrary to liquids and semi-solids), and known to originate little
vaginal leakage [105]. Although not so widely used as other vaginal dosage forms, a few contraceptive
vaginal films are currently commercially available in selected countries.

The concept of using films as platforms for buccal/oral administration of nanosystems, namely
drug-loaded polymeric NPs, has been around for over a decade [106], but its application to the
development of vaginal microbicides is recent. General advantages for using films, namely the
ones indicated above, continue to be valid, while more specific others may further apply [107].
In particular, the solid nature of films largely restrains drug leakage from nanosystems throughout
storage, as well as other potential changes and microbial contamination due to the low amounts
of water present (usually less than 10%). The tight polymeric matrix surrounding nanosystems
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also limits phenomena such as particle aggregation and segregation that can originate colloidal
instability. Such possibilities cannot be ruled out for liquid/semi-solid systems and, indeed, often lead
to stability issues [108]. The incorporation of NPs is usually conducted by mixing with an aqueous
dispersion of film ingredients before casting and drying of films, but other strategies may also be
adopted. For example, our group recently proposed a “sandwich-like” configuration film comprising
TDF/emtricitabine-loaded Eudragit® L 100 NPs (≈400 nm) entrapped between two individual sheets
of poly(vinyl alcohol)/hydroxypropyl methylcellulose (PVA/HPMC) film, previously prepared by
solvent-casting [109]. Assembly of the final film was achieved by compression and the obtained system
allowed for decreasing in vitro burst-release of both drugs.

Gu et al. [110] were the first to describe a NPs-in-film system for the development of
a microbicide product. They produced siRNA-loaded, anti-human leukocyte antigen-DR (HLA-DR)
antibody-functionalized PEG-PLGA-based NPs, with around a 230 nm mean diameter, and associated
it to PVA/λ-carrageenan-based films using solvent-casting. The siRNA used was intended to silence
the translation of SNAP-23, a host protein associated with HIV exocytosis, while the incorporation
of the antibody envisioned targeting HLA-DR+ dendritic cells. Although successful, silencing was
reduced when NPs-in-films were compared to NPs in aqueous suspension, thus suggesting that the
film matrix could reduce the transport of NPs across the epithelial cell monolayer and towards target
dendritic cells in an in vitro co-culture cell-based model (Figure 3). Even if these data seem little
encouraging, the actual value of microbicide NPs-in-films is more likely to be observed in vivo.

Figure 3. Schematic representation of targeted siRNA-loaded NPs formulated into a biodegradable
film for targeting siRNA delivery into HLA-DR+ dendritic cells, using a co-culture cell model. Targeted
siRNA-loaded NPs are homogeneously dispersed in a biodegradable film and, upon administration,
the film is expected to disintegrate within the vaginal lumen, allowing siRNA-loaded NPs to penetrate
across the vaginal mucosa and deliver siRNA in a targeted manner to HLA-DR+ mKG-1 dendritic cells.
Reprinted with permission from [110]. Copyright (2015) American Chemical Society.

Our group has been particularly engaged in testing microbicide NPs-in-films in animal models.
For example, we developed a hybrid film, based on PVA/HPMC, containing TFV (unassociated to NPs)
and EFV-loaded PLGA NPs (≈275 nm) dissolved/dispersed in the film matrix [111]. Biodistribution
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experiments showed that, although substantial initial leakage occurred in all cases, the overall vaginal
residence of NPs was significantly higher upon incorporation into films (Figure 4). The system
containing TFV and EFV-loaded PLGA NPs allowed higher reaching and prolonged levels for
both transcriptase inhibitor drugs in vaginal tissues and fluids following administration to mice,
as compared to their administration in a liquid vehicle. Additionally, the tandem association of EFV to
NPs and film allowed an additional improvement of local PK, as compared to the drug incorporated
directly into the film matrix. These data appear to support that, indeed, the combination of NPs
and films may provide an advantageous system for sustaining local levels of microbicide drugs.
Furthermore, NPs-in-film tested were shown safe, following daily intravaginal administration to
mice for 14 days [111,112]. Contrasting with the previous data, Srinivasan et al. [113] did not find the
use of IQP-0528-loaded NPs-in-film to be advantageous, as compared to the free compound directly
incorporated into the film. In fact, vaginal drug levels were shown to be slightly higher for this
last formulation when administered intravaginally to pigtailed macaques. One possible reason may
have been related with the intentionally slow and only partial release of IQP-0528 from NPs-in-film,
as shown in vitro, which could have limited the ability of the drug to reach vaginal fluid and tissues
before bulk vaginal leakage of the films [113]. Overall, these results seem to reinforce the need for fine
tuning the technological properties of microbicide NPs-in-film systems.

 
Figure 4. Distribution of fluorescent NPs (FL-NPs) at different times after intravaginal delivery in
phosphate buffered saline (FL-NPs in PBS) or film (FL-NPs-in-film). Results are expressed as the
(A) total amount of recovered particles or fractions retrieved from (B) vaginal lavage and (C) vaginal
tissues. Columns and bars stand for mean and standard error of the mean values, respectively,
and (*) indicates p < 0.05 (Student’s t-test; n = 3). Adapted from [111], Copyright (2016), with permission
from Elsevier.

4.5. Fiber Mats

Drug-loaded fiber mats or membranes captured substantial interest over recent years for
developing vaginal microbicides [114]. Their rectal use has not yet been considered. Depending
on the cross-section dimensions, fibers can be classified as nanofibers and constitute actual microbicide
nanosystems. One of the advantages of fibers is the possibility of being used as such, namely in the
form of differently shaped and sized mats (Figure 5). Similar to vaginal films in general appearance,
but typically opaque, fiber mats are produced by electrospinning and present sufficient versatility
to incorporate multiple drugs (namely for other applications, such as contraception) in various
configurations. The fine-tuning of antiretroviral drug release from fibers and/or composite mats is
also relatively simple to achieve [115]. Drug release is associated with fiber composition and structure
and can be triggered by environmental changes pertinent to sexual intercourse, namely happening
upon ejaculation (e.g., rising pH or the presence of components from semen) [116,117]. Depending on
specific characteristics, namely concerning the ability to dissolve and the perception of which shape
is easier to insert in the vagina, fiber mats appear to be well accepted by potential female users of
microbicides [118].
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Figure 5. Examples of differently shaped, human sized PVA nanofiber mats (fiber cross-section diameter
of ≈200–300 nm and mat thickness of 50–220 μm according to Krogstad et al. [119]). Left—square
(25 cm2); center—circle (diameter = 5 cm); right—capped tube (length = 4 cm, diameter = 2 cm).
Adapted from [118] under the terms of the Creative Commons Attribution License 4.0 (Copyright 2018
Laborde et al.; doi:10.1371/journal.pone.0204821).

Fibers themselves can be used as vehicles for the administration of microbicide nanosystems.
The concept is quite recent but available studies suggest great potential. Krogstad et al. [120] first
proposed the use of two types of nanofibers, based either on PVA (≈250 nm cross-section diameter)
or PVP (≈300 nm cross-section diameter), two mucoadhesive polymers, for the incorporation of
PLGA-based NPs (≈170–180 nm). Composite nanofiber mats were rapidly wetted and disintegrated
within a few seconds when exposed to an aqueous environment. Complete dissolution and release
of over 85% of the content in NPs was observed to occur within 30 min under in vitro conditions.
However, significant changes in size, polydispersity and zeta potential of the NPs were observed,
particularly when PVA was considered, which suggests that coating with material from nanofibers
occurs upon particle release. In an expanded series of distribution and retention studies using mice,
composite nanofibers were not only able to provide extensive coverage of the vaginal mucosa with
NPs, but also to significantly reduce leakage [120]. Mean recovery of NPs was around 45–50% from
the total administered dose at 24 h, in the case of composite nanofibers, contrasting with under 5% for
NPs administered in suspension. Strikingly, 40% of NPs were still recovered after three days in the
case of PVA composite nanofibers. These results translated into enhanced PK when etravirine-loaded
PLGA NPs incorporated into PVA nanofiber mats were tested. For example, fibers provided around
13-times higher drug levels in lavage up to three days post-administration, but roughly the same
concentrations in vaginal tissue in the same time-frame, as compared to drug-loaded NPs in suspension
and estimated by the area-under-the-curve values [120]. Relatively poor accumulation at tissues
suggests that relatively rapid release of etravirine from NPs, low mobility of NPs towards the mucosa,
or both, occurred. Still, overall data seems to support the utility of PVA nanofibers in enhancing the
residence and PK of microbicide NPs.

An interesting approach to the use of fibers for the administration of microbicide NPs
has been recently proposed by Kim et al. [121]. The researchers proposed electrospun fibers
composed of a non-dissolving, pH-responsive polyurethane co-polymer, namely PEG-1,4-bis(2-
hydroxyethyl)piperazine-4,4′-methylenebis(phenyl isocyanate)-propylene glycol, to be used for the
controlled release of NPs. Fibers were not produced with the intention of constituting the actual
dosage form, but rather to serve as a release limiting membrane that could be useful, as suggested
by the authors, in the design of vaginal rings. The concept behind the responsive membrane was
again based on the shift from acidic (4–5) to slightly alkaline (>7) values of pH observed in the
vagina upon ejaculation. Membranes presenting in the dry state with a mean pore size and fiber
diameter of 2.3 μm and 0.9 μm, respectively, were able to swell differently in a simulated vaginal fluid,
depending on pH. This effect was shown to be mostly related to the differential protonation of the
1,4-bis(2-hydroxyethyl)piperazine (HEP) group, which could additionally lead to variable electrostatic
interactions with charged NPs. In practice, and although pH-dependent behavior was also observed
for a control polyurethane co-polymer without HEP, membranes allowed roughly 0% and 60% in vitro
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permeation after 24 h of model polystyrene NPs (≈200 nm) when tested at pH 4.5 and 7.0, respectively.
Control of permeation for solid lipid NPs containing anti-CCR5 siRNA and presenting a mean diameter
of around 270 nm was milder (around 30% and 60% at pH 4.5 and 7.0, respectively) [121]. Overall,
developed fiber mats could be useful in the design of “smart” dosage forms able to release the majority
of microbicide NPs only upon potential contact with the virus.

4.6. Other Potential Systems

Various additional dosage forms present the potential to be used for the vaginal or rectal
administration of microbicide nanosystems. Strangely enough, some more “classical” vaginal and rectal
dosage forms, such as tablets, soft capsules, inserts (suppositories and ovules), creams, and ointments,
have not been described in the literature as vehicles for microbicide nanosystems. Technological
feasibility to incorporate nanosystems in such platforms is recognized, but specific demonstration
studies still need to be performed for nanotechnology-based microbicides. Foams may also be feasible
and interesting platforms for the incorporation of microbicide nanosystems. In the only relevant study
available, Vedha Hari et al. [122] reported on the basic technological features of EFV-loaded Eudragit®

E 100 NPs (≈110–260 nm) incorporated into a foam formulation. The system was intended for vaginal
use but the presence of sodium lauryl sulfate as a foaming agent may compromise the safety of the
putative microbicide product.

Nanotechnology-based microbicides have been developed essentially as on-demand products, i.e.,
requiring administration within minutes to hours of coitus. Although challenging from a technological
viewpoint, the development of coitally-independent delivery platforms that allow for prolonged
intravaginal residence and sustained release of microbicide nanosystems could be an interesting
new approach. For example, vaginal ring technology has come a long way over the last decade and
appears to offer enough versatility for the appropriate incorporation and release of nanosystems [123].
Although the pH-sensitive polyurethane fiber membrane described in the previous sub-section was
suggested for the design of rings, only the concept was presented and sustained release over at least
several days was not demonstrated [121]. Alternatively, simpler rings based on designs previously
explored for macromolecule delivery using, for example, pod-inserts [124] or exposed cores [125]
could be seen as promising, but pioneering work is required.

5. Conclusions and Future Perspectives

The currently available body of knowledge supporting the development of nanotechnology-based
microbicides is extensive and relies on solid grounds. Nanosystems with intrinsic activity against
HIV-1 led the field early on (even reaching clinical testing), but have recently been overcome by the
promising results obtained for antiretroviral drug-loaded nanocarriers. Still, much more has to be
done until a robust candidate nanosystem can be targeted for advanced pre-clinical and clinical testing.
Among different issues, suitable vehicles that can enable convenient administration of microbicide
nanosystems require development. Several dosage forms have been proposed and tested. Proper design
and characterization is paramount in order to guarantee that the original features of nanosystems
are at least maintained or, ideally, enhanced. Understanding the interactions between microbicide
nanosystems, administration platforms, and the mucosal environment is essential and not always
broadly assessed in the work conducted so far. Thermosensitive systems, vaginal films, and fiber mats
have been recently studied and hold the potential to provide improved distribution and retention of
nanosystems following administration and, ultimately, improve PK at the mucosal level.

Still, many questions remain and various possibilities need to be explored. The stability
of nanotechnology-based microbicides is usually overlooked, namely when incorporated into
pharmaceutical vehicles. A particular concern has to deal with the release kinetics of drug
payloads from nanocarriers and into the matrix of vehicles during manufacturing and storage.
Product complexity and a lack of standards for evaluation pose important challenges that need
to be addressed. These often translate into costly manufacturing and control, which are incompatible
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with achieving affordable microbicides. Another important issue in microbicide product development
concerns users’ preferences and acceptability. Products that meet women’s and men’s expectations
are more likely to be consistently used and, thus, be able to provide proper protection. Furthermore,
the idea of investing all efforts in developing a single microbicide product for universal use is
illusive and outdated. The possibility to choose from a set of products which better suit individual
lifestyles and situations seems to be paramount. The development of behaviorally congruent
microbicides, i.e., products that can be incorporated in widespread practices associated with sex
(e.g., the use of cleansing enemas in preparation for anal sex), is another trend in the microbicides
field [126]. Overall, such principles need to be introduced early in the design process of microbicides,
including those based on nanotechnology. The development of dual compartment (or dual chamber)
microbicide formulations, i.e., for both vaginal and rectal use, has been pursued in the past as
a way to meet user’s needs and improve adherence [127]. Such strategy would also be interesting
for developing nanotechnology-based microbicides, since nanosystems may hold the potential for
both vaginal and rectal protection from viral transmission [49]. However, physiological differences
between the two anatomical sites often make it difficult to design products that fit dual usage
and, thus, the concept has been somewhat left behind over more recent years. A final word for
the regulatory concerns of developing nanotechnology-based microbicides is as follows: While still
waiting for the first microbicide product to be approved, general guidance from medical agencies on
nanomedicines [128–130] and microbicides [131], as well as the particular cases of VivaGel® and the
DPV ring, should be considered as relevant standards.
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Abstract: Electrospun fibers have emerged as a relatively new delivery platform to improve active agent
retention and delivery for intravaginal applications. While uniaxial fibers have been explored in a variety
of applications including intravaginal delivery, the consideration of more advanced fiber architectures
may offer new options to improve delivery to the female reproductive tract. In this review, we summarize
the advancements of electrospun coaxial, multilayered, and nanoparticle-fiber architectures utilized in
other applications and discuss how different material combinations within these architectures provide
varied durations of release, here categorized as either transient (within 24 h), short-term (24 h to one week),
or sustained (beyond one week). We seek to systematically relate material type and fiber architecture to
active agent release kinetics. Last, we explore how lessons derived from these architectures may be applied
to address the needs of future intravaginal delivery platforms for a given prophylactic or therapeutic
application. The overall goal of this review is to provide a summary of different fiber architectures
that have been useful for active agent delivery and to provide guidelines for the development of new
formulations that exhibit release kinetics relevant to the time frames and the diversity of active agents
needed in next-generation multipurpose applications.

Keywords: electrospun fibers; fiber architecture; drug delivery; intravaginal delivery; delivery vehicle

1. Introduction

Intravaginal delivery is an effective strategy to improve the localization of antiviral, antibacterial,
antifungal, chemotherapeutic, and contraceptive agents within the female reproductive tract (FRT) [1,2].
Relative to oral administration routes, intravaginal delivery localizes agents to the FRT, avoiding both
the harsh gastrointestinal environment and hepatic first pass effect. This results in an increase in
drug bioavailability within target tissue and corresponding functional activity by decreasing off-target
effects and systemic exposure [3]. The inherent characteristics of the FRT, including its large surface
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area and low enzymatic activity, additionally make the FRT a favorable site for localized active agent
administration and targeting [4,5].

Although intravaginal delivery offers a variety of advantages to enhance the delivery of active
agents [6], challenges unique to the FRT must be overcome to provide efficacious prophylaxis and
treatment. One of the most important components of the FRT is the mucus layer, which protects the
epithelium and lamina propria from incoming pathogens (Figure 1). However, it can also act as a
barrier, impeding therapeutic transport to underlying epithelial and immune cells [7,8]. In addition
to these challenges, the frequent shedding and production of cervicovaginal mucus can decrease
active agent retention, while bacterial flora, enzymes, and the acidic environment created by beneficial
bacteria can contribute to metabolization and degradation of active agents, reducing efficaciousness.

 

Figure 1. Schematic depicting the structure and specific layers of the vaginal mucosa that can act as a
barrier to active agent transport (not to scale). The mucus layer of the female reproductive tract (FRT)
frequently sheds and can immobilize active agents (shown in red), leading to decreased efficacy of
the administered agents. The bacterial flora normally present within the FRT can also metabolize and
degrade agents, further contributing to decreased efficacy. Last, the squamous epithelium can hinder
transport to underlying immune cells present near the epithelial surface and/or in the lamina propria.

To address these challenges, intravaginal delivery platforms have been formulated as solid or
semi-solid dosage forms that include suppositories, tablets, capsules, gels, rings, and creams to enhance
delivery to and retention in the FRT [9–13]. While these dosage forms have enabled high levels of active
agent incorporation and localization, these traditionally used delivery platforms still face significant
challenges, including difficulty of self-administration, economic feasibility, poor user-compliance, vaginal
irritation, the need for frequent administration, and low residence times [14]. Of these platforms,
intravaginal rings have provided the “gold standard” for long-term delivery due to their ability to sustain
the release of one or multiple active agents for weeks to months, avoid leakage and loss of active agent,
and improve drug stability [15–19]. However, some biological agents have difficulty withstanding the high
temperature and solvent processes often required for fabrication, limiting their incorporation [20].

More recently, nanoparticles (NPs) have been developed for topical intravaginal delivery
due to their ability to encapsulate both hydrophilic and hydrophobic agents and to provide
encapsulant stability while enhancing cell specific targeting, transport, and internalization [21–29].
However, NPs can experience low intravaginal retention due to mucus shedding, or conversely
experience immobilization within the mucus layer, resulting in inadequate transport to underlying
tissue [29]. To improve retention and to maximize transport, NPs have been surface-modified [30,31],
while carrier solutions with different osmolarities have been explored to increase retention within and
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penetration of the vaginal lumen [32–34]. Despite these efforts, hurdles including low encapsulation
efficiency and rapid release of hydrophilic agents have hindered the ability to achieve long-term
delivery and retention [35]. Given these issues, other delivery platforms have been investigated that
may increase the longevity of active agents within the FRT and improve user adherence while also
offering a new dosage form alternative to women.

Electrospun fibers have recently gained attention for intravaginal delivery due to their ease of
use, ability to be fabricated into various geometries and sizes, and tunable release properties [36,37].
They have been considered for sustained-delivery, a characteristic that is often desirable for intravaginal
applications, due to their high surface area-to-volume ratio, degree of interconnected porosity,
tunable pore sizes, surface-modification potential, interchangeable polymer options, and diverse
fiber architectures that enable finer control over the rate, duration, and site of agent release [38].
Electrospun fibers have the additional advantage that they can be fabricated using a variety of natural
or synthetic polymers to tailor release properties [39], and these polymer types are typically selected
based on their biocompatibility, hydrophobicity, and related degradation properties.

One of the most significant factors that contributes to active agent release from fibers is the relative
hydrophobicity of the selected polymer material [40,41]. In addition to polymer hydrophobicity,
the medium (in vitro) or environment (in vivo) surrounding the fiber can impact drug release.
Simulated vaginal and seminal fluids, often used to preliminarily assess intravaginal release, may alter
the release of agents relative to testing in water or phosphate buffered saline (PBS) (in vitro) or in vivo,
due to differences in viscosity, salt, and protein concentrations, as well as pH. Therefore, depending on
the degree of polymer hydrophobicity and the environment release it is tested in, the same encapsulated
active agent can have distinctly different release profiles, in some cases ranging from hours to
months [42,43]. Usually, independent of these conditions, the use of hydrophilic polymers often results
in the immediate release of both hydrophilic and hydrophobic active agents due to the high solubility
and degradation rate of hydrophilic polymers in aqueous environments [44]. Natural polymers such as
collagen, gelatin, chitosan, elastin, and laminin, and synthetic polymers including poly(ethylene oxide)
(PEO), polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP) are examples of hydrophilic materials
that have been fabricated into fibers with micron- and nanometer-scaled properties. In contrast,
synthetic hydrophobic polymers including polycaprolactone (PCL), poly(lactic-co-glycolic acid)
(PLGA), and polyurethane (PU) have demonstrated burst or sustained-release kinetics depending
on the hydrophobicity of the incorporated active agent [45–49]. Moreover, synthetic hydrophobic
polymers can also serve as a mechanical and structural basis for different fiber architectures in which
the release of single or multiple encapsulants may be tailored by using more complex fiber designs or
composites. Fiber release rates can also be optimized by adjusting the polymer molecular weight or
hydrophilicity, for example, by adding hydrophilic groups such as aliphatic poly(phosphoester) to the
polymer structure [50]. Together, these features have enabled the incorporation and release of a variety
of antiviral, antimicrobial, and biological agents from fiber scaffolds [51–53].

Active agent release from polymeric fibers typically occurs via diffusion, polymer degradation,
and erosion [41]. When fibers are first administered, solvent or solution diffuses through the porous
fiber matrix. Once in contact with the solvent or solution, the polymer matrix swells, loosening
polymer chains and enabling the diffusion of active agents, dependent in part on molecular size.
Concurrently, the fiber surface may undergo bulk erosion at a rate corresponding to polymer
hydrophilicity. These features in combination with the large surface-to-volume ratio of the fibers allows
for the increased diffusion of encapsulants relative to diffusion from non-porous bulk materials [54].
Traditionally, fibers have been electrospun as uniaxial fibers or fibers that comprise a single polymer or
polymer blend and exhibit homogeneous morphology. Diffusion of active agents from more traditional
uniaxial fibers is dependent upon the compatibility of the encapsulant, polymer, and surrounding
eluant. In contrast with diffusion, polymer degradation is observed when fibers are exposed to aqueous
environments, and polymer bonds are cleaved by either passive hydrolysis or enzymatic reaction [55],
resulting in slow degradation of the fiber scaffold. This degradation alters the distance between and
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size of interconnected pores, thereby impacting the diffusion and release of incorporated active agents.
For most synthetic polymers, hydrolysis is the most common mechanism of degradation, although
hydrolysis-resistant polymers have been utilized [56], which significantly impact active agent release.
As the fibers degrade, they can also undergo surface or bulk erosion, which is dependent upon solvent
diffusivity into the fiber, polymer solubility, and overall fiber matrix dimensions [57].

As a result of these mechanisms and the materials selected, electrospun fibers can tailor the release
of encapsulated agents within different durations to achieve immediate (transient or rapid), short-term,
or sustained-release. Within this review, we defined release as transient, when the complete release
of active agents occurs within 24 h of administration; short-term, when the release occurs from one
day to one week; or sustained, when the release of the active agent occurs over a duration of weeks
to months. A schematic showing an example of these different potential release profiles is provided
in Figure 2. Factors including the electrospinning parameters, polymer materials, fiber architecture,
the resulting structure and morphology, and the distribution and amount of incorporated active agent
each contribute to the resulting release kinetics and efficacy of delivery [37].

Figure 2. Schematic depicting examples of transient, short-term, and sustained-release profiles.

Traditional uniaxial electrospun fibers in which each individual fiber is composed of a single
cohesive polymer layer were the first fiber architectures to be fabricated [58] and have been utilized in a
variety of drug delivery applications over the past decade [36,37,59–61]. While uniaxial fibers offer high
encapsulation efficiencies, cost-effectiveness, and ease of use, they have suffered from burst release and
challenges in tailoring release properties [37,42,62]. These challenges are most evident in achieving
the sustained-release of hydrophilic agents, often necessitating hydrophilic polymers to attain high
encapsulation efficacy as well as hydrophobic polymers for sustained-release. More complex fiber
architectures offer alternative options to address these limitations by combining different polymer
types in distinct layers to modulate the release.

While the release characteristics of traditional uniaxial electrospun fibers have been thoroughly
reviewed in literature [63–68], to our knowledge, there has not yet been a review of the more
advanced fiber architectures used to deliver active agents, nor a review that considers the impact
these architectures may have on intravaginal delivery applications. Here, we seek to provide an
overview of different polymer architectures including coaxial, multilayered, and nanoparticle-fiber
composites (Figure 3) as a function of the materials used to construct these architectures that have been
utilized in a diversity of health applications. We seek to present different material combinations in
these architectures to systematically relate material type and fiber architecture to active agent release
kinetics. Last, we explore how lessons derived from these different architectures might be applied in
the context of intravaginal delivery to address the needs of future topical sustained-release platforms
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for a given prophylactic or therapeutic application. The overall goal of this review is to provide a
summary of different fiber architectures that have been useful for active agent delivery and to provide
guidelines for the development of new formulations based on the knowledge obtained from previous
work across other applications. While some of these more complex architectures have only recently
been investigated relative to uniaxial fibers, they have demonstrated promise in enabling greater
tunability of release and may be useful to apply as new dosage forms for intravaginal delivery and
other similar applications.

Figure 3. Schematic of different electrospun fiber composites. Diagrams representing (A) traditional
uniaxial fibers, (B) coaxial fibers, (C) multilayered fibers, and (D) nanoparticle-fiber composites.
(A) Uniaxial fibers are comprised of a single polymer or polymer blend (shown in blue) that is
distributed homogenously throughout the fiber structure. (B) In contrast, coaxial fibers contain
both core (orange) and shell (blue) layers that are chemically distinct. (C) Multilayered fibers result
from sequentially electrospinning different fiber layers together or integrating individual layers
post-fabrication. (D) Finally, nanoparticle-fiber composites consist of hydrophilic or hydrophobic
fibers (orange) that encapsulate nanoparticles (green).

2. Coaxial Electrospun Fibers

2.1. Coaxial Architectures and Properties

Coaxial electrospinning, adapted from uniaxial or single axial electrospinning, provides a
multicomponent fiber scaffold that easily allows the tunable release of active agents [69,70].
Coaxial fibers are usually comprised of two parts, an outer protective layer or shell and an inner
layer or core [71], where encapsulants are typically localized (Figures 3B and 4). Coaxial fibers can
provide several advantages relative to uniaxially spun fibers. First, electrospinning the core and shell
polymer solutions simultaneously through a coaxial spinneret allows for the design of unique fiber
architectures. The thickness and ratios of the core and shell layers can be modulated, providing
more reproducible fiber properties with a greater ability to alter encapsulant release relative to other
fabrication methods. Additionally, coaxial electrospinning ensures that the active agent in the core
phase is protected within harsh physiological environments, such as the female reproductive tract [53].
Furthermore, a variety of materials can be used as either the core or shell to finely regulate encapsulant
release (Figure 4) [69,72].

Despite these advantages, the added complexity of simultaneously electrospinning two or more
polymer phases and the additional interactions between the core and shell solutions requires additional
optimization relative to uniaxial electrospinning in terms of selecting compatible polymers and solvents.
In addition to the core-shell architecture itself, the release profiles of active agents from coaxial fibers
are impacted by solvent choice, polymer-solvent miscibility, the miscibility between core and shell
solvents/solutions, solvent volatility, and layer thicknesses [73,74]. Solvent choice has been shown to alter
fiber diameter and structure [75], thereby impacting active agent release [76]. Additionally, miscible core
and shell solvents/solutions may lead to the partial dissolution of core encapsulants in the shell, whereas,
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immiscible core and shell solvents may promote material delamination at the core-shell interface, facilitating
burst release of the core encapsulant. Therefore, the polymers and solvents for both core and shell layers
must be selected based on their individual properties as well as their anticipated interactions [77,78].
In addition, solvent volatility and evaporation rate can affect the distribution and subsequent release of
active agents, while the thickness of the polymer shell, polymer composition, and spinning conditions
influence encapsulant diffusion rates [79]. Here, we discuss coaxial fibers as a function of their core-shell
design, composition, and incorporated active agents to help relate these considerations to the resulting
transient, short-term, or sustained-release characteristics.

 
Figure 4. Schematic of anticipated release profiles from different coaxial fiber architectures.
Generally, the release of encapsulants from coaxial fibers is dependent on the core and shell
hydrophobicity. The release of active agents from coaxial fibers with (A) hydrophilic core and
shell, (B) hydrophobic core and hydrophilic shell, (C) hydrophilic core and hydrophobic shell,
and (D) hydrophobic core and shell are shown. Hydrophilic polymers (shown in orange) typically
promote transient release, while more hydrophobic polymers (blue) are typically used to provide
short-term or sustained-release.

2.2. Release Kinetics from Coaxial Fibers

2.2.1. Transient Release (within 24 h)

Hydrophobic Shell—Hydrophilic Core

Electrospun fibers can be designed to release the active agent immediately or within 24 h of
administration if a rapid onset of action is needed for a given application [80]. Moreover, multiple
active agents can be incorporated into different layers of a coaxial fiber (core or shell) to provide
transient release.

For application to infectious diseases, coaxially spun fibers that demonstrate burst release followed
by lower levels of short-term release may provide on-demand protection against incoming pathogens,
increasing the immediate efficaciousness of agents by releasing initially high (burst) concentrations.
This type of release can be achieved by employing coaxial fibers comprised of hydrophobic shells
and hydrophilic cores. In one study, coaxial and triaxial fiber multi-drug delivery platforms that used
PCL as the outermost shell released ~15% and ~80% of two different hydrophilic dyes, keyacid blue
and keyacid uranine (KAB and KAU), from the PVP core and PCL shell fibers, respectively, within
one hour [69]. In both the coaxial and triaxial fibers, the PVP core containing KAB was protected
by the surrounding PCL layer containing KAU, which helped to extend the release of the remaining
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KAB to 24 h. For the triaxial fibers, a blank PCL layer was electrospun between the outer PCL shell
and the inner PEO core. In both the coaxial and triaxial fibers, KAU was released from the shell
within 3 h; however, the triaxial fibers better modulated the release of KAB from the core, releasing
50% less during the first hour. The burst release of the KAU dye, observed from both coaxial and
triaxial fibers, was attributed to water penetrating the porous fiber shell, allowing transient release.
In another example of coaxial fiber design, water-soluble PVP was used as a core with a hydrophobic
ethyl cellulose (EC) shell to encapsulate hydrophobic compounds of either quercetin or ketoprofen.
Using this architecture, ~75% of both hydrophobic encapsulants were released within 24 h.

Hydrophilic Shell—Hydrophobic or Hydrophilic Cores

Similarly, coaxial fibers that have hydrophilic shells can facilitate the rapid release of encapsulated
agents with an initial burst release of 1 to 4 h followed by continued transient release within 24 h of
administration. One architecture that has been adopted to achieve rapid- or on-demand release from
coaxial fibers is a hydrophilic shell in combination with a hydrophilic or hydrophobic core. In one
study, zein-PVP core-shell fibers were developed that incorporated the active agent in both the core
(zein) and the shell (PVP) layers [81]. Zein, a natural, moderately hydrophobic polymer was used to
achieve immediate and transient release of the hydrophobic drug, ketoprofen. A burst release of 43%
was observed within the first hour, followed by transient release of the remaining ketoprofen over 10 h.
The initial burst release was correlated with rapid dissolution of the hydrophilic shell, while the more
transient 10 h release was attributed to the hydrophobic core. In another study, the release profile of a
hydrophobic drug, asiaticoside, was compared between coaxial fibers composed of chitosan cores with
either a hydrophilic alginate and PVA-blended polymer shell or a hydrophobic centella triterpenes
cream shell [82]. The coaxial fiber with the alginate-PVA shell demonstrated 80% more asiaticoside
release relative to the centella control within 10 h, which was attributed to the shell hydrophilicity [82].
Additionally, the trend of burst release followed by more gradual transient release was attributed
to rapid degradation of the alginate-PVA shell, followed by subsequent degradation of the chitosan
core. While this example incorporated a polymer blend (alginate-PVA) as the hydrophilic shell, to be
considered a core-shell structure, it should be noted that the material itself needs to be electrospinnable
without other polymers. As this example demonstrates, hydrophilic polymers such as PVP, PVA,
or PEO can be electrospun alone or in blends to create hydrophilic core and shell layers.

Core-Shell Architectures with Similar Core-Shell Hydrophobicity

Coaxial fibers comprised of both hydrophilic core and shell layers have also been investigated to
provide transient release of active agents. For example, coaxial fibers fabricated with a hydrophilic
PVP shell and hydrophilic cellulose acetate core were investigated. These coaxial fibers with both a
hydrophilic core and shell released 31% of their hydrophobic encapsulant (epicatechin) within 10 min,
followed by 80% release after 4 h [83].

In addition to the utilization of materials with similar hydrophobicities, coaxial fibers consisting of
identical core-shell materials have been fabricated to provide the rapid release of active agents. In one
study, fibers with PVP shells and cores were investigated to provide rapid release of the hydrophobic
drug, quercetin. The PVP shell-PVP core fibers released quercetin within one minute [84], and this
burst release was similarly observed in a separate study that used the same fiber formulation to deliver
acyclovir [85]. In another study, the hydrophobic antibiotic, allyltriphenylphosphonium bromide,
was incorporated within the core of coaxial fibers, and the volumetric ratios of core-shell solutions
were varied to study release. Fibers comprised of zein-zein with core-shell volume ratios greater than
1:2 were found to suppress the burst release of the antibiotic, only releasing 15% within the first hour.
In contrast, 35% and 45% of the antibiotic were released from fibers with a 1:1 core:shell volumetric
ratio or blended fiber controls over the same duration [86]. In a separate study, a triaxial fiber in which
all three layers were comprised of ethyl cellulose provided zero-order release of ketoprofen over 20 h
due to the gradual increase in the drug content moving from shell to the core [87]. These studies
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highlight the role of the active agent distribution within the fiber layers, suggesting that encapsulant
localization within the fiber core may enhance release.

Finally, the release of fluorescently labeled bovine serum albumin (BSA) from core-shell hydrogel
nanofilaments composed of a poly(lactide-co-ε-caprolactone) (PLCL) shell and N,N-isopropylacrylamide
(NIPAAm)/N,N′-methylene bisacrylamide crosslinked core was studied. The crosslinker, N,N′-methylene
bisacrylamide, was used to polymerize NIPAAm during the electrospinning process. This study
showed that by changing the NIPAAm-crosslinker (w/w) ratio from 4:1 to 37:1, the release of BSA
increased from 0.15 to 0.7 ug/mg over 24 h. However, in the absence of a hydrogel within the core,
BSA showed nearly complete release over the same duration. This study demonstrated that the
mechanical and corresponding drug release properties could be more finely tailored by altering the
NIPAAm-crosslinker (w/w) ratio [88].

Stimuli-Responsive Coaxial Architectures

Another method to modulate the release of active agents from coaxial fibers is to integrate
stimuli-responsive layers to precisely release agents in response to surrounding physiological
conditions [89]. Unlike stimuli-responsive uniaxial fibers, the more complex interactions between the core
and shell layers in coaxial fibers can provide increased control of active agent release via pH- or other
stimuli-based mechanisms. A variety of natural and synthetic materials have been investigated for their
use in pH-responsive applications. In one example, a coaxial fiber comprised of a lecithin-diclofenac
sodium core and a Eudragit S100 shell provided the pH-responsive release of ferulic acid for 10 h [90].
Ferulic acid release was facilitated under conditions of neutral pH (pH 7), with minimal release occurring
in a more acidic (pH 2) environment. Another pH-sensitive polymethacrylate-based copolymer [90–92],
Eudragit EPO, was used to fabricate pH-responsive antibacterial fibers. Here, Eudragit EPO cores,
which dissolve below pH 5, were used in combination with Eudragit L100 shells, which dissolve at
a pH greater than 6. These coaxial fibers provided pH-responsive release for an hour under slightly
acidic conditions (pH 6) while demonstrating attenuated release in very acidic conditions (pH 2) [93].
Additionally, two separate studies investigated coaxial fibers comprised of Eudragit S100 shells and PEO
cores to stimulate pH-responsive release within the gastrointestinal tract [94,95]. In both studies, the release
of hydrophobic indomethacin and hydrophilic mebeverine hydrochloride agents was minimal (~10%)
after 2 h under acidic conditions, followed by rapid release for 6 h when switched to neutral conditions
(pH 7.4). Coaxial fibers comprised of cellulose acetate phthalate shells with polyurethane cores, as well
as gelatin-sodium bicarbonate shells with PLCL cores have also been used to provide similarly rapid
pH-responsive release of ciprofloxacin and rhodamine B (Rhd B). These studies demonstrated the potential
of coaxial fibers as pH-sensitive delivery systems [96,97].

Coaxial fibers with other stimuli-responsive properties have been investigated for on-demand,
rapid release applications. Although studies with other stimuli-responsive systems have been
limited, one study investigated the use of self-immolative polymers, or polymers that depolymerize
when exposed to specific external stimuli, for rapid stimuli-responsive release [98]. In this study,
self-immolative fibers comprised of dibutyltin dilaurate and phenyl (4-(hydroxymethyl)phenyl)
carbamate were blended with polyacrylonitrile and used as shells to surround PVP cores. The fibers
provided minimal release of KAB dye when incubated in water; however, the fibers depolymerized
when exposed to trifluoroacetic acid, resulting in zero-order release of ~40% dye within a week.

2.2.2. Short-Term Release (One Day to One Week)

Hydrophobic Shell—Hydrophilic Core

A key advantage of short-term release specifically for intravaginal delivery is that the burden of
frequent or daily administration may decrease, thereby increasing user adherence of prophylactics
and therapeutics. Traditionally, hydrophobic materials have been well-suited to provide longer
durations of release (depending on the encapsulant) due to their decreased degradation rates in
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aqueous environments. For more traditional uniaxial hydrophobic fiber platforms, most hydrophobic
small molecule drugs or larger macromolecules achieve release for up to one week due to the similar
hydrophobic properties of the polymer and encapsulant [6]. This compatibility allows for hydrophobic
encapsulants to partition more evenly within and distribute throughout hydrophobic polymers.
However, hydrophilic agents, which have low solubility in nonpolar polymers, often partition to
the fiber surface, resulting in burst release and suboptimal short-term and/or sustained-release
properties. To address this challenge, coaxial fibers in which hydrophilic agents are encapsulated
within a hydrophilic core and surrounded by a protective hydrophobic shell can prolong and adjust
the release of hydrophilic molecules.

The use of coaxial fibers with hydrophobic shells and hydrophilic cores has been shown to extend
the release of many encapsulants [71,99,100]. In one study, a coaxial fiber comprised of a hydrophobic
ethyl cellulose shell with a hydrophilic PVP core was investigated for short-term release. These fibers
released maraviroc over a duration of hours to days depending on the thickness of the hydrophobic
shell, which was modulated via flow rate and total electrospun volume. The increased thickness of the
hydrophobic shell extended encapsulant release from 24 h to five days by increasing the shell-to-core
volume ratio from 0.5 to 4 [99]. In another study, a PCL fiber shell surrounding a PVP-graphene oxide
blended core was studied. These fibers released 65% of hydrophilic vancomycin hydrochloride within
4 h and attained full release of vancomycin after 96 h [101]. Although this coaxial fiber provided
short-term release, the long-term safety of graphene oxide within the FRT is unknown, and further
studies are required to assess its safety in intravaginal delivery applications. Finally, a coaxial fiber
composed of a synthetic hydrophilic poly-cyclodextrin core and hydrophobic poly(methacrylic acid)
shell reduced the burst release of a hydrophilic drug, propranolol hydrochloride, by 50%, and extended
release to 180 h relative to the 140 hour release obtained from uniaxial fibers [102].

Hydrophobic Shell—Hydrophobic Core

In addition to the widely used hydrophobic shell-hydrophilic core coaxial architectures, the use
of hydrophobic materials in both the core and the shell layers has also been investigated to provide
the short-term release of active agents. In one study, a PCL core surrounded by an outer PCL shell
was used to prolong the release of the antibiotic ampicillin. Ampicillin, a hydrophilic compound,
normally localizes to the surface of PCL when spun as a uniaxial fiber, resulting in burst release [103].
As an alternative, a 4% (w/v) PCL solution was used to fabricate an ultra-thin shell to delay release.
In addition, the parameters for coaxial electrospinning were modified using dilute sheath solutions
to improve the control of fiber diameter and morphology. The resulting coaxial fiber efficiently
encapsulated ampicillin and provided short-term release for ~80 h [103]. In another study, coaxial
fibers comprised of a zein shell with a PCL core reduced the burst release of the hydrophilic antibiotic,
metronidazole, achieving short-term release for more than four days [78].

Stimuli-Responsive Coaxial Architectures

Coaxial fibers exhibiting stimuli-responsive properties have also been investigated to provide
short-term release of active agents. As one example, poly(N-isopropylacrylamide), a thermoresponsive
polymer, was used as a core layer in combination with an ethyl cellulose and anhydrous ethanol shell
solution. At room temperature, poly(N-isopropylacrylamide) exhibits hydrophilic properties; however,
at temperatures above 32 ◦C, the polymer demonstrates more hydrophobic characteristics. At room
temperature and after 55 h, the fibers released 65% of ketoprofen in PBS, while only 40% of the same
drug was released at 37 ◦C [104].

Blended Polymers in Coaxial Architectures

Another method of prolonging release is to use blended polymers to formulate coaxial fibers,
which can decrease fiber wettability. One study combined gelatin, a natural hydrophilic protein,
with the hydrophobic polymer, PCL, to create coaxial fibers with increased hydrophobicity and
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mechanical stability relative to gelatin alone [105]. In one study, the release of hydrophilic doxycycline
was measured from three different fiber architectures—a uniaxial PCL-gelatin blended fiber, coaxial
fibers with three different cores (PCL, gelatin, or a PCL-gelatin blend) and a PCL-gelatin blended
shell, and a triaxial fiber with both a PCL-gelatin blended core and outer shell and an intermediate
gelatin layer. Among these five designs, uniaxial PCL-gelatin blended fibers released the most
doxycycline within 24 h (90%), while coaxial fibers with a PCL-gelatin core and shell released the
least (50%). Additionally, only coaxial fibers with either a PCL-gelatin or gelatin core prolonged
release over five days. Furthermore, the other architectures including the uniaxial PCL-gelatin
blend, coaxial fiber with PCL core, and triaxial fibers failed to release doxycycline for more than
30 h. The burst release observed in fibers with PCL cores was attributed to the lack of compatibility
between the hydrophobic PCL cores and hydrophilic encapsulant, which caused doxycycline to localize
on the core surface. Additionally, the subsequent suboptimal encapsulant release was attributed
to low water penetration into the hydrophobic core. These studies demonstrate that utilization
of both hydrophobic and hydrophilic polymers alone or as blends can modulate the short-term
release of hydrophilic encapsulants due to the variation in the permeability of different layers and
core-encapsulant interactions.

2.2.3. Sustained-Release (One Week to Multiple Months)

Hydrophobic Shell—Hydrophilic Core

Similar to fibers that provide short-term release, fibers designed for sustained-release commonly
use hydrophobic polymers as the outer shell to prevent the fiber from undergoing rapid hydrolysis.
Studies have demonstrated that the most promising coaxial architecture to achieve sustained-delivery
utilizes a hydrophobic shell and hydrophilic core [6]. A polymer that is frequently used in
coaxial fibers to provide sustained-release is poly(lactic-co-glycolic acid) (PLGA). In one study,
a coaxial fiber composed of a PLGA shell was used to shield a hydrophilic core consisting of
tragacanth gum. The encapsulant, tetracycline hydrochloride, served as a model hydrophilic agent.
Investigators observed that PLGA (shell)-tragacanth gum (core) coaxial fibers diminished burst release
and provided sustained-release of tetracycline hydrochloride for 75 days, releasing 68% of tetracycline
hydrochloride during this period [106]. In another study, a PLGA (shell)-polyethylenimine (PEI, core)
architecture was used to prolong the release and stability of bone morphogenetic protein-2 plasmid
(pBMP2-2). The hydrophilic PEI core was used to encapsulate and retain the bioactivity of pBMP2-2,
while the hydrophobic PLGA shell was used as a protective barrier to prolong release. When compared
to uniaxial PLGA-PEI blended fibers, the PLGA (shell)-PEI (core) coaxial fiber exhibited both improved
bioactivity and prolonged release of the pBMP2-2 plasmid. The coaxial fiber released 80% of the
plasmid over 20 days, while the uniaxial fibers released the same amount over seven days [107].

Polymers other than PLGA have been used as hydrophobic shells to sustain the release of active
agents from coaxial fibers. One study formulated coaxial fibers containing a hydrophilic dextran core
and hydrophobic PCL shell. The addition of polyethylene glycol (PEG) to the PCL shell increased
the release of the encapsulated BSA by forming pores in the shell layer. Although all fibers released
~20% BSA within the first 24 h, increasing the PEG concentration increased the amount of BSA released
over extended durations. Interestingly, all fibers demonstrated sustained-release regardless of PEG
concentration; coaxial fibers fabricated with 5% PEG shells released ~60% BSA, while fibers containing
40% PEG shells released 90% BSA over 27 days [108]. In another study, the relationship between
PEG (core):PCL (shell) molar ratio and the release of BSA or lysozyme was investigated. The thinnest
shell layers with a core:shell molar ratio of 1.59 and a core flow rate of 2 mL/h provided complete
release of both encapsulants within 24 days, compared to only 50% release from thicker fibers with
a core:shell molar ratio of 0.32 and a core flow rate of 0.6 mL/h. Moreover, the fibers preserved the
bioactivity of lysozyme and released BSA over 29 days, with no noticeable differences between BSA
and lysozyme release rates [109]. In addition to conventional coaxial spinning, the use of emulsion
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electrospinning has also been investigated to fabricate coaxial fibers, which can be electrospun using
a uniaxial spinneret [70]. One study that used emulsion electrospinning fabricated core-shell fibers
composed of a PEG-poly(D,L-lactic acid) shell and methyl cellulose core to minimize the burst release of
lysozyme [110]. The release of lysozyme from the core was achieved over 15 days and was dependent
on the percent of lysozyme loaded, while the structural integrity and bioactivity of lysozyme was
protected by the shell. A later study compared these same coaxial fibers to blended uniaxial fibers
composed of PCL and PEG and showed that the coaxial fibers improved sustained-release by releasing
~50% of BSA over 35 days relative to blended fibers, which released ~75% BSA [111].

Another study explored the effects of multiple processing parameters, including PEG and PCL
concentrations, PEG molecular weight, encapsulant concentration, and fiber diameter, in modulating
the release of plasmid DNA (pDNA). Plasmid DNA was encapsulated in a PEI core, and a non-viral
gene delivery vector (r-PEI-HA) was incorporated within a PCL shell [112]. An increase in fiber
diameter was observed with an increase in all of the three other parameters, while the loading and
release of r-PEI-HA were correlated to pDNA concentration in the fiber core and PEG molecular weight.
The fibers formulated with high PEG molecular weight and low pDNA concentration exhibited ~30%
release of r-PEI-HA over 60 days, while the fibers with high pDNA concentration and low molecular
weight PEG completely released pDNA within 60 days.

Core-Shell Architectures with the Same Core-Shell Hydrophobicity

Although coaxial architectures with similar core and shell hydrophobicities have been utilized
to obtain transient and short-term release, coaxial fibers that use the same materials have been
less frequently investigated to provide sustained-release. In one study, PLGA was utilized in both
the core and shell layers to investigate the effect on vancomycin and ceftazidime delivery [113].
Both hydrophilic drugs were encapsulated within the core PLGA layer and exhibited similar burst
release kinetics within the first day, followed by a second phase of more gradual release over five to
ten days. Ninety percent of the antibiotics were released after 11 days, followed by complete release
after 25 days, with the more gradual release attributed to the PLGA barrier layer.

2.3. Applications for Intravaginal Delivery

The enhanced tunability and versatility provided by the core and shell layers of coaxial fibers
make them excellent candidates for intravaginal delivery applications. While uniaxial fibers have
been studied for sustained- and stimuli-responsive release of active agents in the FRT [6,114–119], they
have faced challenges in providing the sustained-release of therapeutically relevant concentrations
of individual active agents and effectively modulating the release of multiple agents core [6].
Often, compatibility between the polymer and encapsulant can pose challenges to achieving
sustained-release with uniaxial fibers, while coaxial fibers may circumvent this issue by integrating
two different polymers, enabling the separation of agents within a compatible polymer formulation
(core or shell). Moreover, the additional outer shell can help to modulate release. One can envision that
with a coaxial architecture, multiple agents may be delivered against a particular infection to provide
a synergistic effect or to provide protection against multiple types of viral or bacterial infections.
Together, these features allow for enhanced tunability with the option of providing immediate to
short-term release for on-demand applications while also providing long-term release that may be
particularly useful in prophylactic or contraceptive applications.

A variety of release kinetics can be attained from coaxial fibers by using different combinations of
materials in the core and shell layers. Transient or rapid release of active agents is often accomplished
with the use of hydrophilic polymers due to their rapid dissolution in aqueous environments.
To achieve short-term release extending to one week, a hydrophilic core in combination with a
hydrophobic shell is the most frequently used architecture, enabling the slow dissolution of the
shell layer, which acts as a barrier to encapsulant diffusion from the core. For sustained-release
applications that require delivery on the order of weeks to months, hydrophobic polymers such as
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PLGA and PCL are often selected as shell polymers due to their slower degradation kinetics and
biocompatibility. Yet, due to the number of parameters involved in the synthesis of coaxial fibers,
two similar architectures may still be tailored to perform very differently by altering physical versus
chemical properties. An example may be seen in which fibers composed of similar or even the same
polymers display very different release rates due to the modulation of shell thickness. In these cases,
thinner shells have been shown to provide more transient release, while increasing the shell thickness
delays or alters the trend to more gradual release.

Coaxial fibers have been investigated previously for intravaginal delivery [96,99]. In one study,
maraviroc release from coaxial fibers was adjusted by varying the drug loading and solution flow rates
to provide release over five days [99]. In addition, pH-responsive coaxial fibers have been fabricated
to react in the presence of semen by utilizing the pH-sensitive polymer cellulose acetate phthalate as a
shell. The outer shell dissolved immediately after exposure to PBS, promoting pH-responsive release
of Rhd B [96].

Although coaxial fibers have shown promise in general drug and initial intravaginal delivery
applications, further refinements are required to expand their overall utility. First, compatibility
between the solvents of the two polymer electrospinning solutions may limit the potential
combinations of core-shell materials and encapsulated agents to achieve successful electrospinning.
Additionally, residual solvents from the electrospinning process may interact with and inactivate
encapsulated active agents in the core layer. Therefore, while research in coaxial fiber design is still
ongoing, other fiber architectures such as multilayered fibers may offer additional advantages to
advance intravaginal delivery.

3. Multilayered Electrospun Fibers

3.1. Multilayered Fiber Architectures and Properties

Multilayered fibers can provide layer-by-layer delivery platforms that are relatively simple and
inexpensive to fabricate while allowing for the encapsulation of different active agents within the
individual layers. The topology, thickness, and composition of each individual layer can be easily tuned
to provide different release properties based on the envisioned application. Moreover, multilayered
fibers have been shown to have increased mechanical stability and flexibility compared to coaxial
fibers [120]. While the interactions between two or more polymer solution interfaces must be considered
for coaxial fibers, multilayered fibers can be fabricated from normally incompatible polymers due to
their sequential versus simultaneous fabrication process.

Electrospun multilayered fibers can be fabricated by sequential layering, stacking, or interweaving
fibers [121–123]. In sequential layering, the first layer of polymer is electrospun onto a collector, followed
by electrospinning additional polymer layers directly onto the same collector. In comparison, “stacking”
fibers refers to individually electrospinning each layer separately and subsequently adhering individual
layers together post-spin. Stacked fibers share similar physical properties with sequentially-layered fibers,
enabling temporally-programmed or spatially-specific delivery of active agents [124]. Finally, the fabrication
of interwoven fibers utilizes dual or multiple-syringes to simultaneously electrospin two or more different
polymer solutions (usually one hydrophilic and hydrophobic) onto the same collector. In contrast to fibers
produced using the sequential layering and stacking processes, which have distinct, separate layers of
polymeric fibers, interwoven fibers result from the blending of these different polymer solutions from
syringes placed opposite of or adjacent to each other into one integrated layer [125–127]. This technique
seamlessly integrates both hydrophilic and hydrophobic polymers in a way that prevents unwanted
interactions between the electrospun polymer solutions [127,128] while enabling the porosity of the
hydrophilic fibers to be altered to more finely tune fiber degradation [129]. Although interwoven fibers
do not have a shell layer, the interwoven architecture has been beneficial in promoting cell adhesion and
growth and has the potential to more finely modulate active agent release via porosity-based mechanisms
for drug delivery applications [130,131].
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Regardless of fabrication technique, multilayered fibers are beneficial in that they can temporally
modulate the release of multiple agents from a single delivery platform and can provide additional
tunability by modulating the barrier or discrete layers of the multilayered structure (Figure 5).
In addition, the ability to impart spatially-specific release—where specific layers of the multilayered
fiber possess distinct release profiles—is a key advantage of this architecture. This advantage may
be envisioned for intravaginal delivery applications where one layer provides rapid active agent
release to the mucus while another layer enables sustained-delivery specific to underlying epithelial or
immune cells [121,123]. For interwoven multilayered fibers, studies have shown that the incorporation
of a hydrophilic polymer can alter the overall porosity and wettability [129,132,133], while using a
hydrophobic outer layer in multilayered fibers (similar to coaxial fibers) can decrease surface wettability
and corresponding active agent release [134].

Figure 5. Schematic of anticipated active agent release from multilayered fibers. One method to
modulate the release of active agents (shown in green) is to vary the thickness of the outer layer (shown
in blue). (A) A thin outer layer provides both rapid burst release and limited sustained-release of
encapsulants. (B) In contrast, increased outer layer thickness can delay the release of some active agents.

While the process of creating multilayered fibers is well established, more work is required to
elucidate how each polymer layer impacts release kinetics. Physical properties including the pore
size, fiber diameter, and thickness of traditional uniaxial fibers are known to impact the delivery
kinetics of active agents from individual layers. Thus, the presence of one or more fiber layers can
contribute to the complexity in establishing and predicting the release kinetics of diverse active agents
from differently layered architectures. Despite these considerations and complexities, the adoption of
different layering techniques to create multilayered fibers can achieve diverse patterns of release for
transient, short-term, and sustained-release applications.

3.2. Release Kinetics from Multilayered Fibers

3.2.1. Transient and Short-Term Release

Multilayered fibers have shown promise in providing transient and short-term release of active
agents. Conventionally, a hydrophilic layer serves as a reservoir for active agents, while hydrophobic
materials provide an outer shell layer to prolong release. One study utilized a multilayered fabrication
approach to encapsulate the hydrophobic antibiotic, gentamicin, in a hydrophilic PVA center layer and
utilized a PU outer layer to envelop the inner PVA fiber [135]. Three separate fibers were fabricated by
altering the thickness of the PU outer layer between 3.4 and 8.1 μm. The release of gentamicin was
modulated with the thinnest PU layer (3.4 μm) demonstrating complete release within 1 h, relative to
10% release obtained from the thickest layer (8.1 μm). Furthermore, the thickest PU layer continued to
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release gentamicin for 24 h. Another study using interwoven electrospun fibers containing PEO and
PCL demonstrated that by adjusting the ratio of the two polymers, tunable fiber degradation could be
achieved from the resulting changes in pore size and porosity [127]. Although this study investigated
interwoven fibers to enhance cell infiltration through the pores, the use of sacrificial fiber layers may
be applied to modulate active agent release from the fibers for intravaginal delivery applications [127].

In addition to modulating the outer layer thickness and overall fiber composition, alterations to the
number of layers have been shown to impact active agent release. In one study, fibroin-gelatin blended
uniaxial fibers exhibited release of trypan blue, fluorescein isothiocyanate (FITC)-inulin, and FITC-BSA
within minutes [136]. In contrast, multilayered fibers composed of the same materials extended the
release of all three model compounds to 28 days [136]. In another study, dual-release, multilayered
electrospun fibers containing the model dyes, 5,10,15,20-tetraphenyl-21H,23H-porphinetetrasulfonic
acid disulfuric acid (TPPS) and chromazurol B, were encapsulated in four-layered PLCL (75:25) fibers.
The release rate and duration of the dyes were controlled by the fiber diameter and individual fiber
layer thicknesses. Minimal release of both dyes was observed for the first 15 min, followed by a
quasi-linear release profile for up to 4 h. However, increasing the thickness of dye-loaded layers
resulted in higher quasi-linear release rates due to the reduced density of the fiber surface [137].
In another study, the transient release of ketoprofen was achieved using trilayer fibers composed of
two EC outer layers surrounding a center PVP fiber. These fibers provided nearly complete release of
ketoprofen within 24 h [121]. Last, asymmetric multilayered polylactide fibers with different designs
on each side were fabricated to prevent liver cancer recurrence by promoting one-sided prolonged
chemotherapeutic release [138]. The fiber was composed of five poly(lactic acid) (PLA) layers, with
each layer serving as either a barrier to release or a drug encapsulating reservoir. In vivo studies in a
murine model demonstrated tumor suppression for at least four days, indicating that the multilayered
fiber may provide localized chemotherapy for short-term durations [138].

Multilayered fibers with stimuli-responsive properties have also been investigated for transient
and short-term release applications. In one of the first studies to investigate multilayered architectures,
the pH-responsive polymers, poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH),
were electrospun together to create a blended fiber. These fibers were loaded with a low molecular
weight cationic molecule, methylene blue, and demonstrated rapid release of methylene blue
(~10 min) at a neutral pH (7.4). However, by gradually adjusting the pH from 6 to 2 in aqueous
solutions, the step-wise pH-responsive release of methylene blue was achieved over three and a half
days. Building upon this work, the effect of coating the fibers with a thermoresponsive polymer
blend, poly(N-isopropylacrylamide)-PAA, or perfluorosilane was assessed. The addition of the
thermoresponsive poly(N-isopropylacrylamide)-PAA coating modulated methylene blue release via
temperature. Above a critical temperature, the thermoresponsive polymer became insoluble and
formed intramolecular hydrogen bonds, which led to the release of methylene blue within 50 min
(PBS, pH 7.4). In comparison, coating with perfluorosilane modulated release for up to 20 h at neutral
pH. When both the pH-responsive and multiple layers of thermoresponsive polymers were integrated
and evaluated at 25 and 40 ◦C, dye released for a maximum of 10 h regardless of layer thickness [139].

3.2.2. Sustained-Release

The ability of multilayered fibers to provide long-term release has been demonstrated in a
variety of studies [66,67,140]. In one study, the release of a hydrophobic chemotherapeutic agent,
7-ethyl-10-hydroxycamptothecin (SN-38), was prolonged to 30 days by using a triple-layered fiber in
which SN-38 was encapsulated in the center layer and surrounded by two superhydrophobic outer
layers consisting of PCL and poly(glycerol monostearate-co-ε-caprolactone) [134]. Similar to the trends
seen for transient and short-term release from multilayered fibers, increasing the thickness of the outer
fiber substantially improved the longevity and amount of drug released. In another study, multilayered
fibers comprised of a PCL shell and a PEO/Rhd B core were fabricated to assess the effect of increasing
the outer layer thicknesses between 46.1, 68.9, and 186.1 μm [141]. While the thinnest 46 μm layers
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released 85% of Rhd B in one day, the 68.9 and 186.1 μm layers increased release to 15 and 25 days,
respectively. Moreover, the release from the two fibers with the thicker outer layers demonstrated
zero-order kinetics, producing gradual, even release of drug with respect to time.

3.3. Applications for Intravaginal Delivery

Multilayered fibers have shown promise as a platform to co-deliver or prolong the release of
active agents in different environments. The process of creating multilayered fibers is relatively simple,
eliminating the more complex set-up and considerations of polymer-solvent interactions between
the adjacent, simultaneously spun layers present in coaxial spinning. By removing this complexity
of interactions, multilayered fibers can achieve “programmed release” by simply modulating the
thickness of each layer.

Multilayered fibers possess other unique features that make them excellent candidates for intravaginal
delivery applications. One of the unique strengths of multilayered fibers is that they can provide
spatially-specific release in that, unlike other architectures, the individual layers of multilayered fibers
can be designed for specific and discrete purposes. For example, one layer may be designed to improve
mucoadhesion for enhanced longevity and biocompatibility within the FRT, while another layer may
provide release of active agents dependent on its location within the multilayered matrix. Compared to
coaxial fibers, the optimization of multilayered fibers is not limited by solvent compatibility, as they can
be sequentially spun and assembled post-fabrication. Moreover, multiple individually spun layers can
increase the ease of encapsulating multiple types of active agents, which serve mechanistically different
roles against a single type of viral infection or as a multipurpose viral-contraceptive or viral-bacterial
dosage form. Finally, each fiber layer can be adjusted to have distinct mechanical properties that include
tensile strength, porosity, and elasticity, important for comfort and user preference [142].

To date, the use of multilayered fibers for intravaginal delivery has been briefly explored [56,99,123].
In one study, circular sheets of pre-spun PVP and PVP-EC fibers were stacked and annealed via a
pressed metal die that was dipped in solvent. The die annealed the edges of the stacked fibers, creating a
multilayered fiber with a PVP inner layer surrounded by blended PVP-EC sheaths. Other multilayered
fibers were also constructed by folding the outer layers and pressing the seams. Both types of
multilayered fibers encapsulated the hydrophilic compound maraviroc and provided biphasic release,
exhibiting an initial burst release followed by short-term release for up to five days. Another study
from the same group examined tenofovir (TFV) localization within stacked PCL/PLGA fibers. It was
found that TFV localization within the multilayered fiber could be predicted by considering the
changes in polymer crystalline structure caused by encapsulant-polymer interactions and correlating
drug-polymer hydrophilicity [56].

Both multilayered and coaxial fibers have the potential to provide tunable and sustained-release;
however, each architecture still faces the challenges surrounding FRT delivery. For example,
the interplay between two polymer solutions still needs to be considered for interwoven
multilayered (and coaxial) fibers, which may result in challenges to altering active agent release.
Additionally, as stated previously, the most significant obstacles to intravaginal delivery are
providing a dosage form that can facilitate active agent penetration of mucus and retention and
release of therapeutically relevant agent concentrations within the FRT. To improve retention,
fibers can be fabricated using polymers or polymer blends that have mucoadhesive properties.
However, this longevity is rarely translated to active agents once they have been released from fibers.
Thus, new measures may be considered to provide efficacious and sustained-delivery from fibers.

4. Composite Nanoparticle-Fiber Delivery Vehicles

4.1. Nanoparticle-Fiber Architectures and Properties

Over the past two decades, polymeric NPs have been extensively studied as efficacious drug
delivery platforms for a variety of applications. Polymeric nanoparticles are an attractive option
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for intravaginal delivery relative to traditional delivery platforms such as gels and films due to the
tunability of active agent release, ability for surface modification, potential for targeted delivery,
enhanced distribution potential, and the often resulting enhanced efficacy of encapsulated agents.
Additionally, polymeric NPs have been shown to elicit minimal immune response and to improve
the delivery and bioactivity of biologics [29,143,144]. Although metallic nanoparticles have also been
explored for use in many drug delivery applications, they have been less commonly administered
within the FRT, hence, a more comprehensive review of their applications may be found in [145,146].

Many physicochemical characteristics of NPs can be altered, such as particle size, surface charge,
and hydrophobicity, which contribute to their success in achieving sustained-release and localization to
target sites [147]. Although NPs have proven to be effective delivery platforms, as discussed in previous
reviews [148,149], achieving the prolonged release of active agents can be difficult due to the natural
clearance mechanisms of the FRT. In particular, NPs are challenged with retention in the vaginal cavity
due to mucus clearance and transport through mucus to underlying tissue [28,150,151]. These challenges
may be overcome by incorporating NPs into electrospun fibers, thereby creating a composite delivery
vehicle that complements the capabilities of both technologies. One might envision that fibers may act as a
reservoir for NPs, improving NP and active agent retention, while the innate fiber porosity can help to
more finely tune encapsulant release from NPs relative to the release observed from freely administered
NPs or fibers.

Nanoparticle-fiber composites are dual-component systems that have the ability to alter the release
kinetics of active agents from NPs or NPs themselves [152,153]. Often, the active agent of interest
is encapsulated within the NPs, which are then preloaded into polymer solutions for subsequent
electrospinning. While a variety of inorganic NPs have been incorporated into fibers [154–156],
concerns still persist regarding the safety of their use relative to polymeric NPs, particularly for
intravaginal applications. By utilizing biocompatible polymeric materials for both nanoparticles and
fibers, composites may provide safe and prolonged release for clinical applications.

4.2. Release Kinetics from Nanoparticle-Fiber Composites

4.2.1. Transient Release

Nanoparticle-fiber composites have been used to rapidly release NPs and their encapsulated
agents. A study was conducted with hydrophilic PVA and PEO fibers that incorporated PLGA NPs that
contained the dye, Coumarin 6 [157]. PEO fibers released 90% of NPs within 30 min when immersed in
a 50:50 ethanol:PBS solution, followed by additional release (5%) after 3.5 h. In comparison, PVA fibers
released approximately 70% of PLGA NPs within 30 min, followed by a decrease in NP release (15%)
over 8 h. Slightly slower release over 24 h was observed when PVA fibers were crosslinked prior to NP
incorporation. This study highlights that nanoparticle-fiber composites can be used to successfully
incorporate NPs and to modulate the transient release of NPs from these composites within aqueous
solutions [157].

4.2.2. Short-Term Release

Several studies have utilized nanoparticle-fiber composites to provide the short-term release of
active agents. One group explored a composite drug delivery system that encapsulated the antibiotic,
erythromycin, in gelatin NPs and free lidocaine hydrochloride within PVA-chitosan blended fibers [158].
Eighty percent of the lidocaine hydrochloride was released from the fibers within 54 h, while 70% of the
erythromycin was released after 70 h. In contrast, free gelatin NPs released 90% of erythromycin within the
same duration. In a separate study, chitosan-PEO blended fibers containing methoxypolyethylene glycol
(mPEG)-b-PLA micelles demonstrated a low initial burst release (15%) of 5-fluorouracil (5-FU), followed
by prolonged release (91%) for 109 h [159]. In another study, the release of free hydrophobic naproxen
and chitosan nanoparticles containing Rhd B was studied from PCL fiber scaffolds [160]. Rhodamine B
exhibited low levels (5%) of burst release, while 30–40% of naproxen was released within the first 2 h.
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Moreover, after 72 h, only 20% of Rhd B was released, while 60% of naproxen was released. The rapid
release of naproxen was achieved via incorporation within the fiber scaffold, while the extended release of
Rhd B was obtained and enhanced through nanoparticle-fiber encapsulation. These results demonstrate
the utility of nanoparticle-fiber composites in providing the short-term release of multiple agents.

4.2.3. Sustained-Release

Nanoparticle-fiber composites have also demonstrated long-term release capabilities in several
studies. In one study, dual-release nanoparticle-fiber composites were used to mend and treat critically
sized calvarial defects in rats [161]. These composites, consisting of PCL-co-PEG fibers encapsulating
dexamethasone and BSA NPs and loaded with bone morphogenic protein-2 (BMP-2), demonstrated
sustained-release of both molecules over 35 days. Another study explored the incorporation of siRNA
into chitosan NPs and PLGA fiber composites [153]. In these composites, the release of active siRNA
was sustained in vitro, with 95% of siRNA released from the fibers over 32 days, while gene silencing
activity was maintained. Sustained-release from nanoparticle-fiber composites was also demonstrated
in another study with chitosan-PEO electrospun fibers that were loaded with PLGA NPs encapsulating
phenytoin. Nearly complete release of phenytoin from the composite scaffold was achieved over nine
days [162]. Lastly, PLA fibers encapsulating chitosan particles provided sustained-release of BSA (45%)
for 27 days, while chitosan particles alone released 80% BSA in 14 days [163].

In addition to NP incorporation within traditional uniaxial or blended fibers, NPs have been
incorporated in more complex fiber architectures to prolong the release of active agents. For instance,
the effect of combining a multilayered fiber architecture with nanoparticle-fiber composites was
investigated by fabricating alternating layers of poly-L-lactic acid (PLLA) and PCL fibers with layers
of PCL fibers encapsulating positively-charged chitosan BSA NPs [164]. The multilayered composite
released 80% of the BSA in approximately eight days, whereas the monolayer control released the
same concentration of BSA within 24 h.

4.3. Applications for Intravaginal Delivery

Composite delivery vehicles containing nanoparticles and fibers have thus far been primarily
studied in wound healing and tissue engineering to fabricate scaffolds for tissue regeneration and bone
remodeling [86,165–167]. However, these platforms may be promising candidates for intravaginal delivery
applications due to their structural stability and ability to sustain the release of active agents. In such
systems, the fibers may be utilized as a reservoir for NPs to aid in intravaginal retention by helping to
decrease NP clearance during shedding. In addition, it is envisioned that, depending on fiber formulation
and, importantly, NP size and charge, NP (and active agent) release may be modulated, enabling NPs to
traverse mucus and deliver agents to target cells that reside in the epithelium or underlying lamina propria.
Similar to other architectures, fiber parameters such as polymer composition and size can be tailored to
impact release in combination with altering NP composition, size, and loading within the fiber.

For intravaginal delivery applications, NPs can impart cell specificity, cell internalization,
as well as mucoadhesive or mucopenetrative properties to their encapsulated active agents [14].
Numerous studies have demonstrated the ability of NPs to enhance cell targeting via surface
modification [168,169]. Additionally, surface modification can increase cell internalization, which
may enhance the transport, subcellular localization, and corresponding efficacy of drugs like tenofovir
disoproxil fumarate (TDF), which require cell internalization. Furthermore, the NP surface charge can
be modulated to provide either mucoadhesive or mucopenetrative properties that further enhance
active agent delivery. Additionally, fibers can be fabricated to encapsulate NPs for sustained-release as
well as free agents for rapid release, providing both on-demand and sustained-release in one platform.
Finally, nanoparticle-fiber composites, when coupled with coaxial or multilayered fiber architectures,
provide an attractive strategy to retain and sustain the release of active agents within the FRT (Figure 6).
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Figure 6. Schematic of electrospun nanoparticle-fiber composites that integrate coaxial and
multilayered fiber architectures. (A) Coaxial fibers can be fabricated to encapsulate nanoparticles (NPs)
within the core fiber, conferring sustained- or delayed-release of active agents that are encapsulated in
NPs (shown in green). (B) Multilayered fibers that encapsulate NPs can also act as reservoirs for either
NP or active agent release.

As with multilayered fibers, the use of nanoparticle-fiber composites has only recently been
investigated for intravaginal delivery. In a proof-of-concept study, rapid-release PEO, PVA, or PVP
fibers encapsulated PLGA NPs containing C6 dye or etravirine drug [23]. In this study, composites
and free NPs were administered within murine FRTs and assessed for retention and release.
The encapsulated nanoparticles exhibited a 30-fold increase in retention in the mouse FRTs relative
to free NPs. Furthermore, nanoparticles alone provided transient release of etravirine, while all
nanoparticle-fiber composites demonstrated release for up to seven days. To date, this is the only
investigation of nanoparticle-fiber composites for use in intravaginal delivery. However, the significant
difference in retention and release rate achieved with nanoparticle-fiber composites highlights the
immense potential of this architecture for sustained-delivery in the FRT.

Although combining nanoparticles and electrospun fibers into one delivery vehicle has
demonstrated potential, challenges exist for this platform. The major concern is related to the
concentration of nanoparticles that can be effectively encapsulated within fibers without hindering
the ability of the polymer solution to be electrospun [170]. Furthermore, the concentration of active
agent may decrease with the use of a coaxial or multilayered architecture, as only specific layers of
the fiber will encapsulate NPs. Finally, polymeric NPs are often comprised of the same or similar
polymers as electrospun fibers, thus care must be taken to prevent polymer solvents from dissolving
the NPs prior to or during the electrospinning process [171]. Moreover, the morphology of NPs may
also be adversely affected by electrospinning voltage. These factors limit the combinations of fiber and
nanoparticle materials available for composite fabrication. Thus, for composite delivery applications
to succeed, polymer choice and electrospinning conditions must be taken into consideration.

5. Future Directions and Discussion

Within the past decade, electrospun fibers have been explored as a multipurpose delivery platform
to prevent and treat sexually transmitted infections (STIs). For intravaginal applications, fibers have
typically been uniaxially electrospun to release active agents targeted to HIV-1/HSV-2 infections
and contraceptive applications. However, other electrospun architectures have been developed that
may provide more finely-tuned active agent release, the encapsulation of multiple agents, and longer
release durations, desirable for next-generation vehicles. Given this, the goal of this review was
to summarize the advancements in electrospun fiber architectures including coaxial, multilayered,
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and nanoparticle-fiber composites, to meet these needs, and to review their use in other drug delivery
applications. We sought to relate different temporal regimens of delivery, including transient (occurring
within hours), short-term (spanning hours to one week), and sustained (extending from one week to
months), to architectural design and materials selection to help guide the design of future platforms
that meet the unique temporal needs of intravaginal delivery.

One of the major challenges facing intravaginal delivery is the lack of user adherence surrounding
the administration of current delivery platforms. Several clinical trials have highlighted how a lack of
user adherence contributes to decreased efficacy in clinical trials. In both the FACTS-001 and VOICE
trials, South African women deemed high risk for HIV-1 exposure were given antiretroviral TFV gels
to administer prior to intercourse [93,172]. Despite the known efficaciousness of TFV, the gels provided
suboptimal protection against HIV-1 infection, which was attributed to low user adherence of the gels prior
to intercourse. Another study examined the efficacy of gels that incorporated the antiviral polysaccharide,
carrageenan, in women in Thailand. This study demonstrated similarly disappointing clinical outcomes,
with low user adherence considered the most significant reason for the lack of clinical efficacy [173].
Negative outcomes in other trials such as PRO-2000 and cellulose sulfate gel studies, which examined
the efficacy of anti-HIV gels in female populations, further validated these studies, highlighting that both
user preference and adherence regimens must be considered during product design rather than at the
clinical trial stage. As a result of these studies, there has been an increased emphasis to design vehicles that
decrease the administration frequency by prolonging active agent release after a single topical application.

In conjunction with improving user adherence, the development of multipurpose delivery vehicles
that offer long-term protection against the various stages of a single infection or a diversity of different
types of infections is highly desirable [174]. For single infections, a delivery platform may administer
multiple agents with different mechanisms of action that target different stages of the viral or bacterial
life cycle. However, the increased likelihood of viral co-infections, such as HSV-2 and HIV, as well
as bacterial and fungal infections will likely require co-administration of antiviral and antimicrobial
agents to be successful. Furthermore, applications that seek to meet both antiviral and contraceptive
needs in the same dosage form will require the incorporation of multiple types of agents to expand
a platform’s effectiveness. Therefore, a delivery platform that has the capability to release multiple
active agents, each over time frames relevant to the application or active agent, will have greater utility
and enable more convenient administration schedules based on specific user needs.

Despite these needs, tailoring the delivery of multiple types of active agents for viral, bacterial,
fungal, and contraceptive applications is an ambitious goal given the unique chemical properties of
each agent. For example, the antiretroviral TFV and its pro-drug TDF have similar structures and both
work as nucleoside reverse transcriptase inhibitors yet possess markedly different hydrophobicities.
As such, a delivery platform designed to prolong TFV release may result in different release
kinetics of TDF, requiring the formulation of distinct delivery vehicles specific to the selected active
agents [56,116,118,175,176]. Furthermore, each active agent may necessitate specific temporal dosing
regimens to provide protection or treatment. For example, it may be desirable to administer viral entry
inhibitors, which inactivate virions prior to cell entry, over a different time frame than active agents that
work inside of cells and need to transport through and localize to target tissue. Several studies have
investigated this and have found that more complex and specialized architectures may be useful to
achieve temporal delivery goals by tuning the release properties of multiple encapsulants for multiple
targets [177,178]. Similarly, for contraceptive applications, on-demand and/or zero-order release with
equivalent daily dosing may be desirable for spermicides and hormonal/non-hormonal contraceptives,
respectively. Conversely, it may be desirable to deliver active agents such as hormones and small
hydrophilic drugs (e.g., etonogestrel and acyclovir) within the same time frame for simultaneous
long-term contraception and prevention. However, the drastically different chemical properties of these
agents will require more complex solutions to achieve similar release profiles. Given this, multipurpose
intravaginal delivery platforms must be tailored to maximize the efficacy of individual active agents,
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including small molecule drugs, proteins, antibiotics, hormones, and live organisms (e.g., probiotics),
to meet the needs of these diverse applications.

While providing distinct release profiles of different active agents is an important criterion for the
development of future intravaginal platforms, to date, intravaginal rings (IVRs) are the only platforms that
provide delivery over a duration of weeks to months [179–183]. Furthermore, IVR studies indicate that more
complex dosage forms, such as rings with drug-encapsulating pods, may more likely succeed, particularly
in challenging delivery scenarios, e.g., achieving the sustained-release of small hydrophilic molecules [177].
These and other studies [177,178,184,185] emphasize the need to offer alternative delivery vehicles for
women, with the key lesson that platform architecture must be designed to consider the hydrophobicity
and chemical compatibility of the encapsulants in combination with its surrounding materials.

In addition to the development of fibers with more complex architectures, active agent release
and transport from these platforms must be assessed. Tissue mimetics and ex vivo tissues have been
used to assess these parameters within the context of intravaginal delivery applications [116,186–191].
One of the most common ways in which to assess intravaginal delivery is by using human ectocervical
tissue explants derived from patients [187–191]. These explants provide a representative environment
in which to measure transport by accounting for the three-dimensional structure of patient tissue.
However, patient-specific variations and tissue availability can limit the use of vaginal explants.
Given this, organotypic three-dimensional vaginal tissue models such as EpivaginalTM tissue have
been created to help evaluate the safety, transport, and efficacy of active agents within an FRT
mimetic [192,193]. Other in vitro models have also been developed to explore bacteria and host cell
interactions in the reproductive environment [194]. Moreover, within the past decade, new biomarkers
and assay endpoints have been identified and studied in different models to more fully assess
microbicide interactions with the FRT [195]. The use of tissue models promises to streamline the
assessment of future fiber platforms as viable intravaginal delivery platforms.

To date, a variety of studies have developed uniaxial electrospun fibers for intravaginal
applications, including HIV prevention [56,115–119,175,176,196–199]. In these studies, electrospun
fibers have demonstrated promising potential for intravaginal applications due to their mucoadhesive
characteristics, mechanical properties, and ability to be fabricated in different shapes and sizes [53].
Depending upon the polymer hydrophilicity, traditional uniaxial fibers have been formulated as
transient, short-term, or long-term delivery platforms. For the purposes of on-demand and short-term
release, many of these studies use hydrophilic fibers, which dissolve or degrade quickly. In contrast,
fibers consisting of more hydrophobic materials are expected to persist within the FRT, acting as
reservoirs to sustain the release of active agents. We envision (and have observed) that long-term
delivery vehicles maintain their structure during the delivery duration of interest and may require
physical removal from the FRT, similar to current IVRs. However, one of the key challenges for
intravaginal delivery has been to sustain the release of small hydrophilic antiretrovirals due to
their rapid diffusion through the porous fiber matrix, solubility in aqueous solutions, and chemical
incompatibility with hydrophobic polymer cores [6]. Many of these uniaxial fibers demonstrated
burst release of hydrophilic agents followed by short-term release [59,200], partially attributed to
the localization of hydrophilic agents on the fiber surface. Compounding this, concerns exist that
the subsequent release of active agents may be insufficient to provide complete protection against
future infections. While blended uniaxial fibers have been moderately successful in addressing these
challenges, more work is required [119].

The primary parameters that impact release from uniaxial fibers are the choice of solvent and
polymer. Other factors such as polymer concentration and electrospinning parameters also play a role in
attaining different release profiles; however, it is unlikely that these factors alone are sufficient to overcome
the challenge of delivering sustained and therapeutically-relevant concentrations of hydrophilic agents.
Furthermore, it is difficult to utilize traditional uniaxial fibers for the encapsulation of multiple diverse
agents such as large proteins and small drugs. Due to these issues, other electrospinning architectures may
be better suited to meet the diverse challenges of intravaginal delivery.
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As discussed previously, coaxial fibers have shown promise for the encapsulation and release
of small hydrophilic and hydrophobic molecules, which may be useful for intravaginal delivery
applications. The different goals of transient, short-term and long-term release can be achieved by
changing the composition and hydrophobicity of core and shell materials as well as by modulating the
shell thickness and core:shell ratio. As described, the shell layer can help regulate active agent release,
while the core layer is designed to provide optimal compatibility with an encapsulant. For instance,
by using pH-responsive polymer shells, an immediate stimuli-responsive release of agents can be
achieved when the fiber is in contact with semen. In this scenario, the core layer may be tailored to
encapsulate multiple agents, while the shell, comprised of pH-sensitive polymers, retains encapsulants
until needed. Another advantage of coaxial fibers is that they can be fabricated to exploit drug-polymer
hydrophilicities. For example, a coaxial fiber comprised of a hydrophobic shell and hydrophilic core
can be utilized to provide long-term release of hydrophilic compounds. Agent encapsulation into
both layers would allow for both transient burst release from the shell due to surface localization and
high loading and sustained-release from the core layer. Finally, coaxial fibers can provide release of
biological agents such as large proteins. Coaxial cores may be engineered to achieve high protein
encapsulation and biocompatibility, while shells can be constructed with porous surfaces, allowing
tunable release. This is particularly significant given that many biologics are being investigated as
future viral prophylaxes and therapeutics. Although coaxial electrospinning is a more complex process
that requires additional optimization, relative to uniaxial spinning, it may enable a versatile platform
for transient, short-term, and long-term release [119].

Multilayered fibers combine different polymer layers via sequential or post-spinning to
incorporate multiple and chemically distinct drugs within specific layers, thereby tailoring the
release kinetics for each encapsulated agent. Multilayered interwoven fibers can be utilized to
provide transient release using sacrificial layers to encapsulate agents for on-demand applications.
The sacrificial layers comprised of hydrophilic polymers would provide on-demand release of agents
based on their immediate degradation when exposed to physiological fluids. Active agent release can
be further modulated by the number, thickness, and porosity of each fiber layer [201]. Moreover, blank
fibers may be incorporated within the multilayers to either act as a physical barrier for sustained-release
or for contraceptive purposes. The layer thickness and level of porosity of blank fibers can be
conveniently modulated to delay the release of small hydrophilic molecules from the drug-loaded
layers, serving to prolong release. Additionally, multilayered fibers have the potential to deliver
biologics and non-hormonal contraceptives. These agents, although efficacious, may degrade when
exposed to harsh solvents during the electrospinning process. By incorporating these active agents
in distinct layers and integrating barrier layers, multilayered fibers can provide long-term release of
drugs and biologics while retaining their activities.

While each of these strategies offers advantages relative to uniaxial spinning, the delivery
of active agents may be further enhanced by integrating nanoparticles with fibers. A composite
platform may offer a new alternative to address the challenges of intravaginal delivery, such as the
maintaining active agent stability, providing cell-specific targeting (via NPs), and enhancing cell
internalization. Like electrospun fibers, nanoparticles can be designed to encapsulate virtually any
compound. The limitations of nanoparticle-fiber composites mentioned earlier may be overcome by
utilizing fibers as a reservoir for both active agents and nanoparticles to release multiple therapeutics.
Furthermore, the release rates of encapsulants from both nanoparticles and fibers may be modulated
by adjusting the composition of the polymeric scaffold. For on-demand transient release, hydrophilic
polymers may be used to enable rapid release of NPs for immediate distribution through and enhanced
retention within tissue. In contrast, more hydrophobic fibers may be used to delay the release of NPs
or NP-encapsulated agents. Although drug-polymer hydrophobicity is a major contributor to release,
other factors such as polymer choice, molecular weight, and crystallinity, as well as solvent choice and
electrospinning parameters, also affect the release of agents from fibers.
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The application of advanced fiber architectures has only recently been explored in the context
of intravaginal delivery. Advanced fiber architectures demonstrate the potential to provide the
sustained-release of individual active agents in addition to concurrently providing both transient and
sustained-delivery of multiple active agents. These are key advantages over traditional uniaxial fibers,
which are challenged with the long-term delivery of small hydrophilic molecules, in addition to providing
transient and sustained-release simultaneously. We envision that future fiber architectures will localize
active agents within specific sections of the fiber to tailor the release of individual agents independent
of other encapsulants. Moreover, we anticipate that future platforms will combine architectures to
maximize or complement the advantages of individual platforms. As previous clinical trials have shown,
effective protection will be dependent upon fulfilling user preferences, offering convenience, and providing
necessary release profiles from one vehicle, which fibers have the potential to realize.
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Abstract: Tenofovir alafenamide (TAF) is an effective nucleotide reverse transcriptase inhibitor
that is used in the treatment of HIV-1 and HBV. Currently, it is being investigated for HIV
prophylaxis. Oral TAF regimens require daily intake, which hampers adherence and increases
the possibility of viral resistance. Long-acting formulations would significantly reduce this problem.
Therefore, the aim of this study was to develop a transdermal patch containing TAF and investigate
its performance in vitro through human epidermis. Two types of TAF patches were manufactured.
Transparent patches were prepared using acrylate adhesive (DURO-TAK 87-2516), and suspension
patches were prepared using silicone (BIO-PSA 7-4301) and polyisobutylene (DURO-TAK 87-6908)
adhesives. In vitro permeation studies were performed while using vertical Franz diffusion cells for
seven days. An optimized silicone-based patch was characterized for its adhesive properties and
tested for skin irritation. The acrylate-based patches, comprising 2% w/w TAF and a combination of
chemical enhancers, showed a maximum flux of 0.60 ± 0.09 μg/cm2/h. However, the silicone-based
patch comprising of 15% w/w TAF showed the highest permeation (7.24 ± 0.47 μg/cm2/h).
This study demonstrates the feasibility of developing silicone-based transdermal patches that can
deliver a therapeutically relevant dose of TAF for the control of HIV and HBV infections.

Keywords: transdermal patch; tenofovir alafenamide; acrylate adhesive; in vitro permeation; silicone
adhesive; suspension patch

1. Introduction

Tenofovir (TFV) represents the cornerstone of prophylactic and therapeutic approaches to control
HIV infection [1]. Tenofovir alafenamide fumarate (TAF), a prodrug, is currently replacing TFV
disoproxil fumarate, which shows better affinity for lymphoid tissue, yielding higher levels of
TFV-diphosphate (active metabolite) and lower levels of plasma TFV, and displaying a better renal and
bone safety profile [2]. Due to these advantages, TAF is also being considered in the treatment of chronic
HBV infection [1]. For HIV, TAF is typically administered, in combination with other antiretrovirals
(ARVs), in daily single tablet regimens (STRs). Although STRs represent a significant advantage over
the need to take multiple tablets three times a day, which characterized the beginnings of highly
active antiretroviral therapy, it still remains a high burden to the patient, leading to poor adherence,
lower efficacy, and increased risk of viral resistance. Therefore, sustained release of ARVs, which can
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reduce these problems, is needed. The development of sustained release delivery technologies in this
space would be of high clinical relevance.

A variety of delivery systems, such as tablets (oral), tablet-like inserts (vaginal/rectal),
gels (rectal/vaginal), vaginal films, ointments, rings, diaphragm based devices and electrospun fibers,
oral/parenteral liposomes and nanoparticles, injectables, and subdermal implants for prophylactic
or therapeutic anti-HIV agents have been explored [3–9]. Drug delivery systems, such as daily
oral tablets and coitally-dependent vaginal gels, are typically short-acting and they have been
associated with poorer user adherence. Long-acting coitally-independent systems, such as implants
and injectables, do not present these problems, but are riskier if safety or idiosyncratic issues
arise [7,10–13]. An intermediate duration drug delivery system, such as a transdermal patch,
exerting its pharmacological effect for a few days to a week, would thus be beneficial to the users,
providing a more sophisticated and convenient therapy option.

Transdermal drug delivery offers an attractive alternative to oral and other systemic routes of
delivery, allowing for the drug substances to reach the systemic circulation across the skin barrier.
Transdermal drug delivery systems can be beneficial in preventing the hepatic first pass effect of
drugs, eliminating peak and valley plasma drug concentrations, which are usually associated with
the oral and injectable drug delivery, avoiding the degradation of drugs in GI tract, and, in general,
being non-invasive and convenient to administer [14]. ARV drug substances may potentially be
delivered through the transdermal route in a consistent and sustained manner (e.g., zero order release
kinetics), which would provide several advantages over the other delivery systems that have been
explored so far [15]. Being non-invasive and much easier to apply, without the intervention of a health
care provider, transdermal patches may provide more user adherence than the injectable or implantable
delivery systems that are currently under investigation. Additionally, transdermal patches can be
easily discontinued if the need arises, making them safer to use. The aim of this study was to develop
and characterize transdermal patches for the delivery of ARV agents, in particular TAF, and investigate
its permeation through human epidermis.

There are generally two types of passive transdermal patches, namely, matrix (drug-in-adhesive)
and reservoir. The matrix-based transdermal patch, which was the system of choice in this study,
consists of a release liner, an adhesive matrix, and an impermeable backing membrane. In addition to
the ease of use and manufacturability, as well as the acceptable cost of goods, one of the significant
advantages of matrix type transdermal patches when compared to reservoir patches is the absence
of dose dumping [16]. The matrix transdermal patches are usually prepared using organic solvent
based pressure sensitive adhesives (PSAs), such as acrylate copolymer, silicone, polyisobutylene (PIB),
either alone or in combination with each other [17]. Drug substance can be either dissolved or dispersed
in the adhesive matrix, resulting in clear/transparent/translucent or suspension patches, respectively.

From a transdermal patch development perspective, drugs with low molecular weight (<500 Da),
suitable melting point (<250 ◦C), and moderate log P (1–3) are ideal for passive permeation through
skin. With a molecular weight of 476.47 g/mol, melting point of 279 ◦C, and having a logP =1.8,
as calculated using chemicalize software (MarvinSketch: version 6.2.2, ChemAxon, Hungary, Europe),
TAF, the newest prodrug of TFV in the market, is a promising ARV candidate for the development
of transdermal patch formulation. TAF is commercially available with oral daily doses of 10 mg
and 25 mg [18]. When considering the higher dose of 25 mg and low bioavailability of orally
administered TAF (25%) vs transdermal, 6 mg of it would be needed in the systemic circulation [19,20].
However, 8 mg/day was established as the target dose to be on the safer side and keeping a window
of deviations.

The aim of this study was to develop a transdermal patch for sustained release of TAF for
approximately one-week duration. To our knowledge, transdermal patches comprising of ARV agents
for HIV therapy or prophylaxis have not yet been developed. Thus, this is the first study to report such
a system. In the present study, transparent acrylate based patches, as well as silicone and PIB based
suspension patches of various compositions, were prepared and evaluated for in vitro permeation
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across human epidermis for seven days. In order to release a TAF dose of 8 mg/day from a 50 cm2

transdermal patch, the targeted permeation flux was about 7 μg/cm2/h. Different chemical enhancers,
plasticizers, as well as crystallization inhibiting agents, were included in the patch formulations.
Patches were evaluated for stability, skin irritation, and physical characteristics, such as tack, peel,
and shear adhesion.

2. Materials and Methods

2.1. Materials

TAF (free base, CAS number: 379270-37-8) was purchased from Pharmacodia Co.,
LTD (Beijing, China). Backing membranes (ScotchpakTM 9733-2.05 mil polyester film; CoTran™
9702, 9706, 9728- ethylene vinyl acetate copolymer (EVAC); CoTran™ 9718, 9720 – polyethylene
film); and, release liner (ScotchpakTM 1022- 3 mil fluoropolymer coated polyester film) were
gifted by 3M (St. Paul, MN, USA). Silicone coated poly-ethylene terephthalate (PET) films (1 mil):
48101-4400B/000, 44916-7300AM/000, and 40987-U4162/000 were procured from Loparex (Cary, NC,
USA). Acrylate PSA (DURO-TAK 87-2516) as well as PIB adhesive (DURO-TAK 87-6908) were obtained
as gift samples from Henkel Corporation (Dusseldorf, Germany). The Dow Corning Corporation
provided Silicone adhesive (BIO-PSA 7-4301) provided as a gift sample (Washington, DC, USA).
Mineral oil, oleyl alcohol, polyethylene glycol (PEG), and polyvinyl pyrrolidone (PVP 360) were
obtained from Sigma–Aldrich (St. Louis, MO, USA). Propylene glycol (PG) and oleic acid (OA)
were purchased from Ekichem (Joliet, IL, USA) and Croda Inc. (Edison, NJ, USA), respectively.
Triacetin, octisalate, gentamycin sulfate, tetra hydrogen furan (THF), sodium dihydrogen phosphate,
sodium hydroxide, and phosphate buffered saline, pH 7.4 (PBS) were obtained from Fisher Scientific
(Pittsburgh, PA, USA). Kollidon® VA64, Kollidon® 90F, and Kollidon® 30LP were purchased from
BASF (Florham Park, NJ, USA). Methanol, ethanol, acetonitrile, and trifluoroacetic acid were purchased
from Pharmco-aaper (Brookfield, CT, USA). Dermatomed human cadaver skin was obtained from
New York Fire Fighters (New York, NY, USA).

2.2. Methods

2.2.1. Slide Crystallization Studies

TAF was dissolved in methanol (10 mg/mL) and a drop of this solution was placed on a glass slide.
Methanol was allowed to evaporate at room temperature (RT) under a fume hood. The drug crystals
that were obtained were then observed under Leica DM 750 optical microscope (Leica Microsystems
Inc., Buffalo Grove, IL, USA). The DFC-295 camera, which was attached to the microscope, was used to
capture images at magnifications of 10× or 20× (as specified). Similar procedure was used to determine
the saturation solubility of TAF in different adhesives (DURO-TAK 87-2516, DURO-TAK 87-6908,
and BIO-PSA 7-4301), solution of 5% (w/w) OA in DURO-TAK 87-2516, as well as in the additives:
PVP 360, Kollidon® VA64, Kollidon® 90F, and Kollidon® 30LP. For solubility studies in adhesives,
blends of different concentrations of TAF in adhesives, ranging from 1–12% w/w (dry weight) were
prepared and a drop of the transparent blends (with completely dissolved drug) was individually
placed on glass slides and kept in a flameproof oven at 100 ◦C for 30 min. for the evaporation of the
solvents in the adhesives. Similarly, different blends with TAF concentration, ranging from 3–5% (w/w)
in a mixture of 5% (w/w) OA in DURO-TAK 87-2516 (dry weight basis), were prepared and a drop of
each of the solutions was placed on the glass slides and then exposed to the same drying conditions,
as mentioned above. In order to determine the solubility of TAF in different additives, the two
components were weighed in the following ratios (% w/w): 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1,
and then dissolved in methanol. A drop of each of these solutions was individually mounted on glass
slides and observed for crystals after allowing for the evaporation of methanol at RT. The appearance
of crystals in all of the test samples was observed for a week before concluding the saturation solubility
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of TAF in different components. The latter was indicated by the highest concentration at which no
crystals were observed [21,22]. The percentages of solid content that were used to calculate the wet
weight of adhesives were 41.5% for DURO-TAK 87-2516, 38% for DURO-TAK 87-6908, and 60% for
BIO-PSA 7-4301.

2.2.2. Preparation of Drug in Adhesive Patches of TAF

Formulation of Acrylate-Based Patches

Pre-determined amounts of TAF, adhesives, and additives (OA, oleyl alcohol, PG, octisalate,
triacetin, as specified in Table 1) were weighed into glass jars with airtight lids to minimize the loss
of organic solvents. For the patch formulations AP4 to AP11, excipients, such as PVP 360, Kollidon®

VA64, Kollidon® 90F, and Kollidon® 30LP were separately dissolved in methanol and the solutions
were then added to the mixture of adhesive and other excipients. The blends were kept overnight on
the rotary mixer (Preiser Scientific Inc., St. Albans, WV, USA). Table 1 shows the compositions of the
different acrylate based TAF patches. Solid content % of 41.5 was used for the calculation of the wet
weight of DURO-TAK 87-2516 for the formulations. The homogenous mixtures were then casted on
the release liner (fluoropolymer coated side of ScotchpakTM 1022) using a Gardner film casting knife
(BYK-AG-4300 series, Columbia, MD, USA). The target coat weight of different patches varied from
100–400 gsm (grams per square meter). The casted sheets were dried in a flameproof oven at 95 ◦C for
40 min. After drying, they were laminated using ScotchpakTM 9733 (backing membrane) with the help
of a roller, ensuring that no air pockets were formed. The 200 gsm and 400 gsm patches were made by
preparing one 100 gsm patch and then stacking 1 and 3, 100 gsm cast films (coated on release liner),
respectively, on that one by one, after removing the liner of the previous laminate.
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Microscopy of Acrylate-Based Patches

The prepared acrylate patches were punched and stored at 40 ◦C, RT, and −20 ◦C, and then
observed for the occurrence of crystallization under an optical microscope (Leica DM 750) at
predetermined time points for up to six months [23]. In case of patches that showed the appearance of
crystals in the first week of storage at RT or 40 ◦C, microscopic observations after storage at −20 ◦C
were not performed.

Formulation of TAF Suspension Patches

The suspension patches of TAF were prepared using silicone (BIO-PSA 7-4301) and PIB
(DURO-TAK 87-6908) adhesive. TAF was first levigated with mineral oil and other additives (OA and
oleyl alcohol) were then added and mixed using BenchmixerTM (Benchmark Scientific Inc., Edison,
NJ, USA). Heptane was then added to the blend and the drug suspension was homogenized using
a high-speed homogenizer (OmniTHQ, Omni International, NW, GA, USA). Heptane was then allowed
to evaporate at 90 ◦C for 5 min. and the adhesive was added to the remaining mixture. The final
blend was allowed to mix overnight, then homogenized for 1 min, and then casted on the release liner.
It was dried in a flameproof oven and the casted film was then laminated with the backing membrane.
Table 2 elaborates on the compositions, homogenization conditions, release liners, backing membranes,
and drying conditions employed for the formulation of different TAF suspension patches.

Visual Observations of the TAF Suspension Patches

The suspension patches with varying composition and material components were prepared
and observed for the following visual changes for about two weeks: phase separation,
contraction/shrinkage of the film, residue on release liner after peeling, ease of peeling off the patches
applied on human skin, as well as any residue on skin after removal of the patches.

Effect of Homogenization on Particle Size of TAF

The particle size of TAF, before and after homogenization, was determined using optical
microscopy. For the former, pure TAF was dispersed in heptane and a drop of the same was placed on
a glass slide and observed under optical microscope. For the size of TAF particles after homogenization,
a drop of the suspension, before the addition of the adhesive, was mounted on glass slide and observed
under the optical microscope. Size of particles (n = 50) was measured using ImageJ 1.41o software
(National Institutes of Health, USA) and it has been reported as average ± SD.

2.2.3. Coat Weight and TAF Content of the Patches

Punching and weighing 4.91 cm2 or 1 cm2 laminates (from different areas of the patch, n = 3)
using analytical balance (Mettler Toledo, Columbus, OH, USA) and subtracting the weight of equal
sized respective release liner and backing membrane from the same determined the coat weight of the
prepared patches. For the determination of drug content in the patches, the punched patches were
placed in 10 mL of THF after removal of the release liner and allowed to shake overnight. The solutions
were then diluted ten times with methanol and centrifuged at 13,400 rpm for 10 min. The supernatants
were then analyzed while using high performance liquid chromatography (HPLC) to quantitate the
amount of TAF in the same. Comparing the experimental and theoretical drug content values used
for processing indicated the stability of TAF after exposure to high temperature conditions. The latter
were calculated based on the targeted coat weight for each laminate and the percentage of drug loaded
(dry weight% when considering the solvent loss upon drying) in the formulation blend. Results have
been reported as average ± SD.
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2.2.4. In Vitro Skin Permeation Studies

In vitro permeation studies of TAF from transdermal patches through human epidermis were
performed for seven days using in vitro vertical Franz diffusion cells (PermeGear, Inc., Hellertown,
PA, USA), providing an effective diffusion area of 0.64 cm2 (n = 6).

Separation of Epidermis

For each permeation study, human epidermis was freshly isolated from dermatomed human
skin by the heat-separation method. Skin was immersed in 10 mM PBS, pH 7.4 for 2 min. at 60 ◦C.
Epidermis was then carefully manually peeled off, with the help of forceps and spatula, and thereafter
cut into pieces of suitable size for mounting on the Franz cells [24].

Epidermal Integrity and Thickness Assessment

Resistance of human epidermis was measured in order to select the pieces with acceptable initial
barrier integrity for the in vitro permeation study [25]. This was carried out with the use of silver-silver
chloride electrodes that were attached to a digital multimeter: 34410A 6 1

2 (Agilent Technologies, CA,
USA) as well as an arbitrary waveform generator (Agilent 33220A, 20 MHz Function). Epidermis was
mounted on the Franz diffusion cells and left for equilibration for 15 min. Phosphate buffer, pH 6.0,
was then added in the donor (300 μL) and receptor (5 mL), respectively. Following equilibration,
silver and silver chloride electrodes were placed in the receptor and donor compartment, respectively.
Load resistor (RL) attachment was in series with skin, and the voltage drop across the entire circuit
and skin (VS) was displayed on the multimeter (VO). The following formula was used to measure the
skin resistance (RS):

Rs = Vs RL/ (Vo − Vs)

where, VO and RL were 100 mV and 100 kΩ, respectively. Epidermis pieces with electrical resistance
of more than 10 kΩ were selected for the permeation study. A thickness gauge measured the thickness
of the selected epidermis pieces (Cedarhurst, NY, USA).

Selection of the Receptor Solution

The stability of TAF in different solvent systems (10 mM PBS, pH 7.4; phosphate buffer, pH 6.0;
10 mM PBS, pH 7.4: PEG 400 - 1:1; PEG 400) at 37 ◦C was assessed in order to select a suitable receptor
solution for the seven day permeation studies. For this study, different concentrations of TAF were
prepared (0.5, 5, 50 μg/mL) in the above specified solvents and kept at 37 ◦C. The solutions were
analyzed for drug content at 0, and after 24 h using HPLC. The solubility of TAF in the selected receptor
media (phosphate buffer, pH 6.0) was determined to ensure the maintenance of sink conditions. For this
purpose, excess drug was added to 1.0 mL of the buffer and it was allowed to shake for 24 h at RT.
Thereafter, the solution was filtered using 0.22 μm syringe filters (Cell treat Scientific Products, Shirley,
MA, USA) and analyzed using HPLC after suitable dilution.

In Vitro Skin Permeation Set Up

The permeation of TAF from different transdermal patch formulations (donor), through human
epidermis was investigated using the Franz diffusion cell set up as mentioned in Table 3. While taking
the stability of TAF, as well as the maintenance of sink conditions, into consideration, phosphate buffer,
pH 6.0 having gentamycin sulfate (80 mg/L) as an anti-microbial agent for the seven day permeation
study [22], was selected as the receptor compartment. The temperature of the receptor phase was
maintained at 37 ◦C and it was constantly stirred at 600 rpm. The freshly isolated epidermis pieces were
clamped between the donor and receptor compartments. After measuring the skin resistance through
the procedure described above, phosphate buffer from the donor was pipetted out, epidermis was
removed, placed flat on a glass plate, and then dried with the help of Kimwipes. The release liners
of the patches (of size enough to cover the diffusion area) were removed and the latter were applied
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carefully on the dried epidermis, such that the adhesive layer of the patch was adhered to the stratum
corneum side of the skin. The glass rod was rolled on the patches to ensure their adherence to the
skin. The epidermis pieces with the applied patches were then mounted between the donor and
receptor compartment and the entire set up was secured in place using a clamp. Receptor (0.3 mL)
was sampled at 0, 2, 4, 6, and 8 h with replacement with fresh receptor solution and entire receptor
(5 mL) was removed and replaced with fresh buffer at 24, 48, 72, 96, 120, 144, and 168 h. All of
the samples were analyzed for TAF content using HPLC. As human skin from different donors was
employed for the different permeation studies, the in vitro permeation data was normalized using the
flux that was obtained by repeating permeation of a previously evaluated patch, within every new
permeation study. Permeation flux was calculated from the slope of the linear profile of amount of TAF
permeated/ cm2 and time. The average of all the replicates ± SE has been reported. The calculated
flux was extrapolated to patch size of 50 cm2 and time duration of 24 h, in order to calculate the dose
administered/day.

Table 3. Coat weight and drug content of TAF patches.

Patch Formulation Code
COAT WEIGHT (mg/cm2), mean ± SD DRUG CONTENT (mg/0.64 cm2), mean ± SD

Targeted Experimental Theoretical Experimental

AP1 20 18.20 ± 1.88 0.256 0.25 ± 0.02

AP5 10 7.10 ± 0.14 0.640 0.53 ± 0.05

AP12 40 37.37 ± 6.94 0.512 0.478 ± 0.09

AP13 40 40.80 ± 1.47 0.512 0.522 ± 0.02

AP14 40 44.17 ± 4.96 0.512 0.565 ± 0.06

AP15 40 40.43 ± 2.35 0.512 0.643 ± 0.106

SP1 10 12.30 ± 3.15 0.96 1.35 ± 0.28

SP5 25 24.23 ± 2.88 2.40 2.52 ± 0.19

SP6 25 20.99 ± 5.80 2.40 2.17 ± 0.55

SP7 30 29.60 ± 1.94 2.88 2.94 ± 0.65

SP10 35 34.15 ± 3.75 1.12 1.11 ± 0.06

SP11 35 36.05 ± 1.29 2.24 2.53 ± 0.11

SP12 20 16.43 ± 0.39 2.56 2.31 ± 0.16

SP13 20 18.29 ± 1.82 3.20 3.02 ± 0.14

SP14 5 4.54 ± 0.55 0.48 0.80 ± 0.06

2.2.5. In Vitro Drug Release Studies

The release profile of TAF from the optimized patch (SP7) was evaluated using Paddle over Disk,
USP V dissolution bath apparatus (Sotax AT7 Smart, Sotax AG, Switzerland) [26,27]. This study was
performed during week 1 and after 1.5 and 3 months of patch preparation and storage at RT and 40 ◦C.
The patches (0.712 cm2) were applied on the teflon mesh and then placed on the glass discs, such that
the release surface was facing upwards (n = 3). The distance between the paddle and the surface of
the disk was about 25 mm. The disks were placed at the bottom of the vessels containing 500 mL of
phosphate buffer (pH 6) as the receptor media. Temperature of the media was set at 32 ± 0.5 ◦C and
the paddle speed was 100 rpm. The samples (1 mL) were drawn at 0, 2, 4, 6, 8 h with replacement
with fresh media and the entire receptor (500 mL) was removed and replaced with fresh buffer at 24,
48, 72, 96, 120, 144, 168 h. All the samples were analyzed for TAF content using HPLC. Results have
been presented as average cumulative amount of TAF released ± SE. The average percentage of TAF
released after 7 days from the tested patches has been reported as well and was calculated for each
replicate using the following equation:

%TAF released =

(
Cumulative amount o f TAF released over 7 days

Total amount o f TAF in patch tested

)
× 100%
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2.2.6. Coat Thickness, Coat Weight, and Drug Content of Optimized Patch

Coat thickness of the 1 cm2 laminates of SP7 (from different areas of the patch) was determined by
measuring the patch thickness using a thickness gauge (Cedarhurst, NY, USA), and then subtracting the
thickness of the release liner and backing membrane from the former. The coat weight and drug content of
the optimized patch were determined using the procedure described in Section 2.2.3. These parameters
were determined at day 1 and after 1.5 and 3 months of storage of patch at RT and 40 ◦C (n = 4–6).

2.2.7. Quantitative Analysis

A UV detection based reverse phase HPLC method was used for quantitative analysis of TAF.
Waters Alliance 2695 separation module (Milford, MA, USA) that was attached to a 2996 photodiode
array detector was used. Isocratic elution was performed on Phenomenex Luna 5μ C8 (2) 100A,
250 × 4.6 mm (Phenomenex, CA, USA), at a flow rate of 1.0 mL/min. and column temperature of
35 ◦C, after injecting 50 μL of sample. The mobile phase consisted of acetonitrile (phase A) and 0.1%
v/v trifluoroacetic acid in DI water (phase B) in the ratio of 30:70. The run time was 12 min. and the
retention time of TAF was around 7.4 min. The drug standards were prepared in the receptor solution
and were detected at wavelength of 262 nm. The precision limit of detection and quantification were
0.01 μg/mL and 0.03 μg/mL, respectively, and linearity was observed in the concentration range of
0.1–50 μg/mL (R2 = 0.9999).

2.2.8. Physical Characterizations of Optimized Patch

Peel Adhesion

The 180◦ peel adhesion tester (ChemInstruments, Fairfield, OH, USA) was used to evaluate the peel
adhesion force (force that is required to peel away the transdermal patch from dermatomed human cadaver
skin) [28]. The instrument was calibrated for experimental parameters, such as tension, speed, and peel
length with a load cell weighing 50 g prior to running the test patches. Transdermal patches with the
length and width of 3.0 inches and 1.0 inch, respectively, were cut. One end of the adhesive coated backing
membrane was adhered to the human skin affixed on the stainless steel plate and the other end was
attached to load cell grip. The average force that is required to peel off the adhesive film was measured
and recorded during the first week after patch preparation at RT and after three months of its storage at RT
and 40 ◦C (n = 3) as well. The results have been shown as average ± SD.

Tack Properties

A texture analyzer (Texture Technologies Corp, Marietta, GA, USA) consisting of a 7 mm probe
was used to determine the adhesion efficiency of the TAF suspension patch [29]. Prior to running
the test samples, the instrument was calibrated and parameters, such as target force, approach speed,
return speed, as well as distance and hold time, were optimized. A transdermal patch (width and
length of about 1.0 inch × 1.0 inch, respectively) was cut and adhered on to the sample holder after
removal of release liner. As the test run was initiated, the probe was allowed to touch the adhesive
film with a target force and hold time of 50 g and 10 s, respectively. This resulted in the creation
of a bond between the probe surface and transdermal patch. Further, as the probe was pulled off,
it resulted in debonding between the two surfaces. Parameters, such as work of adhesion, positive area,
and separation distance were hence recorded during the first week after patch preparation at RT and
after three months of storage at RT and 40 ◦C (n = 3). The results have been shown as average ± SD.

2.2.9. Evaluation of Skin Irritation Potential of Optimized Patch

An in vitro EpiDermTM skin irritation test (EPI-200-SIT) with a three-dimensional (3D) in vitro
reconstructed epidermis (RhE) model (MatTek Corporation 200 Homer Ave, Ashland, MA 01721)
was employed to assess the cell viability of skin while using a methyl thiazolyl tetrazolium viability
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assay [30] after the application of patch SP7. Three replicates of each of the patches were tested
and compared to a negative control (Dulbecco’s phosphate buffered saline) and positive control
(5% aqueous sodium dodecyl sulfate solution). After the removal of the release liners, patches were
adhered to the tissues and kept in an incubator for 1 h at 37 ◦C. Afterwards, the patches were removed
from the surface of tissue inserts, the inserts were washed using PBS, and then transferred to a fresh
assay medium for 24 h incubation. The media for the inserts was exchanged and incubated again for
18 h. This was followed by transferring the inserts into yellow methyl thiazolyl tetrazolium solution
and incubation for 3 h. During the 3 h incubation, mitochondrial metabolism was expected to occur
and it was detected by the formation of a purple-blue formazan salt. The plate with the inserts was
filled with isopropyl alcohol (2 mL) and kept on a shaker at 120 rpm for 2 -3 h. The aliquots were then
transferred to a 96 well enzyme linked immunosorbent assay (ELISA) plate and the optical density of
the extracted formazan salt was measured at 560 nm while using a Synergy HT plate reader (BioTek
Instruments, Inc, Winooski, VT, USA).

2.2.10. Data Analysis

Microsoft Excel and SPSS software package version 21.0 (IBM, USA) were used for analyzing data.
Single factor analysis of variance (ANOVA) and Student’s t-test were used for statistical analysis and
a p value of less than 0.05 was considered for concluding significant difference between the test groups.

3. Results and Discussion

3.1. Slide Crystallization Studies

Adhesiveness is a fundamental property of transdermal patches that is essentially required to
ensure the complete contact between the entire surface area of the patch and skin during the wear
period, for the efficient delivery of drugs. PSAs deform upon the application of slight pressure,
provide intimate contact with surfaces by establishing inter-atomic and molecular forces at the
interface, and are thus used for the preparation of transdermal patches [31]. A good adhesive is
one that does not leave any residue upon removal, is easy to use, stable to environmental changes,
non-irritant and non-sensitive to skin, compatible with other formulation components, allows sufficient
drug solubility, and possesses the necessary adhesive properties, such as tack, shear, and skin
adhesion [22,32]. Acrylic, silicone, and PIB-based adhesives are most commonly used in the design
of transdermal patches [33]. Therefore, all three types of adhesives (acrylate: DURO-TAK 87-2516,
silicone: BIO-PSA 7-4301, and PIB: DURO-TAK 87-6908) were explored for formulation development
of TAF transdermal patches.

The determination of saturation solubility of TAF in different adhesives was required to
determine the maximum amount of dissolvable drug that could be incorporated in the adhesives.
Slide crystallization is a preliminary and relatively fast method that is employed as an alternate to
preparing complete patches for estimating the solubility of drugs in adhesives [21]. Images of pure
TAF, as observed under the microscope at a magnification of 10×, are shown in Figure 1A. TAF,
at a concentration of 1% w/w (dry weight), was not soluble in silicone (BIO-PSA 7-4301) as well
as PIB (DURO-TAK 87-6908) adhesive, even before the evaporation of solvents. Therefore, due to
poor solubility in these adhesives, further slide crystallization studies were not performed with
them. However, TAF blends at a concentration of 1–12% w/w (dry weight) in DURO-TAK 87-2516
were successfully prepared and drops of these were allowed to dry on glass slides and images of
dried drug-adhesive blends, as observed under the microscope, are shown in Figure 1B–F. TAF at
concentrations of 3–12% w/w was observed to immediately crystallize after drying (Figure 1B–D).
However, 2% w/w TAF blend crystallized after three days (Figure 1E) and 1% w/w blend did not
crystallize, even after seven days at RT (Figure 1F). Therefore, the saturation solubility of TAF in
DURO-TAK 87-2516 was observed to be between 1–2% w/w (dry weight). Moreover, the addition
of 5% w/w OA to DURO-TAK 87-2516 adhesive enhanced the solubility of TAF to about 4% w/w.
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The blend containing 5% w/w TAF in adhesive-OA blend showed crystals after seven days, whereas
the 4% w/w TAF solution did not, as shown in Figure 1H,G, respectively. Further, in order to select the
composition ratios of different crystallization inhibitors and TAF for patch formulations with 5%, 10%,
and 15% w/w TAF (higher than its solubility in adhesive alone), different ratios of the two components
were tested in slide crystallization studies. The mixtures of TAF and PVP 360 in the ratios of 9:1 and 8:2
showed the appearance of crystals after seven days, but the compositions with TAF:PVP ratios from
7:3 to 1:9 did not show any crystals (Figure 1I–K). All of the other crystallization inhibitors (Kollidon®

VA64, Kollidon® 90F, and Kollidon® 30LP) with TAF, each in the ratio of 1:9, did not show appearance
of any crystals after seven days. Therefore, ratios of 7:3 (TAF:PVP 360) and 9:1 (TAF: Kollidon® VA64
or Kollidon® 90F or Kollidon® 30LP), comprising of the lowest amount of PVP with the potential
to inhibit crystallization, were selected for the preparation of patches containing 5% w/w or higher
concentrations of TAF.

 
Figure 1. Images of slide crystallization studies, under optical microscope. (A). Pure TAF (at 10×).
(B–D). TAF crystals in DURO-TAK 87-2516 immediately after evaporation of organic solvent at 10×:
(B) 3% w/w TAF (C). 5% w/w TAF (D). 12% w/w TAF. (E). 2% w/w TAF in DURO-TAK 87-2516, 3 days
after evaporation of organic solvent (10×). (F). 1% w/w TAF in DURO-TAK 87-2516, 7 days after
evaporation of organic solvent (20×). (G). 4% w/w TAF in 5% w/w OA in DURO-TAK 87-2516 (10×).
(H). 5% w/w TAF in 5% w/w OA in DURO-TAK 87-2516 (20×). (I). TAF:PVP 360 (9:1) under 20×. (J).
TAF:PVP 360 (8:2) under 10×. (K).TAF:PVP 360 (7:3) under 20× (arrows depicting TAF crystals).

3.2. Formulation of TAF Acrylate Patches

Slide crystallization is a faster means for estimating the saturation solubility of drugs in
adhesives. However, the thickness of the actual patches, as well as processing conditions and scale
up procedures, may affect the phenomenon of crystallization. Therefore, based on the observations
of slide crystallization studies, different transparent TAF patches were prepared in DURO-TAK
87-2516 adhesive, as shown in Table 1 and observed for crystallization for six months under the
microscope. The solubility of TAF in 5% w/w OA in DURO-TAK 87-2516 blend (dry weight basis),
as determined by slide crystallization studies, was found to be about 4%. Therefore, 2%, 3%, and 4%
TAF patches (200 gsm) were prepared in this matrix (AP1, AP2, AP3, as specified in Table 1). Due to
the solubility limitations of TAF in the adhesive, it was not possible to prepare patches with higher
drug concentrations in the absence of crystallization inhibiting agents that act as solubilizers and
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anti-nucleants. The use of different grades of PVP as crystallization inhibitors has been well-reported
in literature and some of them were, hence, investigated in the current study [22,34,35]. In order to
prepare 100 gsm patches containing higher percentage of TAF (5%, 10%, and 15% w/w—AP4, AP5,
AP6, respectively), PVP 360 was added as a solubilizer and crystallization inhibitor, with drug and
PVP in the ratio of 7:3, in addition to OA. Patch ‘AP10′ was prepared to investigate the effect of
enhancing the percentage of PVP 360, as well as the addition of 5% w/w PG in the 7.5% TAF patch
on drug crystallization (100 gsm). Drug and PVP were in the ratio of 6:4 (w/w) in this formulation.
Formulations AP7 to AP9 included the addition of other grades of PVP (Kollidon® VA64, Kollidon®

90F, and Kollidon® 30LP) as solubilizers and crystallization inhibitors with TAF (10% w/w), in the
ratio of 1:9 (PVP: TAF) in OA and DURO-TAK 87-2516 blend. Patch AP11 (100 gsm) was prepared
to investigate the effect of enhancing the percentage of Kollidon® 30LP as well as the addition of 5%
w/w PG in the 7.5% TAF patch on drug crystallization. Drug and Kollidon® 30LP were in the ratio
of 7:3 (w/w) in this formulation. Further, patches AP12 to AP14 (400 gsm) containing 2% w/w TAF
were prepared to evaluate the effect of combination of permeation enhancers (5% w/w OA+ 5% w/w
PG + 5% w/w oleyl alcohol, 5% w/w OA+ 5% w/w PG + 5% w/w triacetin, 5% w/w OA+ 5% w/w PG
+ 8.5% w/w octisalate, respectively), as well as increasing the coat weight on the skin permeation of
TAF and comparing it with that of AP1. Further, the AP15 (400 gsm) patch was prepared by replacing
5% w/w OA in AP12 with 5% oleyl alcohol, such that the total oleyl alcohol content was 10% w/w in
this formulation. The transdermal permeation enhancing effects of OA [36–38], oleyl alcohol [39,40],
triacetin [41–43], and octisalate [44,45] are well-known and they have been reported in literature,
and thus these chemical enhancers were selected for the formulation development of TAF patches.

Microscopy and Stability Assessment of TAF Acrylate Patches

During the storage period, changes in temperature can alter the thermodynamic activity of the
transdermal patch formulation, and they result in precipitation or crystallization or changes in the
crystal habit of the active ingredient. Therefore, during stability testing, patches are exposed to
stress and real world storage conditions that are representative of the product’s proposed marketing
conditions [46]. The stability of the acrylate based TAF patches was assessed in terms of the occurrence
of crystallization over a period of time at different temperature conditions. Table 4 shows the
microscopic observations of the same after six months. Figure 2 shows the representative images of
TAF crystals in transdermal patches.

Table 4. Microscopy observations of acrylate based TAF transdermal patch formulations up to 6 months.

Patch Codes
Temperature

−20 ◦C RT 40 ◦C

AP1 NO NO NO

AP2 NO Crystals after three weeks Crystals after three weeks

AP3 NO Crystals after two weeks Crystals after two weeks

AP4 NO Crystals after three weeks Crystals after three weeks

AP5 NO Crystals after two weeks Crystals after two weeks

AP6 Crystals after 2 months Crystals after 9 days Crystals after one week

AP7 Not observed Crystals in first week Crystals in first week

AP8 Not observed Crystals in first week Crystals in first week

AP9 Not observed Smaller crystals than AP7 and
AP8 after 12 days Crystals in first week (2–3 crystals)

AP10 NO Crystals after three weeks Crystals after two weeks

AP11 NO Crystals after three weeks Crystals after two weeks

AP12 NO NO NO

AP13 NO NO NO

AP14 NO NO NO

AP15 NO NO NO
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Figure 2. TAF crystals in acrylate based transdermal patches (at 10×). (A) Patch AP5 (crystals at 40 ◦C
after 2 weeks). (B) Patch AP9 (crystals at RT in 12 days). (C) Patch AP8 (crystals at RT in first week).
Arrows depict TAF crystals

Patches with 2% w/w TAF were found to be stable and they did not show crystals at all of the
tested temperature conditions, even after six months, as the drug concentrations were within the
saturation solubility limits in these matrices. However, in order to incorporate drugs in amounts that
are higher than its saturation solubility in the adhesive alone, crystallization inhibitors were included
in the patches. Mechanistically, these additives stabilize the systems against crystallization, either due
to enhancing the solubility of the drug or by aiding adsorption of drug crystals in the adhesive matrix.
PVP has been previously demonstrated as one of the most effective additives in inhibiting drug
crystallization in patch formulations acting by the formation of amorphous co-precipitates with the
drugs [35,47–49]. Additionally, it has been previously shown that PVP inhibits the crystallization of
drugs by being adsorbed on the growing crystal surfaces [35,50]. Therefore, different grades of PVP
were incorporated in patches containing higher concentrations of TAF. However, patches with 15%
w/w TAF (AP6) and PVP 360, crystallized in less than ten days at RT and 40 ◦C, depicting the inability
of PVP 360 to inhibit crystallization at high drug levels. At lower drug concentrations (5% and 10%
w/w TAF, AP4, and AP5, respectively), the addition of PVP 360 in the same ratio with TAF (3:7, w/w),
as in AP6, slowed down the process of crystallization, where it was observed after three and two weeks,
respectively, at RT as well as 40 ◦C. Further, increasing the PVP:TAF ratio to 4:6 (w/w) and adding PG as
additional solubilizer in patch AP10 formulation did not delay the process of crystallization further and
crystals were still observed in less than a month as well at RT and 40 ◦C. Interestingly, these patches did
not show the presence of any crystals, even after six months at −20 ◦ C. Further, other crystallization
inhibitors (Kollidon® VA64, Kollidon® 90F) were found to be ineffective, as crystals were visible
during the first week after storage of all these patches at RT as well as 40 ◦C. However, the crystals
that were observed in patch AP9 (containing Kollidon® 30LP) were smaller than AP7 and AP8 and
they were observed after about two weeks at RT and after first week at 40 ◦C. Therefore, patch AP11
was formulated with reduced drug concentration (7.5% w/w TAF), a higher amount of Kollidon®

30LP than AP9, and the addition of PG, and showed a slower appearance of crystals (observed after
three weeks at RT). However, the inability of PVP to prevent the appearance of TAF crystals in the
transdermal patch formulation for longer time duration may be attributed to the difficulty in the
molecular interactions between PVP and growing TAF crystals, because of the higher viscosity of the
patch formulation as compared to a single drop of blend on the slides [35]. Overall, although most
of the studies showed PVP to be an effective drug crystallization inhibitor, there are a few findings
regarding ineffectiveness of some grades of PVP. For example, Weng et al. reported that PVP K30 was
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found to be ineffective in inhibiting the crystallization of risperidone in drug-in-acrylate adhesive
transdermal patches. However, in the same study, OA was found to be an effective crystallization
inhibitor [34]. In this study, all the compositions of 2% w/w TAF transdermal patches were found to be
stable at all of the temperature conditions for more than six months, which may be attributed to drug
solubility in the adhesive matrix being lower than the saturation level, as well as the crystallization
inhibiting effect that is conferred by OA. Additionally, the transdermal patches formulated with higher
drug concentrations (AP2, AP3, AP4, AP5, AP10, AP11) were only stable at −20 ◦C.

3.3. Formulation of TAF Suspension Patches

Due to low solubility of TAF in silicone and PIB adhesives, the drug was suspended in the blends of
these adhesives with different additives, as elaborated in Table 2. Mineral oil was added as a plasticizer
that increases diffusivity of the drug by decreasing the resistance that is offered by the patch matrix [22].
In addition to the plasticizing effect, mineral oil has also been reported as a transdermal permeation
enhancer [51]. OA and oleyl alcohol are also well-known chemical penetration enhancers [36–40]
that were included in the TAF suspension patches. A number of different silicone based TAF patches
were prepared in order to select the optimal type of the release liner and the backing membrane.
Homogenization speed and time were also optimized to reduce the particle size of the drug.

Patch SP1 (~100 gsm) was prepared while using the fluoropolymer coated side of ScotchpakTM

1022 and ScotchpakTM 9733 (polyester backing). For TAF suspension patch formulations, SP2-SP13,
a higher coat weight (~200–350 gsm) was applied and oleyl alcohol was included as an additional
enhancer. For the preparation of SP2 patch, the same release liner and backing membrane as SP1 were
initially selected. However, in terms of the TAF suspension patch formulation with oleyl alcohol, it was
found that, when the formulation was coated on the fluoropolymer coated side of the liner, it could not
come off the release liner, depicting the affinity of the formulation binding to the fluoropolymer coated
release liner was more than the polyester backing membrane. Therefore, the formulation was casted
on the uncoated side of the release liner (polyester only) and then laminated while using the polyester
(ScotchpakTM 9733) backing film. This was an interesting experimental observation, as silicone based
transdermal patches are usually casted on the fluoropolymer coated side of release liner in order
to have easy release/transfer of the formulation from the liner to backing. Further, when the patch
formulation SP2 was peeled off, it was observed that the adhesive layer transiently formed a film on
the skin, depicting less affinity of the formulation for polyester backing material.

Therefore, other materials, such as EVAC based (Corona-treated - CoTran™ 9702, 9706, 9728) and
polyethylene based (CoTran™ 9720 and CoTran™ 9718), were tried for the optimization of the backing
membrane, while the uncoated side of ScotchpakTM 1022 was used as the release liner for the patch
formulations, SP3-SP6. The formulation SP5 and SP6, using CoTran™ 9718 as the backing membrane,
showed comparatively better peeling characteristics than the SP4 patch. The SP3 patch could not
be successfully prepared, as the formulation film did not come off from the liner onto the EVAC
backing membranes. Higher speed and duration of homogenization was employed for formulation
SP6 when compared to that SP5 in an attempt to investigate the effect of homogenization with different
parameters on the drug particle size and skin permeation. However, the issue of the residual film
of the formulation on skin was not completely resolved in SP5 and SP6, indicating the requirement
of a more compatible backing membrane material to facilitate the peeling off process of the patch
formulation. In addition, upon long term storage (after a month), patches SP5 and SP6 showed the
contraction of the film and the appearance of streaks.

As was evident from patches SP2-SP6, the silicone-based TAF suspension patch formulation did
not have sufficient affinity to the backing membrane materials, including polyester and polyethylene.
Therefore, silicone coated PET films (48101-4400B/000, 44916-7300AM/000, and or 40987-U4162/000)
were explored as the backing membrane for SP7, SP8, and SP9, respectively. Patch SP7 (containing
15% w/w TAF) showed the best efficiency in terms of least resistance and minimal formulation
residue, while peeling the patch formulation off from the skin. Hence, patches SP10-13 were prepared
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while using the same material components and processing parameters as SP7, except that different
concentrations of TAF (5, 10, 20, 25% w/w) were included in these patches. For the preparation of
PIB-based TAF suspension patch formulation (SP14), ScotchpakTM 1022 (Fluoropolymer coated side)
and ScotchpakTM 9733 were used as the release liner and the backing membrane, respectively.

3.3.1. Visual Observation of TAF Suspension Patches

Table 5 summarizes the details of the visual observations of the different TAF suspension patches.
Patches SP1, SP7, SP10-13, and SP14 were observed to be acceptable in terms of the properties that are
specified in the table. The visual observations depicted that the addition of oleyl alcohol in the silicone
suspension formulation rendered it more lipophilic, and thus provided more affinity or binding with
skin. Using a silicone-coated film as a backing membrane resolved the issue of the residual film after
peeling off. The PIB patch formulation (SP14) did not have any issues during the peeling off process as
compared to the silicone patch formulations.

Table 5. Visual observations of TAF suspension patches.

Formulation Code
Properties

Phase
Separation

Contraction/Shrinkage
of Films

Residue on
Release Liner
after Peeling

Ease of Peeling
Patches off the Skin

Residue on the Glove after
Patch Removal

SP1 No No No Yes No

SP2 No No No Yes Yes

SP4 No No No Yes Yes

SP5 No Yes (after a month) No Yes
Not when applied afresh,

but if applied after storing
for few days

SP6 No Yes (after a month) No Yes
Not when applied afresh,

but if applied after storing
for few days

SP7 No No No Yes No

SP8 No No No No No

SP9 No No No No No

SP10 No No No Yes No

SP11 No No No Yes No

SP12 No No No Yes No

SP13 No No No Yes No

SP14 No No No Yes No

3.3.2. Effect of Homogenization on the Particle Size of TAF

The effect of homogenization parameters on the particle size of TAF was also investigated,
in order to eventually evaluate the effect of the particle size of API in the adhesive matrix on the
skin permeation. Homogenization is a process that consists of micronizing or reducing the particle
size of dispersions by the application of high sheer, pressure, turbulence, as well as acceleration and
impact [52]. Decreased particle size would aid in enhancing the solubility of the drug in the adhesive
formulation, and therefore improving its permeation rate [53]. The effect of homogenization speed and
duration on the particle size of API has been previously reported, and thus similar parameters were
selected to reduce the particle size of TAF [54,55]. As reported, homogenization speed is an indicator
of the amount of energy that is applied to the system, as determined by the velocity of the rotating
mixing heads. Further, the mechanical impingement of the particles against the wall, due to the high
acceleration of the fluid and shear stress in the gap between the rotor and stator, leads to the reduction
in the particle size of the drug substance [54].

The average particle size of the pure TAF was observed to be 53.39 ± 16.15 μm under the optical
microscope (Figure 3A). After homogenization at 30,000 rpm for 20 min, the particle size of TAF was
reduced to 11.51 ± 2.89 μm (p < 0.05) (Figure 3B). Further increasing the speed to 32,000 rpm and
the homogenization time to 30 min. significantly reduced the particle size of TAF to 6.0 ± 1.8 μm as
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compared to that of homogenization at 30,000 rpm for 20 min. (p < 0.05) (Figure 3C). The observation
of the reduction in the particle size of API after the increase in the speed and time of homogenization
was in concordance with those that were reported previously [54]. As shown in Figure 3C, some of the
particles were smaller and were not visible under the microscope, and thus could not be measured
using the software. However, it was found that homogenization at 32,000 rpm over 5 min. resulted
in a similar reduction in drug particle size (5.28 ± 2.71 μm, Figure 3D) to that of homogenization at
32,000 rpm for 30 min. Collectively, the speed of homogenization had relatively more impact on the
reduction in particle size as compared to the duration of the homogenization. Thus, 32,000 rpm and
5 min. were the homogenization parameters that were employed for the formulation of SP7-SP13.

 
Figure 3. (A) Microscopic images of pure TAF particles suspended in heptane; TAF particles in
suspension formulation, before addition of adhesive (at 20×) after homogenization at: (B) 30,000 rpm
for 20 min; (C) 32,000 rpm for 30 min; (D) 32,000 rpm for 5 min.

3.4. Coat Weight and Drug Content

Coat weight and drug content of the patches evaluated for the in vitro permeation studies were
measured and are reported in Table 3. These measured properties are influenced by various factors,
such as percentage of non-volatile components in the adhesive blend, scale set-up, surface level of
the casting knife, textural properties, of release liner and backing membrane, and they are reflective
of the coating efficiency of the patches. The results showed that all of the patches (acrylate, silicone,
PIB) had uniformity in both coat weight and drug assay. Additionally, the values of theoretical and
experimental drug content were close for all of the patches that confirmed the stability of the drug
after exposure to the temperature conditions used for the processing of respective patches.

3.5. In Vitro Permeation Studies

3.5.1. Epidermal Integrity and Thickness Assessment

The integrity of human epidermis samples must be evaluated prior to permeation studies, as the
procedures that are employed for procurement of human skin, such as surgical removal, dermatoming,
and storage, as well as technical procedure for the separation of epidermis from dermatomed skin,
can damage the skin, and thus ultimately influence drug permeation. The physical integrity of stratum
corneum has been reported to be indicated by its electrical properties. Therefore, the measurement of
electrical conductivity is used as a means of assessing the barrier integrity for full thickness skin as well
as epidermal membranes [27,56]. Hence, for the selection of epidermal pieces with optimum barrier
integrity, electrical resistance of skin was measured and considered to be the main selection criterion.
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Epidermal pieces with the resistance above 10 kΩ, were selected for the study. Further, the thickness
of human epidermis used for the permeation studies ranged from 50–150 μm.

3.5.2. Selection of Receptor Solution

Table 6 shows the percentage degradation of TAF in different receptor solutions at 37 ◦C. It was
evident that TAF degrades in PBS, pH 7.4, with or without PEG 400. Lowering the pH to 6.0 and
using non-aqueous media, such as pure PEG 400, reduced the degradation of TAF. However, due to
limitations, such as high viscosity as well as low drug sensitivity in HPLC, PEG 400 was not selected
as the receptor media. Phosphate buffer, pH 6.0 was thus selected as the receptor solution, and it was
completely replaced every 24 h during the seven-day skin permeation studies. The degradation of
TAF at both acidic and basic pH has been previously reported in the literature. Additionally, TAF has
been found to be stable at pH of around 5–6.8 [57]. In addition, the solubility of TAF in PBS was found
to be 4.95 ± 0.07 mg/mL. Experimental conditions ensured the maintenance of sink conditions for our
in vitro permeation studies.

Table 6. Stability of TAF in different receptor solutions.

TAF Concentration (μg/mL)
% Degradation of TAF in 24 h at 37 ◦C

PBS, pH 7.4 Phosphate Buffer, pH 6.0 PEG 400: PBS, pH 7.4 (1:1) PEG 400

0.5 22.28 3.65 41.85 Not detected due to low
LOD

5 28.29 1.61 32.40 0.00
50 30.54 2.27 33.84 0.85

3.5.3. Determination of Permeation Flux of TAF Transdermal Patches

Table 3 describes the different patches that were evaluated in seven day in vitro
permeation studies.

Permeation of TAF from Acrylate-Based Clear Patches: Effect of Drug Concentration

The amount of TAF that permeated from patch AP1 (simplest matrix comprising of 2% w/w TAF
dissolved in mixture of OA in acrylate adhesive) after seven days was found to be 19.20 ± 2.92 μg/cm2.
The average permeation flux over duration of seven days was calculated to be 0.12 ± 0.01 μg/cm2/h.
To evaluate the effect of drug concentration in the patch on its skin permeation, patch AP5 with
10% w/w TAF, which was found to be stable for about two weeks at RT, was selected for an in vitro
permeation study. As shown in Figure 4, increasing the concentration of TAF to 10% w/w (AP5)
significantly enhanced the drug permeation to 137.76 ± 10.42 μg/cm2 after seven days and flux rate was
calculated to be 0.88 ± 0.07 μg/cm2/h as compared to that of AP1 (p < 0.05). Thus, increasing the drug
concentration significantly enhanced its permeation across human epidermis. However, since AP5,
as well as other acrylate adhesive-based patches with a TAF concentration of more than 2% (w/w),
crystallized at RT over a period of time, transdermal patches with 2% w/w TAF, and consisting of
combination of chemical penetration enhancers as well as higher coat weight, were prepared and
evaluated for skin permeation testing (AP12 to AP15).
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Figure 4. Permeation profiles of TAF from acrylate based patches across human epidermis. * Represents
statistical significant difference, Student’s t test (p < 0.05). AP1: Acrylate patch containing 2% TAF, AP5:
Acrylate patch containing 10% TAF.

Permeation of TAF from Acrylate-Based Clear Patches: Effect of Coat Weight and Chemical
Penetration Enhancers

As shown in Figure 5A, the cumulative amount of TAF permeation after seven days in the
patches AP12 (96.40 ± 14.83 μg/cm2), AP13 (87.15 ± 8.60 μg/cm2), and AP14 (89.56 ± 17.28 μg/cm2)
was found to be significantly higher than that of AP1 (19.20 ± 2.92 μg/cm2, p < 0.05).
Additionally, the permeation flux that was observed from the three aforementioned groups was
0.60 ± 0.10 μg/cm2/h, 0.54 ± 0.05 μg/cm2/h, and 0.56 ± 0.12 μg/cm2/h, respectively, which was
about five-fold greater than that observed from AP1 (0.12 ± 0.01 μg/cm2/h). Thus, increasing
the patch coat weight to 400 gsm from 200 gsm along with the incorporation of a combination of
chemical enhancers (OA+ PG+ oleyl alcohol, OA+ PG+ triacetin, or OA+ PG+ octisalate) resulted in the
significant enhancement in drug permeation. However, no significant difference in TAF permeation
between AP12, AP13, and AP14 was observed. As shown in Figure 5B, the amount of drug permeation
over 6 h was significantly higher in patch AP12 (6.15 ± 0.41 μg/cm2) than AP13 (3.38 ± 1.40 μg/cm2),
as well as AP14 (3.17 ± 1.30 μg/cm2, p < 0.05). Patch AP15 was formulated by replacing 5% w/w
OA in AP12 with oleyl alcohol, thus having total of 10% w/w oleyl alcohol and a coat weight of
400 gsm. However, as shown in Figure 6, there was no significant difference between the amount of
TAF permeation after seven days between the two groups (AP12: 96.40 ± 14.83 μg/cm2 and AP15:
122.69±28.34 μg/cm2, p > 0.05).
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Figure 5. Effect of combination of enhancers and higher patch coat weight on permeation of TAF
across human epidermis from acrylate patches: (A) Seven day permeation profile (B) Six hours
permeation profile. * Represents statistically significant difference, ANOVA one way test (p < 0.05).
AP1: Acrylate based patch containing 2% TAF and 5% oleic acid. AP12: Acrylate based patch containing
2% TAF, 5% oleic acid, 5% PG, and 5% oleyl alcohol. AP13: Acrylate based patch containing 2% TAF,
5% oleic acid, 5% PG, and 5% triacetin. AP14: Acrylate based patch containing 2% TAF, 5% oleic acid,
5% PG, and 8.5% octisalate.

Figure 6. Permeation profile of acrylate based TAF patches comprising of oleyl alcohol and comparison
with the control patch through human epidermis. * Represents statistically significant difference,
ANOVA one way test (p < 0.05). AP1: Acrylate based patch containing 2% TAF and 5% oleic acid.
AP12: Acrylate based patch containing 2% TAF, 5% oleic acid, 5% PG, and 5% oleyl alcohol. AP15:
Acrylate based patch containing 2% TAF, 5% PG, and 10% oleyl alcohol.

The effects of various chemical enhancers that were used in the patches, such as OA [36–38],
oleyl alcohol [39,40], triacetin [41–43], and octisalate [44,45] on skin permeation enhancement are
well-known. Synergistic permeation enhancing effect of the combination of PG and OA has also been
reported earlier [25,39,58]. In our study, PG is expected to act as a cosolvent, and thus enhance the
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concentrations of the drug substance as well as the enhancer in the stratum corneum. OA, on the other
hand, has the potential to delipidize the stratum corneum, and therefore facilitate the partitioning
of the drug molecules and PG into skin [38,59]. Additionally, the synergistic effect of PG and oleyl
alcohol was found to markedly increase the skin permeation of tenoxicam across hairless mouse
skin [60]. Furthermore, a combination use of PG and oleyl alcohol, under occlusive conditions,
has been reported to result in considerable enhancement in the permeation of testosterone across
full thickness neonatal porcine skin. The mechanism of penetration enhancement by octisalate is
not fully understood. However, due to the structural similarity, as well as similar observations in
differential scanning calorimetry and attenuated total reflectance spectroscopy, in terms of the effect of
delipidization on stratum corneum, octisalate is assumed to mechanistically work in the similar way
to azone [44]. Additionally, octisalate has been incorporated as a penetration enhancer in sunscreens,
cosmetic products, as well as in metered spray transdermal systems [45]. Further, triacetin has been
incorporated as a penetration enhancer in the commercially available Oxytrol® patch for overactive
bladder [43,61]. Patel et al. also reported an enhancement in diclofenac permeation through human
cadaver skin while using 10% triacetin [41].

Permeation of TAF from Suspension-Type Patches: PIB vs Silicone-Based

The PIB based TAF suspension patch (SP14) showed a permeation of 90.40 ± 10.18 μg/cm2

after seven days through human epidermis. A TAF permeation flux rate of 0.60 ± 0.07 μg/cm2/h
and a lag time of about 19 h was observed with this patch. The results showed that the flux rate
from SP14 was significantly higher than AP1 (p < 0.05), but was similar to that of AP12, AP13, AP14,
and AP15 (p > 0.05). Further, silicone patch (SP1) with the same composition as PIB (SP14) was
prepared. The cumulative amount of TAF that permeated from SP1 across human epidermis in seven
days was observed to be 432.21 ± 41.25 μg/cm2 and it was significantly higher than all of the other
patches evaluated previously (p < 0.05). Figure 7 shows the skin permeation profiles of PIB (SP14) and
silicone (SP1) based patch. The resultant permeation flux from SP1 for seven days was found to be
3.39 ± 0.03 μg/cm2/h and the lag time was observed to be only 1.2 h. Further, with the addition of
10% w/w oleyl alcohol, as well as increased coat weight of ~250 gsm in patch SP5, the permeation flux
of TAF was observed to significantly increase to 5.97 ± 0.47 μg/cm2 /h (p < 0.05). The total amount
of TAF observed in the receptor after seven days was 958.07 ± 82.81 μg/cm2 and the lag time was
about 1 h.

 
Figure 7. Comparison of permeation profile of silicone and PIB based TAF patches through human
epidermis. * Represents statistical significant difference, Student’s t test (p < 0.05). SP1: Silicone based
15% TAF patch. SP14: Poly isobutylene based 15% TAF patch.

Permeation of TAF from Silicone-Based Suspension-Type Patches: Effect of Homogenization

Briefly, the suspension blend for patch SP5 was homogenized at 30,000 rpm for 20 min,
while homogenization at 32,000 rpm for 30 min. was performed for the preparation of SP6,
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to investigate the effect of homogenization parameters on the skin permeation. However, the amount
of TAF permeation after seven days was not found to be significantly different between the two patch
formulations (SP5: 958.07 ± 82.81 μg/cm2 and SP6: 1,054.38 ± 214.40 μg/cm2). It was found that
a permeation flux rate of TAF from patch SP6 was 6.60 ± 1.48 μg/cm2/h and lag time of about 1 h
was observed. Furthermore, the patch SP7 blend was prepared by homogenization at 32,000 rpm for
only 5 min., and it did not show any significant difference in the amount of TAF permeation as well as
the lag time when compared to those of SP5 and SP6 (p > 0.05), as shown in Figure 8. The permeation
flux of TAF observed from patch SP7 was 7.24 ± 0.47 μg/cm2/h. Additionally, it can be inferred that
the use of different backing materials in patches SP5/6 and SP7 did not impact the drug permeation
across human epidermis.

Figure 8. Comparison of permeation profile of silicone based TAF patches through human epidermis.
SP5: Silicone-based 15% TAF patch prepared from formulation blend homogenized at 30,000 rpm
for 20 min. SP6: Silicone-based 15% TAF patch prepared from formulation blend homogenized
at 32,000 rpm for 30 min. SP7: Silicone-based 15% TAF patch prepared from formulation blend
homogenized at 32,000 rpm for 5 min.

Permeation of TAF from Silicone-Based Suspension-Type Patches: Effect of Drug Concentration

Silicone based suspension patches, SP10-13, were prepared to investigate the effect of
concentration of TAF on its permeation profile across human epidermis. As shown in Figure 9,
the cumulative amount of TAF permeated after seven days was found to be 191.51 ± 23.26,
695.09 ± 68.85, 1,028.69 ± 78.63, 1,158.86 ± 57.96, and 1,266.19 ± 162.04 μg/cm2 from SP10, SP11, SP7,
SP12, and SP13, respectively. The permeation flux values for each of these patches were: 1.24 ± 0.13,
4.32 ± 0.47, 7.23 ± 0.58, 7.82 ± 0.48, and 8.44 ± 1.16 μg/cm2/h. A significant increase in permeation
was observed with the increase in TAF concentration from 5 (SP10) to 10% w/w (SP11), as well
as from 10 (SP11) to 15% w/w (SP7), (p < 0.05). However, there was no statistically significant
difference between the amount of TAF that permeated from patches containing 15 (SP7), 20 (SP12),
and 25% w/w (SP13) drug (p > 0.05). Thus, increasing the TAF concentration from 5 to 15% w/w
resulted in a higher amount of undissolved drug as a reservoir in the latter that probably provided an
additional and constant driving force, eventually aiding in considerably enhancing the permeation of
TAF. However, increasing the drug concentration from 15 to 25% w/w did not result in any further
enhancement in permeation. Therefore, 15% drug concentration (SP7) was found to be optimum in
order to achieve the targeted permeation flux.

128



Pharmaceutics 2019, 11, 173

 
Figure 9. Effect of concentration of TAF in the silicone-based suspension patches on its permeation
through human epidermis. * represents significant difference between 5 and 10% patch. ** represents
significant difference as compared to 5 and 10% patch, ANOVA one-way test (p < 0.05). SP7:
Silicone-based 15% TAF patch. SP10: Silicone-based 5% TAF patch. SP11: Silicone-based 10% TAF
patch. SP12: Silicone-based 20% TAF patch. SP13: Silicone-based 25% TAF patch.

Permeation of TAF from Acrylate-Based Clear vs Silicone-Based Suspension-Type Patches

The aim of this study was to demonstrate a proof of concept for feasibility of developing
a transdermal patch of TAF and achieve a clinically relevant flux of about 7 μg/cm2/h across human
epidermis. From an in vivo perspective, as blood vessels are present in the dermis layer, once the
drug crosses the stratum corneum and the viable epidermis, it reaches the systemic circulation.
Hence, human epidermis was used in this study for the in vitro permeation testing. Owing to the
desirable physicochemical properties (molecular weight= 476.47 g/mol, log P= 1.8), TAF showed
permeation from the simplest transdermal patch formulation (AP1), across the human epidermis,
depicting its potential to passively permeate through human skin. However, for the acrylate-based
TAF patch formulations, it was only possible to achieve a flux rate of 0.6 μg/cm2/h, with a combination
of different chemical penetration enhancers at a low drug concentration (2% w/w), with no issues
regarding drug crystallization. However, the silicone based TAF suspension patch formulations
containing 15–25% w/w drug showed higher permeation flux of about 7 μg/cm2/h, as well as
a lower lag time (about 1h), which may be attributed to the release characteristics of TAF from
the silicone adhesive matrix, and a higher drug loading in a suspension form, which can provide
constant concentration gradient/driving force for the drug release and continuous permeation through
epidermis. In addition, all of the excipients that were included in the TAF suspension patch—mineral
oil, OA, and oleyl alcohol—have been previously reported for transdermal permeation enhancing
effects, which may contribute to higher flux.

In our study, it was possible to achieve a relatively high flux rate of 7 μg/cm2/h, from silicone
based TAF suspensions, and the optimized patch “SP7” was characterized for drug release, coat weight
and thickness, and drug content after storage at RT and 40 ◦C for three months. This prototype patch
was further characterized for physical properties, such as tack, shear, and peel adhesion.

3.6. In Vitro Drug Release Studies

Figure 10 presents the seven-day in vitro release profiles of TAF from the optimized patch “SP7”.
The average percentage of TAF released after 7 days was observed to be 64.27 ± 5.47, in the study
performed during week 1 after the preparation of the patch. The release profile of TAF from the
same batch of suspension patch was also studied after 1.5 and 3 months of storage at RT and 40 ◦C.
Table 7 shows the results. No significant difference in the total percentage of TAF released from the
patches that are exposed to different test conditions was observed (p>0.05). This depicted uniformity
in the release profile and percentage of drug released after exposure to higher temperature for three
months, further indicating the stability of TAF in the suspension-based patches.
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Figure 10. In vitro release profiles of TAF from the optimized suspension patch.

Table 7. Characterization parameters of optimized patch “SP7” up to three months at ambient and
accelerated storage conditions.

Parameters Week 1 (RT)
After 1.5

months (RT)
After 1.5

months (40 ◦C)
After 3 months (RT) After 3 months (40 ◦C)

% TAF released after 7 days ± SE 64.27 ± 5.47 69.71 ± 5.63 66.82 ± 12.83 97.43 ± 19.03 88.86 ± 7.88
Coat weight (mg/cm2) ± SD 29.60 ± 1.94 30.38 ± 0.95 32.73 ± 3.06 29.39 ± 4.57 33.55 ± 3.14

Coat thickness (μm) ± SD 182.66 ± 1.15 186.67 ± 3.06 188.00 ± 3.46 186.00 ± 4.00 189.33 ± 3.06
Drug content (mg/cm2) ± SD 4.60 ± 1.01 4.95 ± 0.31 4.92 ± 0.39 5.25 ± 0.32 5.36 ± 0.43

3.7. Coat Thickness, Coat Weight, and Drug Content of Optimized Patch

Table 7 presents the average patch thickness, coat weight, and drug content of patch SP7,
as measured after exposure to different temperature conditions for different durations. No significant
difference in the measured parameters was observed after exposure of the patches to different test
conditions (p > 0.05), signifying the stability and integrity of the suspension-based patches over time.
Furthermore, as depicted by the results of drug content analysis, no degradation of TAF was observed
after 1.5 and 3 months of patch storage at RT as well as 40 ◦C, further indicating the stability of TAF in
the silicone-based suspension patches.

3.8. Physical Characterization of the Optimized Patch

3.8.1. Peel Adhesion

An ideal transdermal patch should peel off after application on skin, without causing delamination.
Peel adhesion is not only affected by the intrinsic adhesiveness of the PSA, but it also involves the
stretching and the bending of the patch matrix, and also the backing layer prior to the separation.
The force that is required to peel the patch should be consistent for different batches and the value of
peel adhesion obtained in the test varies the width of the test material [62]. No significant difference
(p > 0.05) in the average force that is required to peel the patch from human dermatomed skin was
observed when tested during week 1 (202.78 ± 43.07 g) and three months after patch storage at RT
(149.35 ± 30.76 g) and 40 ◦C (171.17 ± 13.56 g). No delamination was observed for the tested patches.

3.8.2. Tack Properties

The adhesion efficiency of a transdermal patch can be tested by evaluating its tack, which is
a measure of the force of debonding upon the application of a light pressure for a short time. A probe
tack test was employed in this study, where the force that is required to separate a probe from the
adhesive surface of a transdermal patch was measured. Tack was then expressed as the maximum
value of the force that is required to break the bond between the probe and transdermal patch
after a brief period of contact [62]. The average absolute positive force (adhesive or sticky property),
average positive area (work of adhesion), and average separation distance (degree of legging), recorded
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for three replicates during the first week after patch preparation, was found to be 1,116.88 ± 167.79
g/cm2, 34.30 ± 10.98 g.s, and 1.27 ± 0.50 mm, respectively. Storage at RT (1,012.03 ± 220.59 g/cm2,
24.77 ± 8.50 g.s, and 0.8 ± 0.1 mm, respectively) and 40 ◦C (983.72 ± 201.56 g/cm2, 23.33 ± 6.20 g.s,
and 1.0 ± 0.17 mm, respectively) for three months did not impact the tack properties of the optimized
patch formulation (p > 0.05). Additionally, the average absolute positive force that was observed in our
study was comparable to that observed for the 9.5% fentanyl containing silicone-based suspension
patch laminate (1,499 g/cm2) reported in literature [63].

3.9. Evaluation of Skin Irritation Potential of Optimized Patch

The principle of irritation assay using the in vitro skin model is based on the premise that irritant
chemicals can penetrate the stratum corneum by diffusion and they are cytotoxic to the cells in the
underlying layers. In a transdermal patch, the drug by itself or in combination with other additives
can be irritant to skin [30]. Hence, the entire patch was tested for its irritation potential, and not just
the drug by itself. The tested transdermal patch (SP7) resulted in a mean relative cell viability of
104.64 ± 7.42%, which was comparable to the negative control (100.00 ± 6.09) and significantly higher
than the positive control (14.27 ± 8.09). Hence, it can be concluded that the final optimized silicone
suspension patch (SP7) is non-irritant to human skin.

4. Conclusions

Several solution and suspension-type patch formulations were developed for the transdermal
delivery of TAF. Ultimately, the optimized silicone-based suspension patch design successfully
achieved the target release and duration profile for TAF and it was found to be suitable for
weekly drug dosing. Drug permeation flux of 7 μg/cm2/h, as observed from the optimized patch,
when extrapolated to 50 cm2 patch size, indicates the delivery of 8.4 mg TAF/day, surpassing the
target dose of 8 mg/day. Further studies are underway to characterize its safety and pharmacokinetic
profiles in vivo.
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Abbreviations

ANOVA Analysis of variance
EPI-200-SIT EpiDermTM skin irritation test
ELISA Enzyme linked immunosorbent assay
EVAC Ethylene vinyl acetate copolymer
HPLC High performance liquid chromatography
PBS Phosphate buffered saline
PDMS Polydimethyl-siloxane
PEG Polyethylene glycol
PET poly-ethylene terephthalate
PIB Polyisobutylene
PSA Pressure sensitive adhesives
RhE Reconstructed human epidermis
RT Room temperature
STRs Single tablet regimens
TFV Tenofovir
TAF Tenofovir alafenamide
THF Tetrahydrofuran
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Abstract: Long-acting (LA) HIV pre-exposure prophylaxis (PrEP) offers the potential to improve
adherence by lowering the burden of daily or on-demand regimens of antiretroviral (ARV) drugs.
This paper details the fabrication and in vitro performance of a subcutaneous and trocar-compatible
implant for the LA delivery of tenofovir alafenamide (TAF). The reservoir-style implant comprises
an extruded tube of a biodegradable polymer, poly(ε-caprolactone) (PCL), filled with a formulation
of TAF and castor oil excipient. Parameters that affect the daily release rates of TAF are described,
including the surface area of the implant, the thickness of the PCL tube walls (between 45 and 200 μm),
and the properties of the PCL (e.g., crystallinity). In vitro studies show a linear relationship between
daily release rates and surface area, demonstrating a membrane-controlled release mechanism
from extruded PCL tubes. Release rates of TAF from the implant are inversely proportional to the
wall thickness, with release rates between approximately 0.91 and 0.15 mg/day for 45 and 200 μm,
respectively. The sustained release of TAF at 0.28 ± 0.06 mg/day over the course of 180 days in vitro
was achieved. Progress in the development of this implant platform addresses the need for new
biomedical approaches to the LA delivery of ARV drugs.

Keywords: poly(ε-caprolactone) (PCL); tenofovir alafenamide (TAF); pre-exposure prophylaxis
(PrEP); long-acting drug delivery systems; implant

1. Introduction

HIV pre-exposure prophylaxis (PrEP) with antiretroviral (ARV) drugs is promising among the
biomedical strategies to address the global HIV epidemic. Tenofovir-based PrEP has demonstrated
landmark successes with daily [1–4] and on-demand dosing [3,5] in men who have sex with men (MSM)
and transgender women (TGW). Despite these advancements, adherence to time- or event-driven
regimens for PrEP remains an incessant struggle [6–11]. The long-acting (LA) delivery of ARV drugs
simplifies traditional dosing regimens for PrEP by alleviating the emotional and logistical burden
of user-dependent methods. For example, a LA-injectable formulation of the integrase inhibitor,
cabotegravir (CAB), is currently under investigation in a pair of phase two and three HIV PrEP
trials [12,13]. Although injectable methods are acceptable to many users [14,15], and offer key
advantages such as a bi-monthly dosing regimen and discretion, drawbacks do exist. Injectable
formulations cannot be removed in the event of an adverse drug-related event and the potential exists
for a long plasma “tail” of sub-therapeutic drug levels [16,17]. An alternative injectable formulation in
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preclinical development involves an in situ forming polymer depot for LA delivery of dolutegravir for
HIV PrEP, which shows the capacity for removal within the period of drug delivery, if needed [18].

A promising biomedical approach for LA-PrEP involves implants that reside under the skin
to continuously release the drug, which supports adherence over longer time periods, enables
discretion of use, lowers the burden of the regimen, and remains reversible during the therapeutic
duration. Polymeric implants can comprise different architectures that each have advantages for
drug delivery [19–21]. Matrix-style implants contain a drug dispersed within a polymer that controls
the rate of the drug exiting the implant. For example, an FDA-approved matrix-style implant for
the six-month maintenance treatment of opioid addiction (Probuphine®) contains buprenorphine
distributed through four individual poly(ethylene-vinyl acetate) (EVA) rods [22]. Reservoir-style
implants involve a formulated drug core encapsulated by a polymeric barrier that control drug
release rates. Notable examples of implants with a core-sheath configuration include the collection
of subdermal contraceptive implants: Norplant and Jadelle [23,24] for the delivery of levonorgestrel
(LNG) using a rod of silicone-based polymer, as well as Implanon [25] and Nexplanon [26] for the
delivery of etonogestrel (ENG) using a rod of EVA-based polymer. The low dosages required for
the subcutaneous delivery of hormonal contraceptives enable these implants to last multiple years.
Implants also show utility for indications in ophthalmology, including intraocular implants for the
delivery of ganciclovir for the treatment of cytomegalovirus retinitis (Vitrasert) [27], dexamethasone
for the treatment of macular edema (Ozurdex) [28,29] and fluocinolone acetonide for the treatment of
noninfectious posterior uveitis (Retisert) [30].

Several implants are currently under development for HIV PrEP, with each implant system
holding unique configurations and features. A subdermal, silicone implant that delivers tenofovir
alafenamide (TAF) from orthogonal channels coated with polyvinyl alcohol (PVA) showed 40-days
of drug delivery in beagle dogs without observed adverse events [31]. A non-polymeric, refillable
implant designed to deliver TAF and emtricitabine (FTC) from separate devices showed sustained
levels of tenofovir diphosphate (TFV-DP) in peripheral blood mononuclear cells (PBMCs) over 83 days
in rhesus macaques, but only 28 days for FTC-triphosphate (FTC-TP) due to the large dosing required
and short plasma half-life [32]. Intarcia is developing a titanium osmotic pump system, called the
Medici Drug Delivery System™, for PrEP and for type-2 diabetes [33]. A matrix-style PrEP implant
for delivery of 4′-ethylnyl-2-fluoro-2′-dexoyadenosine (EFdA) has shown promising efficacy for HIV
treatment and prevention, as demonstrated in animal models [34].

Concurrently with these other innovative technologies, RTI is developing a subcutaneous
biodegradable implant for HIV PrEP as a single indication and as a multipurpose prevention technology
(MPT) for HIV and pregnancy prevention [35,36]. The implant uses a semi-crystalline aliphatic polyester,
poly(ε-caprolactone) (PCL), pioneered by Pitt et al. at RTI International in the 1980s [37] and largely
neglected for nearly 20 years [38]. Renewed appeal for PCL has surfaced in light of biomedical
applications, including tissue engineering [39,40] and drug delivery [41,42], that demand materials
with long-term functionality, mechanical integrity, biocompatibility, and capacity for biodegradation
and bioresorption. PCL is currently used in FDA-approved products for root canal fillings (Resilon) [43]
and sutures (Monocryl) [44] and was previously explored for use as a 1-year contraceptive implant
(Capronor) [45]. In terms of HIV PrEP, PCL implants can advantageously offer LA delivery of ARVs,
while also enabling bioresorption at the end of the implant drug delivery period. An implant that is
biodegradable could benefit health care systems by eliminating the need for a clinic visit to remove a
depleted implant, whereby a minor surgical procedure would be required to remove the implant when
discontinuing PrEP. In the case of the implant described in this paper, reversibility and retrievability
can be maintained, potentially throughout the duration of treatment.

Herein, we report advancements to the fabrication and performance of a reservoir-style
subcutaneous PCL implant for sustained release of TAF. We detail parameters that control release rates
of TAF from the implant, including wall thickness and surface area, and further describe the effects of
crystallinity on the performance of the implant. We demonstrate the fabrication and processing steps
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that align the implant with future manufacturing requirements, while keeping preferences of the end
user in mind.

2. Materials and Methods

2.1. Implant Fabrication

PCL pellets were purchased in research-grade from Sigma Aldrich, referred to as “Sigma-PCL”
throughout this paper (number average molecular weight (Mn) = 103 kDa, Cat# 440744, St. Louis, MO,
USA) and in medical-grade from Corbion, referred to as “PC-12” throughout this paper (Mn = 51 kDa,
PURASORB PC 12, Amsterdam, The Netherlands). PCL tubes were fabricated via a hot-melt, single
screw extrusion process using solid PCL pellets at GenX Medical (Chattanooga, TN, USA). All tubes
were 2.5 mm in outer diameter (OD) and had wall thicknesses of 45, 70, 100, 150 or 200 μm, as measured
with a 3-axis laser measurement system and light microscopy at GenX Medical.

PCL tubes were first sealed at one end using two different approaches: impulse heat sealing and
injection sealing. Implants fabricated with the impulse heat sealing were used for certain in vitro
studies, such as the implants used in the surface area studies that comprised different lengths (e.g.,
70 mm length), because they were too long to fit the injection sealing apparatus. Importantly, no
significant differences in release rates were observed for TAF implants sealed with either approach.
For the first approach, an impulse heat sealer (AIE-110T, American International Electric Sealer Supply,
South El Monte, CA, USA) was used to clamp the tube flat and then apply a pulse of heat for a few
seconds. The tubing was then allowed to cool for about 10 s. Thicker tubes were sealed with longer heat
pulses. The sealing step fused the PCL tube wall together through melting and created a flat-shaped
seal. The seal was trimmed with scissors to remove excess PCL. For the injection sealing, the PCL tube
was marked and trimmed to the correct length to achieve an implant with a 40-mm paste length with
3 mm of headspace at both ends for sealing. The initial seal was then created on one end of the implant
by placing the tube over a stainless steel rod that filled all the tube except for a 3 mm headspace at one
end, placing a Teflon collar around the headspace to support the tube wall and injecting molten PCL
into the cavity of the headspace. After the injected PCL was solidified, excess PCL was trimmed, and
the collar was removed to form a cylindrical seal approximately 2 mm long that is compatible with
commercial contraceptive trocars.

TAF was graciously provided by Gilead Sciences (Foster City, CA, USA). TAF was mixed with
pharmaceutical grade, Super RefinedTM Castor Oil (Croda, Cat# SR40890, Snaith, UK) at 2:1 mass
ratio immediately prior to loading into the implant. The mixture was first ground with a mortar and
pestle to create a smooth paste, and then back loaded into a 1 mL syringe fitted with a 14-gauge blunt
tip needle. The TAF and castor oil paste was then extruded through the needle into the empty tube.
Otherwise, the TAF formulation was loaded into the PCL tube using a modified spatula. After the
filled formulation reached the 40-mm mark, the interior tube wall was cleaned with a rod and sealed in
a similar manner to the first seal. After fabrication, all devices were weighed to determine the total
payload and photographed with a ruler to record the final dimensions. Paste area was measured with
ImageJ (Version 1.50e, NIH, Bethesda, MD, USA) and release rates were normalized to the surface
area of a full-sized implant (2.5 mm OD, 40 mm in length), 314 mm2. The end of the implants (i.e.,
end-seals) were not included in calculations of the implant surface area.

2.2. Device Sterilization

All implants were fabricated and handled under aseptic conditions using a biosafety cabinet.
Certain devices were exposed to gamma irradiation, as indicated in the text. Devices exposed to
gamma irradiation were first packed in amber glass vials and then irradiated with a dose range of
18–24 kGy at room temperature, using a Cobalt-60 gamma-ray source (Nordion Inc., Ottawa, Canada)
at Steris (Mentor, OH, USA). Samples were exposed to the source on a continuous path for a period of
8 h.
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2.3. In Vitro Release Studies

In vitro release characterization involved incubation of the implants in 40 mL 1X phosphate
buffered saline (PBS) (pH 7.4) at 37 ◦C and placed on an orbital shaker. TAF species in the release media
was measured by ultraviolet-visible (UV) spectroscopy at 260 nm using the Synergy MX multi-mode
plate reader (BioTek Instruments, Inc, Winooski, VT, USA). The release buffer was sampled three
times per week during which the devices were transferred to 40 mL of fresh buffer to maintain sink
conditions. TAF quantity released in each PBS buffer during the time interval was calculated and
cumulative mass of drug release as a function of time was determined.

2.4. Stability Analysis of TAF Formulation

The purity of TAF formulations inside the device reservoir was evaluated by opening a device,
extracting the entire reservoir contents into an organic solution, and measuring TAF chromatographic
purity using ultra performance liquid chromatography coupled with UV spectroscopy (UPLC/UV). The
analysis was performed using a Waters BEH C18 column (2.1 mm × 50 mm, 1.7 μm) under gradient,
reversed phase conditions with detection at 260 nm. For each device, one single aliquot was prepared
and quantitated by linear regression analysis against a five-point calibration curve. TAF purity was
calculated as % peak area associated with TAF relative to total peak area of TAF related degradation
products (detected above the limit of detection (LOD) ≥ 0.05%). The TAF formulations within the
implant were analyzed after exposure of the implant to a simulated physiological condition (i.e., 1X
PBS, pH 7.4 at 37 ◦C) for up to 180 days.

2.5. Characterization of PCL Extruded Tubes

2.5.1. Differential Scanning Calorimetry (DSC)

The melting behavior of PCL samples was assessed with modulated differential scanning
calorimetry (MDSC) (TA Instruments Q200, RCS90 cooling system, New Castle, DE, USA).
Approximately 8 mg of extruded polymer tubing was placed in a TzeroTM Pan and sealed with
a TzeroTM Lid and a dome-shaped die, resulting in a crimped seal. Samples were then placed in a
nitrogen-purged DSC cell, cooled to 0 ◦C, then heated to 120 ◦C at a rate of 1 ◦C/min with an underlying
heat-only modulation temperature scan of ± 0.13 ◦C every 60 s. The melting temperature (Tm) of
the polymer was determined by the peak temperature of the melting endotherm, and the enthalpy
associated with melting was determined by integrating linearly the area of the melt peak (between 25
and 65 ◦C) using the TA Universal Analysis software (version 4.5A, TA Instruments, New Castle, DE,
USA). PCL samples did not exhibit exothermic peaks in the non-reversing heat flow signal indicating
that PCL did not experience cold-crystallization during the melting process; therefore, the total heat
flow curve was used to assess the mass % crystallinity. The mass % crystallinity was calculated using
Equation (1), where Xc represents the mass fraction of crystalline domains in PCL, ΔHm represents the
enthalpy of melting measured by the DSC, and ΔHfus represents the theoretical enthalpy of melting for
100% crystalline PCL, reported as 139.5 J/g [46,47].

XC =
ΔHm

ΔH f us
× 100 (1)

The peak melting temperatures of polymers were used calculate crystallite sizes within the sample
using the Thompson–Gibbs equation (Equation (2)) [48,49]:

L =
2σeTo

m

ΔHo
m(To

m − Tm)
(2)

where L is the crystallite size in nm, σe is the free energy of chain folds in mJ/m2, To
m is the equilibrium

melting temperature in K, Tm is the melting temperature measured by DSC in K, and ΔHo
m is the
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enthalpy of fusion for 100% crystalline polymer in J/g. To
m and ΔHo

m were taken from the ATHAS data
bank as 342.2 K and 139.5 J/g, respectively. The free energy associated with chain folding was taken as
60 mJ/m2 [50].

2.5.2. X-ray Diffraction (XRD)

The extruded PCL tubes at wall thickness of 100 μm were cryo-grinded in a freezer mill using
liquid nitrogen. The material was ground for 1.5 min after cooling for three minutes before initiating
the grinding cycle. The X-ray diffraction (XRD) patterns were acquired using a Bruker AXS, Inc D8
Advance model utilizing standard Bragg-Brentano geometry and a LynxEye XE-T high resolution
detector (Bruker, Billerica, MA, USA). Samples were packed into a zero background sample holder and
scanned at 40 kV and 40 mA power settings (1600 Watts) for a scan covering 5◦ to 70◦, with a step size
of 0.02◦ and a dwell time of 2 s per step. The MDI Jade version 9.6 software (MDI, Livermore, CA,
USA) was used to analyze results and the 2019 International Center for Diffraction Data (ICDD) PDF
4+ database was used to search match crystalline phases present in the materials. The crystallite size
was determined via the Scherrer equation (Equation (3)):

L =
Kλ
βcosθ

(3)

where L = crystallite size, K = Scherrer constant (0.94 from literature [51,52]), λ = X-ray wavelength,
β = full-width at half maximum of a crystallographic peak, and θ = Bragg angle.

2.5.3. Gel Permeation Chromatography (GPC)

The molecular weight of PCL was analyzed via GPC by first dissolving samples in tetrahydrofuran
(THF) to 10 mg/mL injecting 40 μL of sample using an Agilent 1100/1200 HPLC-UV instrument (Santa
Clara, CA, USA, flow rate of 1.0 mL/min). Polystyrene polymer standards (MWs of 2460 to 0.545 kDa)
were used to calibrate the MW of samples.

2.5.4. Statistical Analysis

Where indicated, significance testing was performed with GraphPad Prism 7.00 (GraphPad
Software, San Diego, CA, USA) using an unpaired, parametric, two tailed, t-test with a confidence
level of 95%. Probability (p)-values ≤ 0.05 were considered statistically significant.

3. Results and Discussion

3.1. Tuning TAF Release Rates: Surface Area and Wall Thickness

These studies involve a reservoir-style PCL implant (Figure 1), that can deliver TAF at sustained,
zero-order release kinetics. Once inserted subcutaneously, biological fluid from the surrounding
environment transports through the PCL membrane into the reservoir and can solubilize TAF. TAF can
partition into the PCL and transport passively through the PCL membrane to exit the implant. Transport
of a drug through the PCL material is dictated by many parameters, such as the diffusion coefficient
and partition coefficient, as described elsewhere [53]. As an aliphatic polyester, PCL undergoes bulk
hydrolysis through random chain scission as water permeates through the polymer [37,54]. However,
biodegradation of PCL is slow and can require years (e.g., 1–2 years) for complete bioresorption [37],
depending on the starting MW. Because bulk erosion of PCL is slow, the faster process of drug delivery
is decoupled from biodegradation, enabling zero-order release profiles of drug from the implant. At
this zero-order release profile, the daily drug delivery rates are controlled by various parameters:
surface area of the device, thickness of the device wall, polymer properties, and drug formulation. A
digital camera image of RTI’s trocar-compatible reservoir-style implant is shown in Figure 1.
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Figure 1. (Left) A schematic of a PCL reservoir-style device for delivery of TAF, which comprises
a formulated drug core (A) encapsulated by a rate-controlling PCL membrane (B). The device is
end-sealed using PCL material (C) for trocar compatibility. (Right) A digital camera image of the
biodegradable implant.

To evaluate the relationship between release rates and the surface area of the extruded PCL
tubes, implants were fabricated with three different surface areas, as generated by varying the implant
length: 82 ± 1 mm2, 311 ± 4 mm2

, and 543 ± 5 mm2, with an average of 31, 124, and 216 mg of TAF
loaded into the implant, respectively. All devices comprised Sigma-PCL with a wall thickness of 100
μm, an OD of 2.5 mm, and a formulation of 2:1 TAF:castor oil. The cumulative release of TAF from
the implants were monitored for approximately 30 days, as shown in Figure 2a. As expected for a
membrane-controlled system, the higher surface area results in a higher release rate of TAF from the
implant. Furthermore, the linear relationship between daily release rates and surface area supports
the mechanism of membrane-controlled release from these implants (Figure 2b). These results align
with a previous report using reservoir-style devices with thinner walls of PCL (8.5 μm) fabricated via
solvent film-casting [55]. In the current study, devices were fabricated using PCL tubes prepared via
melt extrusion, which produced thicker walled tubes (between 45–200 μm). Despite the thicker PCL
wall and different fabrication approach, these devices also maintained membrane-controlled release in
this range of wall thickness, demonstrating the robustness of the PCL-based drug delivery platform.
For the remainder of this paper, the cylindrical geometry was fixed at 2.5 mm OD and 40 mm length
to accommodate commercially available trocars utilized for contraceptive implants [56,57], and the
release rates were normalized to the surface area of 314 mm2.

 
Figure 2. In vitro release studies showing (a) cumulative release of TAF from implants of differing
surface areas and (b) daily release rates of TAF at day = 24 for implants with different surface areas. All
implants were fabricated with Sigma-PCL, 100 μm wall thickness and a formulation of 2:1, TAF:castor
oil. Surface areas were normalized according to the theoretical surface area for implant of 10, 40, 70 mm
in length. Three implants were tested per condition.
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The thickness of the implant walls was another attribute that affected release rates of drug. Figure 3
shows the daily release rates of TAF from implants comprising PCL of different wall thicknesses and
containing a formulation of 2:1 TAF:castor oil excipient. The release rates of TAF inversely correlated
with thickness of the PCL walls: 0.91 ± 0.23 mg/day (45 μm), 0.61 ± 0.09 mg/day (70 μm), 0.29 ± 0.05
mg/day (100 μm), 0.19 ± 0.04 mg/day (150 μm), and 0.15 ± 0.03 mg/day (200 μm). As the wall thickness
increased from 45 to 200 μm, the release rates approach a plateau wherein the release rates of TAF
show minimal change. Importantly, the daily release rates were calculated over the first 35 days of
TAF release from the implants, which included a burst release that is more pronounced in thinner
walled implants that results in a higher standard deviation (e.g., 45 μm walled implant). We speculate
the burst release may arise from transport of drug into the PCL. This inverse relationship between
the thickness of the PCL walls and the release rates of TAF was also demonstrated for thin-walled
PCL implants fabricated by a solvent casting approach despite considerable differences in the device
processing technique [55]. To reserve adequate volume in the reservoir for drug load, this study only
investigated wall thickness up to 200 μm. Overall, these experiments demonstrate the ability to employ
two parameters, surface area or wall thickness, to tailor the release rates of TAF from a reservoir-style
implant fabricated with extruded PCL tubes.

 

Figure 3. Daily release of TAF (mg/day) from implants with different wall thicknesses as calculated
over 35 consecutive days within an in vitro assay. Implants comprised a 2:1 TAF-castor oil formulation
(dimensions: 2.5 mm outer diameter (OD) by 40 mm length) fabricated with Sigma-Grade PCL. Three
implants were tested per condition.

3.2. Effects of PCL Properties on Implant Performance

PCL is a semi-crystalline, hydrophobic polymer with biodegradation kinetics that depend on the
initial MW, typically occurring in the order of 1–2 years [38], which supports a LA PrEP implant. In
these studies, PCL starting material with two different MWs were selected to potentially support an
implant with target duration of 6–12 months: Sigma-PCL (Mn of 103 kDa) and PC-12 PCL (Mn of 51
kDa). PCL tubes of different wall thicknesses (70, 100, 200 μm) were extruded with either Sigma-PCL
or PC-12 and subsequently filled with a formulation of 2:1 TAF:castor oil. Evaluation of these implants
using in-vitro release assays revealed two important concepts (Figure 4). First, the release rates of
drug from the implant depended on the selection of PCL; TAF releases at a higher rate from implants
comprising Sigma-PCL as compared to implants comprising PC-12. Interestingly, the influence of
PCL type on TAF release rates is minimal in tubes with thicker walls (e.g., 200 μm) versus thinner
walls (e.g., 70 μm). Second, Figure 4 also shows that irrespective of the PCL type used to fabricate the
implant, the release rates of TAF still scales inversely with wall thickness, as also shown in Figure 3.
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Figure 4. Effect of PCL type on daily release rates of TAF (mg/day) from implants with different wall
thicknesses and fabricated with (�) Sigma -PCL or (�) PC-12. Implants contained a formulation of 2:1
TAF-castor Oil. Daily release rates were calculated from release over at 35 days and three implants
were tested per condition.

It is possible that differences in crystallinity between the two types of PCL starting materials could
affect the release rates of TAF from the implant. Therefore, to further understand the effect of polymer
properties on release rates of drug, extruded tubes comprising PC-12 or Sigma-PCL were evaluated
with DSC and XRD. Analysis by DSC showed that all PCL tubes exhibit a melting endotherm with
a peak near 60 ◦C (Figure 5A, Figure S1), the characteristic melting temperature (Tm) of PCL [58,59].
However, notable differences in the melting endotherms were also evident, such as a narrower melt
transition of PC-12 compared to Sigma-PCL and the presence of a small shoulder peak around 50 ◦C in
Sigma-PCL which was absent in PC-12. Quantitatively, the specific Tm values also differed; Sigma-PCL
showed a slightly higher Tm compared to PC-12 for all thicknesses of the tube walls (Table 1 and Figure
S1). For each sample, Equation (1) was used to calculate the mass % crystallinity and Equation (2)
(Thompson–Gibbs equation) was used to calculate the crystallite sizes. Results in Table 1 show that
irrespective of the wall thickness, the crystallite size of PC-12 was slightly lower than the crystallite
size of Sigma-PCL. Moreover, the crystallite size of Sigma-PCL slightly varied with different tube
thicknesses, whereas PC-12 remained consistent. The % crystallinity was slightly higher in certain
cases for PC-12 compared to Sigma-PCL, showing statistically significant differences for extruded
tubes with 70 and 200 μm wall thicknesses.

 

Figure 5. Exemplary graphs of (a) DSC heat flow curves and (b) XRD profiles of PCL tubes with 100
μm wall thickness.
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Table 1. Thermal properties of PCL extruded tubes from DSC analysis.

PCL Type Wall Thickness (μm) Tm (◦C) % Crystallinity Crystallite Size (nm)

PC-12
70 59.4 ± 0.1 56 ± 1.0 27 ± 0.2

100 59.4 ± 0.1 53 ± 2.0 27 ± 0.4
200 59.7 ± 0.4 56 ± 1.0 27 ± 1.2

Sigma-PCL
70 60.7 ± 0.1 53 ± 0.3 31 ± 0.2
100 61.1 ± 0.2 52 ± 1.2 32 ± 0.6
200 61.3 ± 0.1 53 ± 0.1 33 ± 0.3

XRD analysis was also performed to further examine the crystallite size of PCL extruded tubes
using the Scherrer equation (Equation (3)). Extruded tubes (100 μm wall thickness) fabricated from
Sigma-PCL and PC-12 showed similar diffraction patterns that include intense Bragg peaks at 2θ near
21.3◦ and 23.7◦, correlating to diffraction of the (110) and (200) planes of the PCL crystallite, respectively
(Figure 5B) [60,61]. Results from XRD analysis (Table 2) show that the crystallite sizes of PC-12 were
slightly smaller than Sigma-PCL, where Sigma-PCL total crystallite sizes was 25 nm (14.2 + 10.8) and
PCL-12 was 23.4 nm (13.2 + 10.2), which also agrees with DSC data. Both techniques used to measure
crystallite size indicate a similar order of magnitude from the two PCL types, therefore it is unlikely
that crystal size alone was responsible for the differences in drug diffusion kinetics from the materials
considered in this study, however the observation that crystallite size increased with tube thickness for
Sigma-PCL (as measured by DSC) may play a role in release kinetics.

Table 2. Thermal properties of PCL tubes * from XRD analysis.

PCL Type
Crystallite Size (nm)

L110 L200

PC-12 13.2 10.2
Sigma-PCL 14.2 10.8

* Extruded tubes comprised 100 μm wall thickness.

Taken together, these data highlight the importance in considering properties of drug transport
in products comprising semi-crystalline polymers, which contain both amorphous regions amenable
to drug transport when above the polymer glass transition temperature (Tg), and crystalline regions
which pose a diffusive mass transport barrier. These data indicate that PCL is an ideal polymer suited
for membrane-controlled drug diffusion applications given its material properties and semi-crystalline
nature. For example, PCL has a Tg of−60 ◦C which allows for drug transport at physiological conditions
(37 ◦C) where the amorphous regions exhibit adequate free volume for passive diffusion of small
molecules and fluid driven by concentration gradients. Concurrently, PCL crystals impart structural
integrity to the implant and act as a transport barrier which modulate drug diffusion and allow for
sustained release of TAF. The DSC and XRD results presented here suggest that crystallite size, quantity
of crystallinity, and ultimately polymer free volume within PCL will impact transport properties of
TAF through the polymer, as also supported by studies with other systems [62]. Our results show
that extruded tubes with lower MW (PC-12) contain smaller sizes of crystals and slightly higher %
crystallinity (statistically significant for 70 and 200 μm tubes, p = 0.008 and p = 0.007, respectively) as
compared to PCL with higher MW (Sigma-PCL). This suggests that higher degree of crystallinity and
smaller crystallites could create a more tortuous path for diffusion of the drug, leading to a lower release
rate from the implant. At 37 ◦C, TAF likely diffuses through the amorphous regions of PCL, where
the polymer exhibits greater segmental mobility to facilitate passage of small molecules. The size and
quantity of the crystal regions would affect the spatial arrangement and quantity of these amorphous
regions, ultimately affecting transport kinetics. These findings are supported by the mathematical
relationship between membrane flux through a given area which is inversely proportional to distance
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traveled (wall thickness) by the constant of mass diffusivity, i.e., Fick’s first law of diffusion. The
diffusion constant is a function of temperature, molecular size, and viscosity. For polymers, the
viscosity term describes polymer free volume, which is impacted by crystallinity, hence the differences
in material properties and resultant release rates were observed here.

In addition to the quantitative differences in polymer physicochemical properties observed in this
study, three important qualitative findings are also of note. First, Sigma-PCL exhibited irregularities in
the melting endotherm as evidenced by a small but apparent shoulder peak prior to the melt whereas
PC-12 did not. It was likely a result of thermal history incurred in Sigma-PCL processing from the
manufacturer. Given this consideration, the shoulder peak likely did not represent the PCL crystalline
phase and may have contributed to an over-estimation of the crystalline content of the Sigma-PCL. A
second difference was noted when comparing the width of the melt transition where PC-12 exhibited
a narrower melt endotherm compared to Sigma-PCL, suggesting a tighter distribution of polymer
molecular weight comprising the crystalline phase. Finally, another difference between these two
grades of material was the crystallite size as a function of tube thicknesses. While PC-12 demonstrated
more consistency in crystallite size, Sigma-PCL crystallite size increased with tube thickness, indicating
a lack of control on the final properties during processing and perhaps explaining the large variability
in release rates at low thicknesses and more consistent release rates at higher thicknesses. Sigma
grade PCL also exhibited a steeper decline in release rate with respect to wall thickness, while PC-12
demonstrated a more gradual decline in release rate as a function of thickness. It was hypothesized
that the concomitant increase in wall thickness and crystallite size observed with Sigma PCL was
responsible for the attenuation in release rate values for the two grades of PCL at the higher wall
thicknesses studied here. Taken together, these observations highlight the importance of material
choices in the design of drug delivery devices from an engineering and quality control perspective.

3.3. Performance and Fabrication of a LA PCL Implant for Delivery of TAF

The duration of this reservoir-style implant for TAF is dictated by two parameters: the drug
quantity within the reservoir and the rate of drug release from the implant. Using selected implant
dimensions (2.5 mm OD, 40 mm length), TAF payload within the reservoir for the 2:1 TAF:castor oil
formulation was approximately 115 mg for an implant with wall thicknesses of 100 μm. Within these
constraints of drug payload, the duration of a single TAF implant for PrEP ultimately depends on
the daily drug release required for protection as administered via the subcutaneous route, which is
currently unknown. In this manuscript, in-vitro release rates from prototype implants were tailored to
the range between approximately 0.2 and 0.8 mg/day from a single device, as suggested from previous
animal studies and in-silico modelling set with TFV-DP target concentrations of >48 fmol/106 cells
among 500 virtual healthly women [31,63].

Using these dimensional parameters, a batchwise process was developed to fabricate TAF implants
from extruded PCL tubes, which entails loading the drug formulation into the cavity of a PCL tube and
sealing the ends. Given the low melting temperature of PCL (60 ◦C), the implant was readily end-sealed
by controllably heating PCL into the desired geometry using an in-house customized polymer extruder.
Care was given to avoid contamination of the interior walls of the tube near the sealing points,
which could hinder the formation of end seals during the melt sealing. This fabrication process was
used to generate implants for a six-month in-vitro study to assess the release of TAF. As shown in
Figure 6, implants released TAF at a rate of 0.28 ± 0.06 mg/day over the course of 180 days. After 180
days, approximately 68 mg of TAF remained within the implant, with a chromatographic purity of
89.2 ± 0.8% (Table S1). The trend of decreased TAF stability over time results from ingress of water
into the implant as drug depletes, which, in turn, facilitates hydrolytic degradation of TAF [64]. We are
currently evaluating other formulations of TAF that help optimize stability. The implant maintained
structural integrity throughout the 180-day release period in simulated physiological conditions.
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Figure 6. Cumulative release of TAF (mg) from an implant comprising Sigma-PCL of 100 μm wall
thickness at 2.5 mm outer diameter and 40 mm length. Implants contained a 2:1 TAF-castor oil
formulation. Three implants were tested per condition.

To support in vivo use of the implant, gamma irradiation was used to sterilize the implant after
fabrication. Since gamma irradiation has been shown to affect the chemical and physical properties
of PCL [65,66], studies were performed to evaluate its potential effects on the implant performance.
Table S2 shows the GPC analysis of PCL, including samples of PCL raw material used for the extrusion
process and extruded PCL tubes before and after gamma irradiation. Both PCL types (Sigma-PCL
and PC-12) showed a slight decrease in Mn after gamma irradiation, as expected, but the extrusion
process minimally affected the Mn of PCL. To further ascertain release rates of TAF from the implant
after gamma irradiation, in vitro release assays were performed on implants with and without gamma
irradiation at dosages between 18–24 kGy. As shown in Table 3, the release rates were comparable
irrespective of treatment with gamma irradiation and the difference in release rates were not statistically
significant when comparing non-irradiated and gamma irradiated release rates (p = 0.27 and p = 0.42
for Sigma-PCL at 70 and 100 μm, respectively; p = 0.11 and p > 0.99 for PC-12 at 70 and 100 μm,
respectively).

Table 3. Daily TAF release rates from implants pre- and post-gamma irradiation.

PCL Type Wall Thickness (μm)
Release Rates of TAF (mg/Day)

Non-Irradiated Gamma Irradiated

Sigma-PCL 70 0.62 ± 0.09 0.54 ± 0.06
100 0.29 ± 0.05 0.32 ± 0.03

PC-12
70 0.37 ± 0.05 0.30 ± 0.03

100 0.20 ± 0.03 0.20 ± 0.02

Formulation of 2:1, TAF:castor oil; Daily release rates calculated from 30 days of consecutive release.

In summary, the in vitro studies presented in this manuscript demonstrate a new fabrication
method to produce reservoir-style PCL implants using a batchwise process of polymer tube extrusion,
formulation filling, and implant sealing via melt procedures. Although this fabrication process is not
currently conducive to high-throughput manufacture, incremental steps detailed here support future
production and implementation efforts. For instance, use of melt extrusion to produce PCL tubes
presents an improvement over previously reported thin-film casting techniques, in terms of throughput
of tube manufacturing and ultimate robustness of the implant. By increasing the implant wall thickness
(e.g., from 70 to 200 μm) using an extrusion method, the implants were more aesthetically pleasing,
exhibited greater mechanical sturdiness during handling and therapeutic use, while simultaneously
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retaining sustained release kinetics of drug. Moreover, the injection end-sealing method presented here
produces an implant suitable for commercially available trocars, and is loaded with enough of the drug
to last longer than six months; all considerations that were deemed preferable by end-users [67,68]. With
an eye towards product development needs for clinical implementation, compatibility with applicators
already clinically employed offers options to adopt existing procedures to support LA-PrEP rollout.

4. Conclusions

As the field of HIV PrEP rapidly progresses, new LA drug delivery systems must respond to
evolving clinical and socio-behavioral insights in terms of effective ARV dosing, desired duration, and
product acceptability. This paper describes a reservoir-style implant with the flexibility to adapt to
needs of this advancing field by readily tailoring properties of the implant, including surface area, wall
thickness, and properties of PCL. The first section of this manuscript describes the ability to control
release rates of TAF via dimensions of extruded PCL tubes (i.e., surface area, wall thickness). We
report an inverse correlation between wall thickness and drug release rates and this feature was further
used to tune TAF dosing between 0.91 ± 0.23 mg/day (45 μm wall thickness) and 0.15 ± 0.03 mg/day
(200 μm wall thickness). Our studies further show that the release rates of TAF scale proportionally
with the surface area of the implant, demonstrating the membrane-controlled release from extruded
PCL tubes. These results build from previous work using implants made of thin-films of PCL, which
reported similar trends with the ability to tune release rates from reservoir-style devices between 8 and
15 μm thick [55]. However, the replacement of solvent-cast thin films with extruded tubes, as described
here, supports the development of future manufacturing processes and ultimately provides robust
implants with thicker walls for greater ease of handling. Although outside the scope of this manuscript,
additional strategies to further increase drug stability, dosing and duration from a single implant, while
simultaneously maintaining compatibility with market-available trocars, include modifications to the
formulations such as selection and quantity of excipient. Although in vivo studies were not reported
in this paper, the in vitro assay conditions used here have shown good in vitro/in vivo correlations
previously [57]. Future in vivo studies will further advance this implant technology.

We also described a batchwise fabrication of implants using two types of PCL starting materials,
either PC-12 or Sigma-PCL. In these studies, the selection of PCL starting material affects the release
rates of TAF from the implant; TAF releases faster from implants fabricated with Sigma-PCL as
compared to PC-12. Analysis via DSC and XRD were used to probe the reason for these differences.
Analysis by DSC revealed slight differences in the mass percent of crystallinity from both PCL types (70
and 200 μm wall thickness) and showed slight differences in the crystalline sizes. Although additional
studies are needed to further characterize these differences, our results do suggest that a smaller
crystalline size and higher mass % crystallinity within the polymeric material retard the diffusion of
TAF through PCL. Interestingly, when using these thicker walled tubes (e.g., 200 μm walls), the effect
of PCL type on release rate is less pronounced. Using down-selected parameters, we demonstrate
delivery of TAF in vitro for 180 days at a dose of 0.28 ± 0.06 mg/day and the TAF within the implant
maintains stability at 89.2% ± 0.8% at the end of this duration. This is the first report of a six-month
in vitro study showing sustained release of TAF from a biodegradable trocar-compatible implant.
This manuscript also shows that the use of gamma irradiation (dosages 18–24 kGy) as a sterilization
technique minimally affects the release rates of TAF, which benefits future in vivo studies. Overall, this
implantable drug delivery system holds various parameters that can be tuned to achieve a targeted
dose of TAF. Although the final design of this drug delivery system for TAF awaits feedback from
dosing requirements, these promising results help to highlight the path towards the goal of developing
LA delivery of TAF for HIV PrEP.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/7/315/s1.
Figure S1: Heat flow versus temperature for extruded tubes comprising (A) Sigma-PCL and (B) PC-12 at different
tube thicknesses, Table S1: Stability of TAF in implants at different timepoints within in vitro conditions, Table S2:
GPC Analysis of PCL.
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Abstract: Long-acting topical products for pre-exposure prophylaxis (PrEP) that combine
antiretrovirals (ARVs) inhibiting initial stages of infection are highly promising for prevention of HIV
sexual transmission. We fabricated core-shell poly(lactide-co-glycolide) (PLGA) nanoparticles, loaded
with two potent ARVs, griffithsin (GRFT) and dapivirine (DPV), having different physicochemical
properties and specifically targeting the fusion and reverse transcription steps of HIV replication, as a
potential long-acting microbicide product. The nanoparticles were evaluated for particle size and
zeta potential, drug release, cytotoxicity, cellular uptake and in vitro bioactivity. PLGA nanoparticles,
with diameter around 180–200 nm, successfully encapsulated GRFT (45% of initially added) and DPV
(70%). Both drugs showed a biphasic release with initial burst phase followed by a sustained release
phase. GRFT and DPV nanoparticles were non-toxic and maintained bioactivity (IC50 values of 0.5 nM
and 4.7 nM, respectively) in a cell-based assay. The combination of drugs in both unformulated and
encapsulated in nanoparticles showed strong synergistic drug activity at 1:1 ratio of IC50 values.
This is the first study to co-deliver a protein (GRFT) and a hydrophobic small molecule (DPV) in
PLGA nanoparticles as microbicides. Our findings demonstrate that the combination of GRFT and
DPV in nanoparticles is highly potent and possess properties critical to the design of a sustained
release microbicide.

Keywords: microbicides; HIV; combination ARVs; sustained release; synergism; PLGA nanoparticles;
co-delivery

1. Introduction

Human immunodeficiency virus (HIV) infection is one of the world’s most serious health
challenges, and the development of means to prevent its spread is urgently needed. By the end of 2017,
approximately 36.9 million people were living with HIV, with 1.8 million more becoming newly infected
globally [1]. Women, especially young (15–24 years) and adolescent (10–19 years), are disproportionately
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affected by HIV due to social, cultural, economic, and biological vulnerabilities [2,3]. Sexual transmission
is the principal cause of new HIV-1 infections in women in the U.S. and worldwide [2].

To protect women from this global epidemic, it is critical to develop effective biomedical
interventions for HIV/AIDS prevention and treatment. However, there is no effective vaccine available.
In addition, the low instance of condom use by men and other social factors could significantly increase
HIV-1 infection in women [4,5]. With these considerations in mind, oral or topical pre-exposure
prophylaxis (PrEP) with antiretroviral (ARV) drugs could be the most promising avenue for preventing
sexually transmitted HIV infection. Topical PrEP products could be applied by women in the vaginal
or rectal tract before sexual intercourse to inactivate pathogens, including HIV, thus providing a
female-controlled strategy against HIV-1 infection [6–8]. Rectal-specific topical PrEP products are
equally applicable to men who have sex with men (MSM).

HIV-specific ARV drugs that can target specific steps in HIV’s life cycle and then effectively
inhibit its replication have been selected in the development of current microbicides [9]. To reach
maximum protection effect of microbicides, ARVs inhibiting early stage of HIV replication can be
beneficial. A combination strategy that includes multiple ARVs targeting different steps of HIV
infection lifecycle could potentially improve the antiretroviral activity of each product with synergistic
effect as a viable PrEP product for preventing acquisition of HIV-1. It has been proven that combination
ARV (cARV) therapy can increase the efficacy of each drug in clinic, reduce resistance, decrease the risk
of both HIV disease progression and death, reduce doses and cost, and improve patient adherence and
compliance [10].

Dapivirine (DPV) is a diarylaminopyrimidine compound with high activity against HIV-1, and
it belongs to the family of non-nucleoside reverse transcriptase inhibitors (NNRTIs). It is extremely
potent in inhibiting both wild-type and mutant HIV-1 in vitro [11]. No vaginal or systemic toxicity of
DPV was observed in sheep, indicating a desirable safety profile of DPV as a microbicide candidate [12].
In an intravaginal ring dosage form, DPV has shown great promise in Phase III clinical trials, ASPIRE
and The Ring study [13,14]. Another promising molecule is Griffithsin (GRFT), a 121–amino acid
and13-kDa-molecular-mass lectin that was originally isolated from the red alga Griffithsia sp. [15].
Binding to the mannose-rich glycans gp120 and gp41, GRFT inhibits HIV-1 gp120 and exposes the CD4
binding site [16,17]. GRFT is shown to exhibit high potency in inhibition of both X4- and R5-tropic
HIV-1 virus at subnanomolar concentration, with high stability in cervical/vaginal lavage fluid [18].
It has been shown to be safe and tolerable in subcutaneous treatment in both guinea pigs and mice at
10 mg/kg and in rabbit vaginal irritation studies [19,20]. Furthermore, our previous investigation of
the effect of GRFT rectal gel formulations on proteome and microbiome in non-human primates was
supportive of their safety [21]. Importantly, GRFT has shown strong synergistic activity when combined
with nucleoside reverse transcriptase inhibitor (NRTI), NNRTI and fusion inhibitor compounds, such
as tenofovir, maraviroc, and enfuvirtide in vitro [22]. Furthermore, the broad-spectrum anti-HIV
activity and unique safety profile of GRFT and DPV support their development as combined topical
microbicides. Therefore, we hypothesized that GRFT will display strong synergistic activity with DPV
when combined in application as a microbicide product.

The extreme opposite properties of these two molecules greatly hinder the development of a
formulation for the simultaneous delivery of both drugs. The proteinaceous nature of GRFT and
quick tissue elimination and low water solubility of DPV, pose limitations to their topical microbicide
potential [23]. Additionally, developing a long-acting drug delivery system, which is more favorable
for patient adherence of the PrEP product [24,25], will meet with additional challenges. Therefore,
our goal was to develop a novel drug delivery system that overcomes formulation limitations and
co-delivers GRFT and DPV with a sustained release profile to solve the clinical need in microbicides.

Nanoparticle drug delivery systems not only provide the sustained or controlled delivery of APIs,
but also improve drug solubility, protect drug payloads, and enhance mucosal drug permeability [26].
With these advantages, nanoparticle delivery systems have been explored in the design of vaginal
microbicides [27–31]. Polymeric nanoparticles can provide controlled or sustained release profiles for
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the payloads. Poly(ethylene oxide) (PEO) modified poly(caprolactone) (PCL) nanoparticles have been
developed for the delivery of DPV as an alternative vaginal microbicide [31] and showed enhanced
mucosal penetration and improved local pharmacokinetic profiles of DPV [29]. Nanoparticles made
from PEO modified poly(lactic-co-glycolic acid) (PLGA) were applied to deliver rilpivirine and
demonstrated improved vaginal tissue concentration [32]. Previous studies have utilized nanoparticles
for delivery of DPV [33]. Here, we used a PLGA-based nanoparticle delivery system to deliver
GRFT/DPV simultaneously in a sustained release pattern. Furthermore, encapsulation of GRFT and
DPV in PLGA nanoparticles overcomes the limitations of poor tissue permeability and low aqueous
solubility respectively. PLGA is one of the most widely used biodegradable polymers for drug delivery
applications due to its superior biocompatibility and biodegradability [34]. It is an FDA-approved
polymer that has been widely used for the delivery of proteins/peptides and small molecules [35–38].
Importantly, PLGA nanoparticles were found to have no immunogenicity in vivo, which is critical
for the safety of an anti-HIV drug delivery system [39–42]. Additionally, PLGA nanoparticles have
been studied in the delivery of several ARV drugs for HIV/AIDS treatment and prevention [38,43–46].
However, to our knowledge, no studies have yet been reported to deliver both a macromolecule and a
small hydrophobic molecule simultaneously in one nanoparticle system for PrEP. This attempt on the
co-delivery of a macromolecule and a small hydrophobic molecule with PLGA nanoparticles will have
implications for the development of future microbicides.

In this study, we investigated the ability of PLGA nanoparticles to deliver both GRFT and DPV
simultaneously and their anti-HIV efficacy in combined application as ARVs. We show that GRFT and
DPV can be individually and simultaneously fabricated into biodegradable PLGA nanoparticles with a
high encapsulation efficiency. The ARV-containing nanoparticles were nontoxic in cell culture. We also
observed synergistic effects in the combined application of GRFT and DPV. Collectively, our data show
that core-shell type PLGA nanoparticles are a promising strategy for delivering multiple ARV drugs
with extreme physicochemical diversity. Our results support a viable nanoparticle platform for the
delivery of multi-ARV combinations for sustained HIV-1 prevention.

2. Materials and Methods

2.1. Materials

PLGA with lactic acid to glycolic acid ratios of 50:50 was purchased from Sigma-Aldrich (Resomer®

RG 502 H, MW, 30 kDa; St. Louis, MO, USA). Cell culture reagents were obtained from GIBCO,
Invitrogen by Life Sciences, Inc. (Lenexa, KS, USA). DPV was obtained from International Partnership
for Microbicides (Silver Spring, MD, USA). Recombinant GRFT (~13 kDa) was kindly provided by
Kentucky Bioprocessing, LLC (Owensboro, KY, USA). The protein was supplied in a solution of
phosphate buffered saline. Phosphate buffered saline 10× molecular biology grade was purchased
from Mediatech, Inc. (Manassas, VA, USA). All other reagents used for nanoparticle formulation were
purchased from Thermo Fisher Scientific (Pittsburgh, PA, USA).

2.2. Methods

2.2.1. Fabrication of ARV-Loaded Nanoparticles

The ARV loaded nanoparticles were prepared by using double emulsion-solvent evaporation
technique as shown in Figure 1. Blank nanoparticles (vehicle control) were prepared using this
technique at ambient temperature, as previously described, with some modifications [38]. Briefly,
100 μL Milli-Q water as inner water phase was added into a solution of PLGA (20 mg) in ethylacetate
(EA) (1 mL). Then, the primary water-in-oil (W/O) emulsion was obtained by homogenization using a
6-mm diameter Vibra-Cell probe sonicator (Sonics and Materials, Newton, CT, USA) for 40 s at 50 W.
The primary W/O emulsion was then added into 2 mL of 2% w/v aqueous solution of polyvinyl alcohol
(PVA) with sonication for 50 s at 50 W to form the secondary water-in-oil-in-water (W/O/W) emulsion.
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The W/O/W nanoparticle solution was then diluted with 10 mL of Milli-Q water under magnetic
stirring for 4 h in an ice water bath to allow EA to evaporate. The hardened nanoparticles were washed
with deionized water three times by centrifugation for 15 min at 15,000× g (Sorvall Ultra 80, Waltham,
MA, USA). Nanoparticles were then re-suspended in 1 mL of Milli-Q water after removing the PVA
supernatant and were then lyophilized overnight (approximately 12 h) under vacuum at 0.120 mbar
and at −50 ◦C using a FreeZone 6 lyophilizer (Labconco, Kansas City, MO, USA). Nanoparticles
loaded with GRFT, GRFT/DPV, and DPV were fabricated similar to the blank nanoparticles. GRFT
(50 μL, 10 mg/mL) was dissolved in the inner water phase for GRFT nanoparticle preparation. DPV was
dissolved in EA (0.033 mg/mL) with PLGA polymer in DPV nanoparticles. GRFT/DPV nanoparticles
were prepared by dissolving GRFT in inner water phase and DPV in EA. GRFT and DPV loading
levels were kept the same in each preparation unless noted otherwise. The lyophilized nanoparticles
were stored in aliquots in glass vials at 4 ◦C until use. To prepare fluorescent nanoparticles, fluorescein
isothiocyanate–dextran 70 (FITC-dextran, MW 70,000; Sigma LLC, St. Louis, MO, USA) and Nile red
(Sigma LLC) were added to inner phase and EA respectively during the manufacture of blank NPs.

Figure 1. Schematic representation of DPV and GRFT-loaded PLGA nanoparticle preparation by double
emulsion-solvent evaporation method.

2.2.2. Characterization of Nanoparticles

Size and zeta potential of the fabricated nanoparticles were determined using a Zetasizer Nano
ZS90 (Malvern Instruments, Malvern, UK). Size and morphology of the nanoparticles were also
confirmed by Transmission Electron Microscope (TEM), visualized with a JEM 1011 (JEOL, Sheboygan,
WI, USA) scanning electron microscope. Samples of nanoparticles were negatively stained with
ammonium phosphomolybdate and imaged using an 80 kV electron beam at the Center for Biologic
Imaging of the University of Pittsburgh. The zeta potential of the PLGA nanoparticles, both drug-free
and drug-loaded, in Milli-Q water, was measured using the zeta potential analysis mode in the Zetasizer.

2.2.3. Drug Loading

The amount of GRFT and DPV encapsulated in the nanoparticles was determined by analyzing
the GRFT and DPV content in the supernatant after centrifugation by high-performance liquid
chromatography (HPLC) to quantify encapsulation efficiency (Equation (1)). For GRFT analysis, an
HPLC system (Waters Corporation, Milford, MA, USA) equipped with an auto injector (model 717),
a quaternary pump (model 600), an ultraviolet detector (model 2487) at 280 nm, and a multi λ
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fluorescence detector (model 2475) at 370 nm was used. Separation of GRFT was achieved by using
a Jupiter 5 μ 300 Å (250 × 4.6 mm) column (Phenomenex, Torrance, CA, USA) protected by a guard
cartridge Jupiter C18 (4.0 × 3 mm). A gradient consisting of mobile phase A (0.1% trifluoroacetic acid
[TFA] in Milli-Q water), and mobile Phase B (0.1% TFA in acetonitrile), at a flow rate of 1.0 mL/min,
was used. Retention time of GRFT was approximately 16 min, and the total run time was 30 min.
Empower Pro 3 software (Waters Corp., Milford, MA) was used to control the HPLC system.

DPV was assayed by using an Acquity ultra-performance liquid chromatography (UPLC) system
H-class (Waters Corp., Milford, MA). Separation of DPV was achieved by using an Acquity UPLC
BEH C18 (1.7 μm, 2.1 × 50 mm) column (Waters Corp., Milford, MA). A gradient consisting of mobile
phase A (0.1% TFA in Milli-Q water) and mobile Phase B (0.1% TFA in acetonitrile), at a flow rate of
0.25 mL/min, was used. Retention time of DPV was approximately 8.5 min, and the total run time was
15 min. Empower Pro 3 software was used to control the UPLC system. Drug encapsulation efficiency
is calculated by following equation as described by Papadimitriou et al. [47]:

Drug encapsulation efficiency (%) =
weight of drug in nanoparticles

weight of drug fed initially

=
weight of drug fed initially weight of drug in supernantant

weight of drug fed initially

(1)

2.2.4. In Vitro Release of ARVs from PLGA Nanoparticles

To determine the extent and rate of GRFT and DPV released from the nanoparticles, an in vitro
release study was conducted over a 7-day period. In this study, vaginal fluid simulant (VFS, pH 4.5) was
selected as dissolution medium to evaluate drug release from the fabricated nanoparticles because of its
physiological relevance to the cervicovaginal fluid [48]. ARV-loaded nanoparticles were dispersed in
3 mL of VFS, with continuous shaking, at a temperature of 37 ◦C. At regular intervals, the nanoparticles
were isolated via centrifugation (12,000× g, 4 ◦C, 30 min), and the entire VFS solution was decanted for
analysis using chromatographic methods describe above. The nanoparticles were then re-suspended
in fresh VFS and returned to the in vitro release set-up.

To determine the impact of medium and pH on drug release, in vitro release studies were also
performed in 1 M phosphate-buffered saline (PBS) at pH 7.4 and 1 M PBS at pH 4.5 (1 M PBS adjusted
to pH 4.5 with 10% hydrochloric acid). The amount of GRFT and DPV released into the release media
was determined by HPLC or UPLC methodology as previously detailed.

2.2.5. Anti-HIV-1 Activity and Cellular Viability Assay of ARVs

The cytotoxicity and anti-HIV-1 activity of free and nanoparticle-formulated ARVs against HIV-1BaL

was determined in TZM-bl cells by luciferase quantification of cell lysates [49–51]. The HIV-1BaL and
TZM-bl indicator cell line were kindly provided by Dr. Charlene Dezzutti of Magee-Womens Research
Institute. TZM-bl is a HeLa cell line derivation that stably expresses high levels (% positive cells) of
CD4 (32%), CCR5 (82%) and CXCR4 (85%) [52]. The cells contain HIV-1 Tat-regulated reporter genes
for firefly luciferase and β-galactosidase for quantitative analysis of HIV-1, simian immunodeficiency
virus (SIV), and simian/human immunodeficiency virus (SHIV) infection [53]. The evaluation of
cytotoxicity and anti-HIV-1 activity were conducted following methods previously described [54].
The cells were regularly cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, and 1% 200 mM L-glutamine at
37 ◦C in 5% CO2 atmosphere.
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The TZM-bl cells were seeded into a 96-well clear-view plate, at a concentration of 5 × 104

cells per well, in 100 μL of DMEM medium (10% FBS) and allowed to adhere for 24 h at 37 ◦C [54].
Identical, but separate, plates were set up to measure efficacy and cellular toxicity. 100 μL of medium
was removed and replaced with 100 μL of DMEM dilutions of test articles i.e., each drug and
ARV-loaded nanoparticles (NP-ARVs). Cells exposed to media without test articles was used as a
control. For toxicity testing, additional 100 μL of medium (without test articles) was added to each
well to bring the total volume to 200 μL. The next day, 100 μL of medium was removed and replaced
with 100 μL of CellTiter-Glo® (Promega, Madison, WI, USA) and the luminescence measured using
SpectraMax M3 plate reader (Molecular Devices, Sunnyvale, CA, USA). Viability was determined
on the basis of deviations from the cell-only control and presented as the percentage viability ± SD
(standard deviation).

For efficacy testing, following addition of media with and without test articles, 100 μL of medium
containing HIV-1 was added to each well to reach a total volume in each well of 200 μL. HIV-1BaL was
added at an approximate TCID50 (50% tissue culture infectious dose) of 3000 per well in the presence of
40 μg/mL of Diethylaminoethyl cellulose- Dextran (DEAE-Dextran, Sigma, St. Louis, MO, USA). After
48 h, 100 μL of medium was removed and replaced with 100 μL of Bright-Glo™ (Promega, Madison,
WI, USA) and the luminescence measured as mentioned above. Inhibition of HIV infection was
determined on the basis of luminescence deviations from the HIV-1-only control and presented as the
percentage inhibition ± SEM. Untreated wells with cells only served as the negative infectivity control
(100% inhibition), while wells with cells and HIV-1 served as positive infectivity control (0% inhibition).
The percent inhibition was calculated for all test and control cultures to determine the 50% inhibition
concentration (IC50) value of each drug. The IC50 values of NP-ARVs were calculated via GraphPad
Prism (V 5.02) software, using drug concentrations that corresponded to the actual drug loading
determined by HPLC.

2.2.6. Combination Effects

The combined anti-HIV-1 activity of the dual-drug combination was evaluated by using the
median-effect analysis described by Chou and Talalay [55]. Briefly, median values (IC50) of each drug
were obtained using the TZM-bl antiviral activity assay as described in the previous section. The drugs
were then mixed according to the ratio of their individual IC50 values (1:8, due to the molecular weight
difference between DPV and GRFT). For NP-ARVs, amounts of the individual compounds used in
combinations were determined by measured drug loading. The drug mixtures were then serially
diluted, and IC50 values were determined with the TZM-bl assay. Combination effects of ARVs were
evaluated by (1) comparing HIV-1 inhibition between the combination and each individual ARV;
and (2) identifying combination indices (CI) to quantify drug synergy, using CompuSyn software
(ComboSyn, Inc., Paramus, NJ, USA). The CI of drug combination was plotted as a function of the
fractional inhibition (Fa), by computer simulation, from Fa = 0.10 to 0.95. In this analysis, the combined
effect at the 50% fractional inhibition (CI50) and 90% fractional inhibition (CI90) were reported as
synergistic, additive, or antagonistic when CI < 1, = 1, or >1, respectively.

2.2.7. Cellular Uptake Assay

The mouse macrophage cell line RAW264.7 (ATCC, Manassas, VA, USA) was maintained in
DMEM culture medium with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 1% 200 mM
L-glutamine at 37 ◦C in 5% CO2 atmosphere. RAW264.7 cells were cultured on a 1-cm diameter
coverslip pre-coated with polylysine (BD BioCoat, BD Biosciences, Bedford, MA, USA) in DMEM
culture medium for 48 h before uptake assay. Fluorescent dye-loaded NPs were added to the cells
at 2.5% (w/v) of the total 200 μL of cell culture media for 4 h at 37 ◦C. NPs were then washed
from cells with PBS for 4 times. The coverslips with cells grown on them were first stained with
4′,6-diamidino-2-phenylindole (DAPI, Molecular Probes, and Eugene) in PBS in order to visualize the
nuclei and were then mounted on glass slides for fluorescent imaging. The fluorescent images were
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obtained by ApoTome Confocal Microscope Observer Z1 (Carl Zeiss Microscopy, Zaventem, Belgium).
Cell images were taken at 358/461 nm for DAPI, 495/519 nm for FITC-dextran, and 552/636 nm for
Nile red.

2.2.8. Statistical Analyses

All differences were evaluated by Student’s t-test or ANOVA analysis. p < 0.05 was considered
statistically significant. Drug release profiles were analyzed using DD Solver, an Excel add-in
package [56]. All error bars represent standard deviations unless otherwise noted.

3. Results

3.1. PLGA Nanoparticle Characterization

In this study, PLGA core-shell nanoparticles were successfully developed that simultaneously
encapsulate and deliver both a protein drug and a small-molecule hydrophobic drug without
compromising the effectiveness of either. The manufactured PLGA nanoparticles are near-spherical in
shape, possess high drug-loading capability, and are of a reproducible size. It has been reported that
the duration and intensity of sonication can significantly affect the size of the nanoparticles produced
using double-emulsion method [57,58]. The targeted particle size and distribution can be obtained
by optimizing sonication intensity and time within a given system. With the sonication parameters
described in the Methods section, the diameters of the fabricated nanoparticles were confined to
a narrow range (Table 1): 182.8 ± 1.7 nm (placebo nanoparticles) to 188.8 ± 1.7 nm (GRFT, DPV,
or GRFT/DPV nanoparticles) and had low polydispersity index (PDI < 0.1), indicating that nearly
monodispersed nanoparticles were manufactured (Figure 2). Zeta potential measurements showed
minimal change between unloaded and loaded nanoparticles, falling within a range of −23.4 ± 0.3 mV
to −24.9 ± 1.3 mV, respectively, at a pH of 7.4. The high similarity in colloidal properties of all
nanoparticles such as size, PDI, and zeta potential demonstrates that the formed nanoparticles are
composed of PLGA-PVA system. It is highly unlikely that the particles are primarily composed of
GRFT alone. Table 1 lists properties of placebo nanoparticles (vehicle) and ARV-loaded nanoparticles
fabricated using double emulsion evaporation.

A GRFT encapsulation efficiency of 40.7 ± 5.9% and 45.9 ± 13.7% was obtained from the
manufactured single (NP-GRFT) and combination nanoparticles (NP-GRFT/DPV), respectively. A DPV
encapsulation efficiency of 70.1 ± 4.4% and 69.4 ± 5.1% was obtained from NP-DPV and NP-GRFT/DPV,
respectively. Our results indicate that the encapsulation efficiency of DPV and GRFT are independent of
each other in the combined NPs. Our findings are similar to those describing the manufacture of PLGA
nanoparticles via double-emulsion or solvent displacement methods [30,38,43]. Our results suggest
that the double-emulsion technique is suitable for encapsulating both hydrophilic macromolecules and
hydrophobic small molecules in PLGA-based core-shell type nanoparticles simultaneously.

Table 1. Physicochemical properties of PLGA nanoparticles loaded with ARVs.

Drugs
Size

(d.nm ± SD)
PDI

Zeta Potential
(mV ± SD)

Encapsulation
Efficiency (% ± SD)

Placebo 182.8 ± 1.7 0.066 −23.7 ± 0.6 -

GRFT 188.8 ± 1.7 0.069 −23.5 ± 0.3 40.7 ± 5.9

DPV 186.6 ± 1.6 0.079 −24.9 ±1.3 70.1 ± 4.4

GRFT/DPV 184.3 ± 1.0 0.063 −23.4 ± 0.3 45.9 ± 13.7 (GRFT)
69.4 ± 5.1 (DPV)
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Figure 2. Characterization of PLGA nanoparticles loaded with GRFT and DPV. (A) Size and (B) zeta
potential distribution graphs of nanoparticles encapsulated with anti-HIV drugs GRFT and DPV
(NP-DPV/GRFT).

3.2. In Vitro Release Studies of ARVs from PLGA Nanoparticles Resulting in Sustained Drug Release

The in vitro drug release profile of GRFT and DPV from NP-ARVs was measured over 7 days in
VFS at pH 4.5 that mimics the composition, pH, and viscoelastic properties of vaginal fluid produced
by healthy, adult, nonpregnant women [48,59,60], as well as in buffers at pH 7.4 and pH 4.5. Our
findings indicate that the combination of ARVs and media pH/composition affect the release profile of
individual ARVs from core-shell PLGA nanoparticles as shown in Figure 3.

The in vitro release of GRFT and DPV from both single-entity and combination nanoparticles
followed a biphasic release profile (Figure 3A,B). In VFS, the combination nanoparticles showed an
initial burst release within first 24 h, where 15.1 ± 2.6% of the GRFT had been released. A sustained
release of GRFT was obtained over the remaining 7 days. The total amount of drug released over the
7-day period was 16.7 ± 2.8%. Although not statistically significant, less GRFT was released from
NP-GRFT, in both burst phase (11.1 ± 2.2%) and total amount of GRFT released (12.1 ± 2.8%) than that
from combination nanoparticles.

The in vitro release of DPV showed a different and more prolonged initial burst release profiles
(Figure 3C,D). In VFS, after 1 day, 51.7 ± 7.8% of DPV was released from the combination nanoparticles
(NP-DPV/GRFT). DPV was released continuously over the next 7 days. The total amount of drug
released over the 7-day period was 76.9 ± 13.1%. Similar to GRFT release, DPV release was lower
from single entity nanoparticles in both burst phase (45.9 ± 10.0%), as well as the total amount of DPV
released in 7 days (69.0 ± 12.8%) compared to combination nanoparticles in VFS and pH 7.4 media.
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Figure 3. In vitro release of ARVs from PLGA nanoparticles in VFS at pH 4.5, and buffers at pH 4.5 and
pH 7.4. (A) GRFT release from NP-GRFT and (B) NP-DPV/GRFT. (C) DPV release from NP-DPV and
(D) NP-DPV/GRFT. NP-nanoparticles.

We also investigated the effect of pH and release media on the in vitro release of the PLGA
nanoparticles. Total release of DPV from NP-DPV/GRFT was significantly higher in pH 4.5 media than
that in pH 7.4 media (42.7 ± 6.7% vs. 24.3 ± 2.2%, p < 0.05). Even more DPV was released in VFS
(pH 4.5) (76.9 ± 13.1%, p < 0.05) than in pH 4.5 media. However, pH showed an opposite effect on
GRFT’s release from nanoparticles. The total release of GRFT from NP-DPV/GRFT was significantly
less in pH 4.5 media than that in pH 7.4 (12.9 ± 2.2% vs. 28.2 ± 2.2%, p < 0.05), while the total release of
GRFT in VFS (16.7 ± 2.8%) was only slightly higher than that in pH 4.5 media. The order of release in
the media remained similar for the single entity nanoparticles (NP-DPV and NP-GRFT) compared to
combination nanoparticles; however, stronger statistical differences were noted. The order of release
rate of NP-ARVs is pH 7.4 > VFS > pH 4.5 for GRFT and VFS > pH 4.5 > pH 7.4 for DPV. These results
suggest that co-encapsulation could lead to enhanced release of each ARV from PLGA nanoparticles in
all the media investigated.

To reveal the mechanism of drug release from fabricated nanoparticles, we used mathematical
modeling to analyze the in vitro release profiles of GRFT and DPV by various kinetic models. Three
empirical and semi-empirical models used were the Higuchi model, the Peppas–Sahlin model, and
the Weibull model [56]. Higher correlation was observed in the Peppas model and Weibull model
(Figures 4 and 5). Therefore, our results indicate that release of ARVs from PLGA nanoparticles
is not predominantly driven by a solo mechanism, but a combined mechanism of Fickian (pure
diffusion phenomenon) and non-Fickian release (due to the relaxation of the polymer chains between
the networks).
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Figure 4. Mathematical model fitting of GRFT release from PLGA nanoparticles. (A–C) GRFT release
from combination nanoparticles (NP-DPV/GRFT) at pH 7.4, 4.5 and VFS pH 4.5 media. (D–F) GRFT
release from single entity nanoparticles (NP-GRFT) at pH 7.4, 4.5 and VFS pH 4.5 media. Dissolution
profiles were fitted to Higuchi, Peppas, and Weibull models.

 

Figure 5. Mathematical model fitting of DPV release from PLGA nanoparticles. (A–C) DPV release
from combination nanoparticles (NP-DPV/GRFT) at pH 7.4, 4.5 and VFS pH 4.5 media. (D–F) DPV
release from single entity nanoparticles (NP-DPV) at pH 7.4, 4.5 and VFS pH 4.5 media. Dissolution
profiles were fitted to Higuchi, Peppas, and Weibull models.
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3.3. PLGA NP-ARVs Potently Inhibit HIV-1BaL Infection In Vitro

To ensure that the anti-HIV-1 activity of the ARVs was retained after being loaded into nanoparticles,
we tested the protection of NP-ARVs and unformulated ARVs against HIV-1BaL infection, using the
TZM-bl assay. Anti-HIV-1 efficacy of NP-ARVs and unformulated ARVs was measured as percent of
HIV inhibition, which is calculated using percent relative luminescence units of TZM-bl cells treated
with ARVs or NP-ARVs compared to untreated (media only) TZM-bl cells after exposure to HIV-1BaL

as noted in the Methods section.
The anti-HIV-1 activity of blank PLGA nanoparticles was not observed in the TZM-bl assay, which

was comparable to the negative media control. After exposure of TZM-bl cells to NP-ARVs or free
ARVs; however, we observed potent antiviral activity against HIV-1BaL, with estimated IC50 values in
the nanomolar ranges for GRFT and DPV, respectively (Table 2). Compared with free DPV, NP-DPV
showed slightly enhanced HIV inhibitory activity, with an IC50 of 4.7 nM for the unformulated DPV to
3.6 nM for NP-DPV (Figure 6). The encapsulation of GRFT in PLGA nanoparticles slightly shifted the
IC50 from 0.5 nM for the unformulated GRFT to 0.8 nM for the NP-GRFT. However, no statistically
significant difference was observed between NP-GRFT and unformulated GRFT.

Table 2. IC50 of ARVs and NP-ARVs estimated by TZM-bl assay.

Drug
Alone (nM)

Unformulated NP-GRFT/NP-DPV

DPV 4.7 ± 2.9 3.6 ± 2.9
GRFT 0.5 ± 0.3 0.8 ± 0.7

Figure 6. Anti-HIV activity of GRFT or DPV in PLGA nanoparticles. Anti-HIV activity of unformulated
ARVs and fabricated NP-ARVs were evaluated in TZM-bl cells exposed to HIV-1. Luciferase luminescent
readings of treated TZM-bl cells were compared against untreated cells infected with HIV-1 to obtain %
HIV infection. Results are reported on a log scale of ARVs dosing levels versus percent of infection.

We hypothesized that NP-DPV can increase the intracellular concentration of DPV, resulting in
greater potency due to enhanced internalization and intracellular uptake of PLGA nanoparticles [46,61].
For GRFT, whose target is on the cell membrane, the internalization and intracellular uptake of
nanoparticles may cause the loss of bioactivity as we observed in the experiment, which is consistent
with other reports on protein fusion inhibitors, such as RANTES [38]. However, no significant loss
of GRFT’s bioactivity was observed. Together, our results suggest that both GRFT and DPV can be
loaded into nanoparticles without compromising their potent bioactivity.
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3.4. NP-ARV Combination Exhibits Strong Synergistic Bioactivity

To identify the interactive effects on our ARVs’ bioactivity, we evaluated the activity of their
combination in nanoparticle and unformulated drugs, using the TZM-bl assay. The equipotency ratio
of GRFT and DPV (i.e., 1:1 ratios of IC50 values), were used to assess the effect of the drug combination,
when drugs were combined as unformulated or as distinct nanoparticles. This equipotency translated
to a 1:8 molar ratio for GRFT:DPV. Notably, this exact ratio cannot be maintained in the manufactured
combination nanoparticles (NP-DPV/GRFT), therefore these nanoparticles were tested at the loaded
ARV levels.

The efficacy of GRFT and DPV was significantly improved when tested in combination compared
with when tested alone, either as unformulated GRFT and DPV or combined as distinct nanoparticles
(NP-GRFT and NP-DPV) or when co-encapsulated into combination nanoparticles. Figure 7 shows the
dose-response relationships of unformulated GRFT or DPV alone versus unformulated GRFT/DPV
combination (Figure 7A), NP-GRFT or NP-DPV alone vs NP-GRFT and NP-DPV combination
(Figure 7B). The results demonstrate that GRFT and DPV combined as unformulated or distinct
nanoparticles or in a combination nanoparticle system display similar reduction in HIV infection.
Interestingly, although the combination system does not include GRFT and DPV at equipotency ratio,
a similar reduction in HIV infection was observed. IC50 values for combinations were not calculated,
because even at the lowest tested concentration, high potency was observed, i.e., <50% HIV infection.
Overall, the combination of GRFT and DPV showed significant leftward shift in the dose-response
curve compared to single ARVs, indicating a strong synergy. The results also suggest that the efficacy
is comparable between combination in unformulated, NP-GRFT and NP-DPV combination, and
NP-GRFT/DPV, as shown in Figure 8.

Figure 7. Strong synergistic effect of GRFT and DPV in free drug combination, in NP-GRFT
and NP-DPV combination. The dose-response curve shows antiviral activity of (A) free GRFT,
free DPV or combination of free GRFT and free DPV. (B) GRFT-loaded nanoparticles (NP-GRFT),
DPV-loaded nanoparticles (NP-DPV) alone or in combination (NP-GRFT +NP-DPV). At a 1:8 molar
ratio (GRFT and DPV), the antiviral activity of each drug in combination showed a significant reduction
in %HIV infection (IC50 cannot be computed) compared to single ARV drug in unformulated or
encapsulated forms. No difference in anti-HIV activity of GRFT or DPV were found in unformulated or
nanoparticle combinations.
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Figure 8. Potent and comparable anti-HIV effect of GRFT and DPV combinations. The dose-response
curve shows potent antiviral activity of the combination of free drugs (GRFT/DPV unformulated),
combination of single ARV nanoparticles (NP-GRFT + NP-DPV), and nanoparticles encapsulating
both GRFT and DPV (NP-GRFT/DPV). Comparable inhibition of HIV infection was achieved with
combination nanoparticles although the ARV ratio is not maintained at equipotency values (1:1 IC50 or
1:8 molar ratio for GRFT:DPV).

The CI was determined for the ARV drugs combined at molar ratios to achieve anti-HIV
equipotency (1:1 ratios of IC50 values), leading to a 1:8 (GRFT: DPV) molar ratio in concentration.
The CI of each unformulated ARV or NP-ARV combination was plotted as a function of the fractional
inhibition (Fa) from 0.10 to 0.95 (Figure 9). The CI values were very low over the range from 0.10 to 0.95
of Fa. We interpreted the combination effects, at the CI50 and CI90 values, of unformulated GRFT/DPV
and NP-GRFT/NP-DPV in combination (CI50/90 < 0.1) as demonstrating an extremely strong synergistic
effect of anti-HIV infection.

Figure 9. Combination index (CI) of free GRFT with free DPV or GRFT nanoparticles (NP-GRFT) with
DPV nanoparticles (NP-DPV) were quantified using the TZM-bl infectivity assay. CI < 1, = 1, and
>1 indicate synergistic, additive, and antagonistic effects, respectively. Combination of GRFT and
DPV at a 1:8 molar ratio (GRFT:DPV) demonstrated very strong synergism, with CI at 50% inhibition
(CI50) of 0.086 and 0.066 for unformulated and nanoparticle combinations respectively. CI 0.90–1.10:
nearly additive; CI 0.85–0.95: slight synergism; CI 0.7–0.85: moderate synergism; CI 0.3–0.7: synergism;
CI 0.1–0.3 strong synergism; CI < 0.1: Very strong synergism.
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3.5. NP-ARVs Are Nontoxic to In Vitro Cell Lines

Neither blank PLGA nanoparticles nor ARV-loaded PLGA nanoparticles were observed to be
cytotoxic to cells over the range of concentrations evaluated in the TZM-bl assay. The cytotoxicity
of NP-ARVs was evaluated during testing of their bioactivity in order to exclude any effects of the
nanoparticles on the viability of TZM-bl cells. Cytotoxicity of our NP-ARVs was measured over a range
of ARV concentrations, from 0.0001 to 1000 nM, after 24 h of exposure, leading to polymer concentration
less than 0.1 mg/mL. No significant reduction (p < 0.05) in viability of the TZM-bl cells was observed
in NP-ARV-treated cells as compared to untreated TZM-bl cells (Figure 10). In addition, we tried
to evaluate the upper limit of cytotoxicity of nanoparticle vehicles. Compared with the negative
control (media only), vehicle-control/blank NPs, at concentrations of 5 mg polymer/mL, showed no
reduction of viability (100% ± 8%), suggesting that PLGA nanoparticles alone are not cytotoxic below
this concentration. Since anti-HIV bioactivity was measured at doses far below 5 mg/mL polymer
concentrations, we did not expect toxicity to confound the outcome of the antiviral activity assays.

Figure 10. Toxicity of GRFT and DPV loaded PLGA nanoparticles. Viability of TZM-bl cells was
measured by the CellTiter-Glo® (Promega, Madison, WI, USA) viability assay kit demonstrating
non-toxic nature (≥80% viability) of NP-GRFT, NP-DPV, and NP-GRFT/DPV. Vehicle control (blank
nanoparticles) at the concentrations tested showed no reduction of viability (108% ± 7%), indicating
non-cytotoxicity of PLGA polymer itself. Negative control = media only. Vehicle control for all
nanoparticles was evaluated at 5.0 mg of polymer/mL.

3.6. Cellular Uptake of NPs In Vitro

PLGA nanoparticles loaded with GRFT/DPV maintained the core-shell structure after cellular
uptake. FITC-dextran and Nile red were incorporated into NPs as to evaluate the cellular uptake of
NP-ARVs using fluorescence imaging as shown in Figure 11. FITC-dextran (Green) was used to mimic
GRFT due to its water solubility and its molecular weight of 70 kDa. Nile red (Red) was used to mimic
DPV due to its hydrophobicity. Coincident red and green fluorescence signals could be observed
in the cytoplasm of RAW264.7 after 4 h incubation. The results demonstrate that the nanoparticles
were taken up intact. Therefore, they could be delivered simultaneously in vivo with their synergistic
anti-HIV effect.
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Figure 11. The cellular uptake of nanoparticles loaded with both FITC-Dextran (green, GRFT mimic) and
Nile Red (red, DPV mimic) was investigated in RAW264.7 cells. Representative fluorescent microscopy
images of RAW264.7 cells post nanoparticle exposure at 40×magnification. (A) Fluorescence images
show RAW264.7 cells nuclei stained with DAPI (blue) for positioning purpose, (B) images of Nile red
(red) and (C) FITC-dextran (green) of same field were taken through different channels to illustrate the
position of FITC-dextran (green)/Nile red (red) encapsulated nanoparticles in cells. (D) Overlay image
showing coincident green and red signals as yellow color indicating uptake of intact nanoparticles.

4. Discussion

Combination and long-acting drug products are emerging approaches for the prevention of
HIV-1 infection, due to the clinical need for effectiveness, safety, and patient adherence. To date,
no combination PrEP is available, either as a vaginal or a rectal product, although efforts are underway.
The only oral PrEP currently approved by the FDA (in 2004) is Truvada, which is a combination of
emtricitabine and tenofovir disoproxil fumarate. Patient adherence plays a key role in the effectiveness
of PrEP products [62], a lesson to be learned from several HIV prevention trials, which found that higher
adherence resulted in lower HIV incidence [13,14,63]. Long-acting formulations offer a promising
paradigm to overcome the adherence challenge in the development of PrEP products [64,65].

Two PrEP candidates have been intensively studied, individually, as potential microbicides in
pre-clinical evaluations. GRFT, a fusion inhibitor, has demonstrated high efficacy against HIV-1
infection at nanomolar concentrations, with enhanced anti-HIV-1 activity and extended contact time
with HIV-1 [18,20]. However, cervicovaginal secretions tend to inhibit GRFT-gp120 binding, as well as
oxidize its methionine at position 78, resulting in compromise of GRFT in vivo [66]. DPV is an NNRTI
with extreme potency against HIV-1 infection. Yet, its quick elimination from tissue may lower its
anti-HIV-1 activity as a microbicide [23]. We hypothesized that core-shell polymeric nanocarriers could
enhance the anti-HIV-1 effect of these two candidate ARVs via simultaneous co-delivery and sustained
release for long-acting prevention of HIV-1 infection via vaginal route.

In this study, we demonstrated that a protein drug and a small hydrophobic drug can be
encapsulated within polymeric nanoparticles to provide prophylaxis in combination. Anti-HIV-1
drugs were encapsulated into fabricated PLGA nanoparticles without compromising their anti-HIV-1
bioactivity. The nanoparticles were near-monodispersed, mostly spherical in shape. The constant
negative zeta potential of the nanoparticles from the unloaded to the loaded state suggests that the
hydrophilic microbicide is encapsulated in the core structure of nanoparticles rather than adsorbed
onto the surface. High encapsulation efficiency of both GRFT and DPV suggests that the double
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emulsion method would be a viable approach for the fabrication of PLGA nanoparticles for other
microbicide candidates.

We were able to demonstrate the sustained release of both GRFT and DPV, one of the defining
characteristics of fabricated PLGA nanoparticles and indicating a potential long-acting nanoparticle
delivery system. The in vitro drug release profiles of GRFT and DPV from the nanoparticles were
characterized by two stages: the initial burst release followed by a sustained release over the time of
the experiment. In vitro release studies showed that a significant amount of drug was released over a
7-day period, which may provide a weekly-based regimen.

The in vitro release of drugs from PLGA nanoparticles can be affected by environmental conditions
such as changes in pH. Generally, PLGA polymer degrades faster at lower pH than at neutral pH [67,68].
The normal vaginal environment has an acidic pH, ranging from 3.8 to 4.5, as a protective barrier [69,70].
Therefore, in vitro release of drugs from PLGA nanoparticles was evaluated in buffers and VFS. Our
studies showed that pH changes in the environment affected both the release rate and the total amount
of GRFT and DPV released from the PLGA nanoparticles. Interestingly, we observed that pH change
has opposite effects on the release of DPV and GRFT from the nanoparticles. More DPV was released
into dissolution media from PLGA nanoparticles at lower pH (pH 4.5) than that at pH 7.4, which is
expected due to the increased hydrolysis or erosion of PLGA polymers at lower pH [71]. Furthermore,
DPV is likely to be in the protonated form at low pH, leading to increased solubility and release.
Although both media possess similar pH, DPV release in VFS was much higher compared to the pH 4.5
buffer, possibly due to increased solubility of hydrophobic DPV in VFS, which contains bovine serum
albumin. On the contrary, less GRFT was released from PLGA nanoparticles at lower pH (pH 4.5) than
that at neutral pH (pH 7.4). One possible explanation for this phenomenon is that GRFT is positively
charged at pH 4.5 due to its low isoelectric point (pI) of 5.39. Thus, the electrostatic interaction between
positively charged GRFT and negatively charged PLGA nanoparticles may suppress the release of
GRFT from PLGA nanoparticles. PSC-RANTES, for instance, has a much higher pI (around 9.0),
retaining positive charge at both pH 7.4 and pH 4.5 [72]. Therefore, the release of PSC-RANTES is only
determined by environmental pH [38]. Further studies are needed to confirm our hypothesis.

This compensatory release profile of our nanoparticles could prove beneficial for HIV-1 prevention.
In a regular vaginal environment, more DPV will be released from the nanoparticles at lower pH
(pH 4.5); when the presence of semen results in a higher pH environment (pH 7.4), more GRFT will be
released. Our nanoparticle system could provide protection against HIV-1 infection in both scenarios.
Therefore, it could be used in either a coitally dependent or coitally independent manner and provide
protection over a wide range of environmental pH values.

Mathematical models were applied to evaluate the drug release from the nanoparticles. The results
suggest that the release may be governed by a mixed mechanism of diffusion and polymer degradation,
which is different from the polymer degradation–only mechanism of PSC-RANTES release from
PLGA nanoparticles reported by Ham et al. [38]. However, the polymer chain relaxation may be the
rate-limiting step for the drug release from the PLGA nanoparticle system. Further detailed studies are
needed to elucidate the mechanisms involved, which is beyond the scope of this work.

Since the combination of GRFT and DPV is extremely potent, the HIV infection could not reach
50% in CI study, even at extremely low concentration of GRFT and DPV in combination, which made
the estimation of IC50 for GRFT and DPV combination not very reliable. However, that also confirmed
the potency of our combination strategy using GRFT and DPV. We found that the combination of free
GRFT with free DPV at a 1:1 ratio of IC50 values demonstrated a strong synergistic effect (Figure 7).
Importantly, the same synergistic effect was also demonstrated when the combination of drugs was
released from nanoparticles, indicating that our PLGA nanoparticle system is suitable for delivering
highly potent anti-HIV-1 drugs in combination. We quantified the synergistic effects of free GRFT and
free DPV and NP-GRFT/NP-DPV using the median effect analysis developed by Chou and Talalay [73].
We believe that this synergy suggests a promising combination of ARVs as candidates for HIV-1 PrEP.
Importantly, our studies demonstrated that GRFT and DPV possess a strong synergistic effect in vitro
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and that this synergistic effect can be maintained in PLGA nanoparticle delivery system. It had been
reported that GRFT can have synergistic effects when used in combination with other anti-HIV-1
drugs, such as tenofovir [22]. However, it has never been studied in combination with DPV either
as free drugs or in a nanoparticle system. Our findings indicate that the antiviral activity against
HIV-1BaL of our NP-ARVs was maintained similar to unformulated ARVs. The IC50 of DPV and
GRFT did not change significantly in nanoparticles compared to unformulated form. Our results,
however, show enhanced anti-HIV activity of NP-DPV (but p > 0.05), which may be caused by more
uptake of nanoparticles [61]. The uptake of nanoparticles was visually confirmed in the RAW267.4 cell
model. The combination NP-DPV/GRFT system also showed high anti-HIV-1 activity comparable to
combination of unformulated ARVs and distinct NP-ARVs. Even without accomplishing 1:8 molar
ratio of ARVs, our developed system displayed high potency and suitable for long-term application.

Interestingly, the potency of a drug may play an important role in the extent of combination
effect with other drugs. Chaowanachan et al. reported that only additive effects were identified in a
study of tenofovir and efavirenz delivery in combination in PLGA nanoparticles; this may be due to
the limited drug release from the nanoparticles within the first hour [43]. Here, both tenofovir and
efavirenz have an IC50 at a micromolar level, resulting in higher drug concentration needed for efficacy.
Therefore, a faster drug release rate is required to achieve effective concentration against HIV infection.
On the contrary, in our studies, both GRFT and DPV have an IC50 at a nanomolar level, indicating
that only a small amount of the released drugs would be sufficient for complete HIV-1 inhibition.
The difference between these studies using PLGA nanoparticles shows that the drug release rate needs
to be optimized according to the drug potency by altering manufacturing and formulation conditions
of the nanoparticles.

5. Conclusions

Although nanoparticles have been intensively investigated in numerous biomedical applications,
not many studies have been conducted on nanoparticles as a drug delivery system for PrEP products,
especially the combination delivery of a protein drug with a water-insoluble drug. In this study,
successful encapsulation of both GRFT and DPV into core-shell nanoparticles resulted in monodispersed,
near-spherical particles with low PDI that maintained their anti-HIV-1bioactivity. Furthermore, we
have shown that our NP-ARVs act synergistically in preventing HIV-1 infection in vitro, and that the
formulated PLGA nanoparticles provide sustained release of the drugs. To our knowledge, this is the
first quantitative measure of synergistic effect of GRFT and DPV combination in a nanoparticle system.
Additionally, the sustained release property of manufactured NPs provides a delivery system that
could potentially reduce the dosing frequency to a weekly based regimen, which could significantly
increase the compliance and acceptability in women.

However, additional research is required to further develop PLGA nanoparticles as PrEP products
for delivery of combined GRFT and DPV. In particular, the relationship between protein pI and protein
release in different media e.g., VFS. The model for drug release study in this paper only provides
an empirical explanation on the mechanism of protein drug release from nanoparticles. Further
investigation will help to reveal the mechanism of drug release from PLGA-based nanoparticles,
particularly for protein drugs. In addition, the distribution of nanoparticles in the reproductive tract
may affect the efficacy in vivo and needs to be investigated. These studies are beyond the scope of this
paper and will be investigated in our future work.
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Abstract: An in-depth analysis of nanotechnology applications for the improvement of solubility,
distribution, bioavailability and stability of reverse transcriptase inhibitors is reported. Current
clinically used nucleoside and non-nucleoside agents, included in combination therapies, were
examined in the present survey, as drugs belonging to these classes are the major component of
highly active antiretroviral treatments. The inclusion of such agents into supramolecular vesicular
systems, such as liposomes, niosomes and lipid solid NPs, overcomes several drawbacks related
to the action of these drugs, including drug instability and unfavorable pharmacokinetics. Overall
results reported in the literature show that the performances of these drugs could be significantly
improved by inclusion into nanosystems.

Keywords: HIV; antiretrovirals; nanoformulations; drug degradation; drug protection

1. Introduction

The human immunodeficiency virus (HIV), belonging to the lentivirus genus of the large family of
retroviridae, is the etiological agent of AIDS. The infection causes severe consequences to the immune
system including a loss of CD4+T lymphocytes that leads to an increased susceptibility to even fatal
opportunistic infections. The identification of various antiretroviral drugs allowed defining efficacious
therapeutic regimens for the prevention and treatment of the disease by the combined administration
of two, three or more different drugs acting on crucial steps of viral replication. In particular, the
targets of conventional drugs are proteins involved in the viral entry or specific enzymes necessary
for the virus replication such as protease (PR), reverse transcriptase (RT) and integrase (IN). This
approach known as HAART (highly active antiretroviral therapy) nowadays represents the most useful
therapeutic treatment, even though it is affected by many drawbacks such as lifetime administration
with a consequent reduced patients’ compliance, severe side effects, and quick viral outbreak after
drug resistance emergence. HAART was demonstrated to be particularly effective in cutting down
the overall number of viral particles, but is unable to completely eradicate infection in sanctuary
sites, such as the brain, liver and lymphatic system [1–5]. Moreover, HAART always includes one or
more nucleoside and non-nucleoside reverse transcriptase inhibitors (NRTI and NNRTI, respectively),
which, despite a high antiviral efficacy, unavoidably show important clinical drawbacks. Relevant
information on common RTI is summarized in Table 1 [6,7].
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Table 1. Relevant information of currently used RTI. *Year of FDA approval; LS = Lipid Solubility; OB
= Oral Bioavailability; t/2 = Plasma Half-life.

Drug
Class

Name
(Acronym)

Year* LS
OB
(%)

t/2
(hours)

Side Effects

NRTIs

Stavudine
(STV) 1996 low 86 1.3–1.4

Peripheral neuropathy, pancreatitis,
asymptomatic acidosis, lipoatrophy,
hepatic steatosis

Zidovudine
(AZT) 1986 low 60 0.5–3

Neutropenia, anemia, nausea, vomiting,
asthenia, headache, insomnia, skin
hyperpigmentation, acidosis, hepatic
steatosis

Lamivudine
(3TC) 1995 low 86 5–7

Cough, diarrhea, fatigue, headache,
malaise, nasal symptoms, lactic acidosis,
hepatic steatosis

Abacavir (ABV) 1998 low 83 0.8–1.5
Systemic respiratory hypersensitivity,
gastrointestinal symptoms, fever,
tiredness, sore throat

Emtricitabine
(FTC) 2006 low 93 8–10

Headache, nausea, upset stomach,
diarrhea, trouble sleeping, dizziness, skin
rash, strange dreams, cough, runny nose

Zalcitabine
(ZCT) 1992 low 85

Peripheral neuropathy, stomatitis,
esophageal ulcerations, acidosis, hepatic
steatosis

Didanosine
(DDN) 1991 low 30 2

Gastrointestinal intolerance, peripheral
neuropathy, pancreatitis, asymptomatic
acidosis, lipoatrophy, hepatic steatosis

Tenofovir
(TDF) 2001 low 25-39 12–15 Nausea, depression, confusion, headache,

hitching, weakness, kidneys problems

NNRTIs

Nevirapine
(NVR) 1996 moderate 92 25–30

Rash, Stevens-Johnson syndrome, elevated
transaminases blood level, hepatitis,
severe hypersensitivity reaction

Efavirenz (EFV) 1998 high 50 40–55

Rash, Stevens-Johnson syndrome, sleep
disturbances, dizziness, vertigo,
depression, euphoria, difficulty
concentrating, hallucination.

Etravirine
(ETV) 2008 high – 30–40

Rash, Stevens-Johnson syndrome, toxic
epidermal necrosis and multiform
erythema, hypersensitivity reactions,
hepatic failure

Rilpivirine
(RPV) 2011 high 50 19 Rash, depression, liver problems, mood

changes

The above therapeutic strategy is not even capable of stimulating a lasting immune response
of memory cells necessary to antagonize the infective agent [8]. Even after taking into account
all these considerations, innovative therapeutic approaches based on both the identification of
alternative drugs and innovative pharmaceutic formulations still have demanding requirements [9–11].
Nanotechnologies could help to reach this latter crucial point in order to increase cellular uptake,
enhance drug distribution, prolong half-life and reduce side effects depending on the lower drug
dosage in the nanosystem. In particular, application of nanoformulations consisting of a given drug
and a supramolecular matrix such as niosomes, liposomes and solid lipid nanoparticles (SLN), already
led to some improvements of pharmacokinetic and pharmacodynamic parameters. Very interesting
results have been recorded in the anti-cancer research field where an altered microenvironment of
cancer cells facilitates a selective drug delivery [12]. A similar approach could be adopted in the case
of cells infected by HIV [13].
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In the light of these findings, the incorporation of new or customary anti-HIV drugs into
supramolecular carriers could be particularly effective in suppressing viral replication. This strategy is
corroborated by the possibility of encapsulating drugs or genes to not only be delivered next to the
infected cells but also to target reservoir tissues to eradicate latent HIV [14]. This innovative strategy is
suitable for improving the distribution of both hydrophilic and hydrophobic small molecules, as well
as macromolecular drugs, which can be driven toward specific tissues thanks to the reduced size of the
nanoscale delivery systems. Antiretroviral drugs can be carried as nanoparticles for their potential
to better reach macrophages, CD4+T cells and latent reservoirs organs, such as brain and lymph
nodes, that are particularly responsible of viral survival. [15–19]. Drug delivery systems (DDS) for RTI,
developed in the last few years, are described in this survey and depicted in Figure 1, while their main
properties are summarized in Table 2.

Figure 1. Drug delivery systems for RTI nanoformulations.

Table 2. Targets of DDS designed for anti-HIV therapy.

DDS
TARGET

Matrix Surface

Liposome NPs Mannose Liver, spleen, lung, brain, macrophages

Liposomes Galactose Liver

Chitosan NPs Glycyrrhizin Liver

NPs Transferrin Brain, endothelial cells

NPs Serum albumin Brain, liver, spleen

SLN Phenylalanine Blood brain barrier

Polymeric micelles Anti-GP2 antibody M-cell of gut-associated lymphoid tissue

Dendrimers Tuftsin Macrophages, monocytes, polymorph nuclear leukocytes

Once the supramolecular system reaches the site of action, a controlled drug release provides
high local concentration and longer residence time, resulting in an improved antiviral effect (Figure 2).
Furthermore, some nanomaterials possess themselves favorable biological effects. The nanotechnology
approach has been advanced for many aspects dealing with HIV infection, namely theranostic, vaccine
prophylaxis and gene therapy. This survey however focuses on studies describing NRTI and NNRTI
based nanoformulations for prevention or treatment of HIV infection. Although these systems allow a
remarkable improvement of the pharmacokinetics and pharmacodynamics of RTI, several drawbacks still
need to be overcame. The major advantages and limitations of known nanosystems are listed in Table 3.
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Table 3. Advantages and limitations of anti-HIV DDS.

DDS Advantages Limitations

Liposomes
Co-delivery of hydrophilic and lipophilic drug
Selective uptake by mononuclear phagocytes
Surface modification with target moiety of virus reservoir

Low drug loading capacity
Physical and chemical
instability
Drug leakage
Difficulty in sterilization
Short half-life
Poor scale up

Niosomes

Chemical stability
Protection of drug from degradation
Large uptake by mononuclear phagocytes and localization in
virus reservoir organs
Less expensive respect liposomes
Functionalization with target ligand

Physical instability during
the storage
Difficulty in sterilization
Difficulty in large-scale
production

Polymeric
NPs

High drug loading capacity
Co-delivery of different drug for anti-HIV combination therapy
Selective uptake by lymphoid organ
Prolonged circulation time
Surface functionalization with target moiety

Fast burst release
Limited safe correlated to
polymer toxicity
High cost production

SLN

Higher stability and biological compatibility than liposomes and
polymeric NPs
Increase the bioavailability of poorly water soluble drug
Avoidance of organic solvent
Slow uptake by the RES
Feasible-large scale production and sterilization
Less expensive than polymeric and surfactant carriers

Low drug solubility in lipid
matrix and loading capacity
Drug leakage
Particle growth
Unpredictable gelation
tendency

Dendrimers
Uniform particle size
Large surface functional groups for the conjugation with
target moieties

Toxicity problems

Several of these clinically used drugs show an undesirable stability profile when exposed to
stressing conditions either in solution or in solid form [20,21]. Similarly, stress tests have been
performed on supramolecular systems in order to confirm any improved stability, under different
conditions [22]. In particular, studies published in the last few years on the RT inhibitors included in
combined therapy have been taken into consideration [15,16,23].

 
Figure 2. Representative delivery modalities for NRTI/NNRTI nanosystems to HIV reservoirs.
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2. Drug Protection Nanosystems

Most of the protocols adopted for studying the drug stability are suggested by the ICH
(International Conference on Harmonization) guidelines [24]. According to such rules, clearly defined
drug storage conditions are required to prevent the degradation effects related to pH, temperature,
light, air and humidity for either solution/suspension or commercial formulations/packaging [25].
The protection of sensitive drugs could often be assured by shielding with an adequate packaging [26].
When this simple precaution showed not to be sufficient, the stability of the drug, exposed to different
environmental conditions, could be improved by suitable delivery devices, such as vesicular matrices
(i.e., liposomes and niosomes), nanoparticles (NPs), and solid lipid nanoparticles (SLN).

Niosomal and liposomal vesicles consist of amphiphilic molecules and an aqueous compartment
and differ for their structural chemical units. Both systems are very versatile. The hydrophilic
drugs can be entrapped in their aqueous core while the lipophilic drugs can be partitioned into the
bilayer domains. Liposomes are made of natural phospholipids, resulting in a greater stability, a low
production cost and reduced toxicity [27–32], while niosomes are prepared by means of synthetic,
non-ionic surfactants, as alkyl ethers, alkyl esters and pluronics copolymers, or fatty acid and amino
acid compounds [31–33]. The preparation of these vesicles requires a simple procedure based on a
gentle agitation or sonication of an aqueous solution of phospholipid/surfactant and drug mixtures
taken from an ultracentrifugation or low-pressure gel filtration chromatography to purify the formed
systems [34].

More recent SLN have been proposed as alternative formulations for both hydrophilic and
hydrophobic drugs. These systems are colloidal carriers based on a solid phase lipid and a surfactant
and are characterized by a spherical shape in which the lipid portion is always solid and the surfactant
acts as a stabilizing factor [22,35–40]. Fatty acids, monoglycerides, diglycerides, triglycerides, waxes
and steroids can be applied in the preparation of SLN in the absence of organic solvent [35]. Low cost,
good physical stability, large scale production, no toxicity and high biodegradability represent the
greatest advantages in the use of these formulations with respect to the liposomes matrices [41].

Nanoparticles systems are known promising carriers for the improvement of solubility and
pharmacokinetics of drugs as well as vaccines, nucleic acids and therapeutic proteins. These delivery
devices can influence therapeutic efficiency of a drug, enhance its protection from degradation and
reduce dose-limiting side effects. A variety of hydrophobic or hydrophilic active molecules can
be dissolved, encapsulated, absorbed or conjugated to polymeric nanoparticles following different
techniques [42]. Several natural and biodegradable materials like chitosan have been proposed for
the realization of anti-HIV drug nanosystems. An alternative approach, based on the formation
of crystalline complex with a fixed range size, was attempted by inclusion of the pure drug into
a hydrophobic synthetic polymer [43]. Polymeric nanoparticles based on poly(lactic acid) (PLA)
or poly(lactide-co-glycolide) (PLGA) are reported as ideal delivery systems, showing an improved
therapeutic efficacy with lower incidence of side effects [42,44–49].

A higher local concentration of active molecules is often reached by integration of classic
antiretroviral drugs in different NPs of metals [50]. According to a relative inertness and low toxicity,
silver or gold NPs have been explored in biomedicine as multifunctional scaffolds. In particular, the
application of gold NPs has been employed to conjugate biomolecules on the outer surface. Alternative
inorganic multifunctional materials, such as silver NPs coated with poly(vinyl)pyrrolidone, have also
been exploited as drug carriers. [51].

Synthetic well-defined nanopolymers with a three-dimensional architecture, known as dendrimers,
have been proposed for the vehiculation of several drugs. Generally, a dendrimer is a symmetric and
hyper-branched macromolecule characterized by the presence of reactive groups in the central core,
repeated branching units in the interior layers of the core and functional groups spanning from the
outer surface. The drug molecule can be either entrapped inside the structure or linked to the external
functional groups. This approach was proposed for the carrying of several anti HIV agents [52–55].
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Some of these matrices are also able to improve the stability of drugs. Several studies described
the use of niosomes, metal based and polymeric NPs to prevent the degradation effects caused by
stressing conditions [33,50,56].

3. Nucleoside Reverse Transcriptase Inhibitors Nanosystems

The therapy based on the administration of nucleoside antiviral derivatives such as stavudine,
zidovudine, lamivudine and emtricitabine represented a first and effective approach adopted for the
management of HIV infection (Figure 3).

 
Figure 3. Chemical structures of NRTIs.

Due to the structural similarity to purine or pyrimidine nucleosides, the mode of action of these
drugs consists of the competition for the incorporation into viral DNA, catalyzed by RT, so causing
chain termination (Figure 4, panel b). Nowadays the most common nucleoside derivatives used in
therapy are lamivudine, abacavir, emtricitabine, tenofovir and tenofovir alafenamide [57]. Stavudine
and zidovudine, not yet recommended in first-line therapy, were early examples of NRTIs included in
nanoformulations designed for limiting their severe side effects and improving pharmacokinetics.
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Figure 4. (a) RT catalyzes the conversion of viral RNA into pro-viral DNA before its incorporation
into the target cell genome; (b) NRTIs are incorporated into the DNA causing chain termination; (c)
NNRTIs bind the enzyme inhibiting its function.

3.1. Stavudine

Stavudine (1-((2R,5S)-5-(hydroxymethyl)-2,5-dihydrofuran-2-yl)-5-methylpyrimidine-2,4(1H,
3H)-dione, STV) is one of the most commonly used forms of NRT approved by FDA in 1996 and its use
was recommended in association with other antiretroviral agents. The drug showed major side effects,
such as high blood lactate, pancreatitis and hepatomegaly. STV was characterized by a serum half-life
of 1h only, while that of its phosphorylated active metabolite was calculated as being 3.5 h [27]. Thus,
STV loaded formulations able to concomitantly increase cellular uptake and sustain release should
reduce unwanted effects. Accordingly, galactosyl or mannosyl coated liposomes loaded with STV
were described. These formulations reached the desired results showing an increased in vitro anti-HIV
activity together with a remarkable decrease of side effects. The efficacy was tested in a mononuclear
phagocyte system, a major reservoir of HIV, proving advantages in terms of bio-stability, site-specific
and ligand-mediated delivery, compared to free drug and uncoated liposomes [27,28]. More recently,
STV-containing nanoformulations were proposed for the dual utilization to control the residual viremia
as well as to target the reservoir sites. To achieve this aim, gelatin nanoformulations containing
very low dosage of the drug were prepared through a simple desolvation process and loaded into
soya lecithin based liposomes [29]. A study on STV degradation under different stress conditions
(hydrolysis, oxidation, photolysis and thermal stress) was initially reported. A stability-indicating
reversed-phase HPLC assay method showed the hydrolysis of the drug to thymine in acidic, neutral,
alkaline and under oxidative stress conditions [20]. In order to improve the stability of this drug,
STV-loaded SLN for intravenous injection were produced by high-pressure homogenization of drug
lipid melt dispersed in hot surfactant solution [22]. This SLN formulation was also studied for its
active delivery to lymphatic tissues by ex vivo cellular uptake evaluation in macrophages. Reported
experiments confirmed an improved cellular uptake together with a prolonged activity next to the
delivery site of the formulation compared to the simple drug solution. This could account for an
efficient and safe therapeutic profile of the drug-carrier system [58].

3.2. Zidovudine

Zidovudine, also known as azidothymidine (1-((2R,4S,5S)-4-azido-5-(hydroxymethyl)tetra
hydrofuran-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione, AZT), the first antiretroviral medication
proposed to prevent and treat HIV/AIDS, has been approved in 1986. An extensive first pass metabolism
often requires an in vein administration. This feature and a long list of severe side effects limit the use
of this drug, which is however still present in many therapeutic anti-HIV regimens. Its incorporation
into supramolecular matrices was extensively exploited in order to increase bioavailability and to
reduce dose-dependent unwanted effects.

Positively and negatively charged liposomes based on stearylamine and diacetyl phosphate were
used as AZT carriers. In order to enhance localization to lymph nodes and spleen, these systems were
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even coated with a site-specific mannose-terminated stearylamine ligand. Fluorescent microscopy
images showed an enhanced uptake and localization of these liposomes in the target tissues [59]. In an
early paper, a dispersed system comprising polyoxypropylene, polyoxyethylene, oleic acid, water and
cetyl alcohol as surfactant, was described as a potential DDS. The release profile experimental analysis
showed that the delivery of AZT could be controlled this way, in accordance with a mathematical
theoretical approach [60]. This system has been proposed as a carrier, which potentially could overcome
the main drawbacks of conventional pharmaceutical formulations [61].

AZT loaded in polymeric NPs based on PLA and poly(l-lactide)poly(ethyleneglycol) (PLA/PEG)
were prepared by double emulsion solvent evaporation and thoroughly investigated in vitro for
uptake into polymorphonuclear leucocytes of rat peritoneal exudate. The cells activation by NPs was
assessed by a chemiluminescence assay suggesting a more favorable behavior of PLA vs. PLA/PEG
complexes [62]. On the other hand, the drug release increased proportionally to the PEG amount in
the blend [63]. AZT was encapsulated in alginate-glutamic acid amide based NPs obtained by an
emulsion solvent evaporation method. The polymeric NPs were coated with pluronic F-68 to favor
cellular internalization through the endocytosis mechanism. As a result, the antiviral drug loaded in
these nanosystems was released in a prolonged manner. Intracellular uptake and cell viability assays
also confirmed an efficient uptake of AZT in glioma cell lines [64]. Solid lipid NPs based on modified
stearic acid and Aloe vera extract were described as an alternative drug delivery carrier for controlled
release and targeting of AZT. The plant extract was used because of its high content of polysaccharides
that showed synergistic antiretroviral activity with AZT. The described nanocarriers did not interact
with plasma proteins and showed high drug loading and entrapment efficiency. Moreover, fluorescent
microscopy images suggested that the natural gel facilitated the cellular uptake of AZT in brain
cells [36]. The drug proved to decompose when exposed to light or under hydrolytic conditions, while
it was more stable toward oxidation agents and thermal stress [65]. In particular, the acid degradation
induced the formation of a pyrimidine derivative endowed with higher toxicity when compared to
AZT, as demonstrated by a mutagenicity and an aerobic biodegradability assay [21]. Recently, three
novel prodrugs of AZT, obtained by functionalization with dicarboxylic acids, were designed in order
to enhance pharmacokinetics, chemical stability and affinity for human serum albumin [66].

3.3. Lamivudine

The oral agent lamivudine, (4-amino-1-((2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)pyrimidin-
2(1H)-one, 3TC), an analog of nucleoside cytidine, was approved by FDA for the combined therapy
with AZT in 1995 and for monotherapy in 2002. However, the emergence of drug resistance, associated
to the gene mutation of RT, limited its clinical application [67,68].

Several nanocarriers were prepared by mixing biodegradable networks (i.e. PEG, pluronic-
polyethyleneimmine (PEI), glycyrrhizin conjugated chitosan, mannosylated-PLGA) or dendritic
networks (i.e. starPEG-PEI, poly(amidoamine)dendrimer-PEI-PEG) or nanogels with AZT or
didanosine triphosphates under a freeze-drying method, to specifically deliver the antiviral agent next
to macrophages in the CNS.

All nano-NRTIs demonstrated high efficacy in inhibiting HIV at low μM drug concentration.
The major cause of NRTI neurotoxicity, consisting in the mitochondrial DNA depletion, was also
reduced 3-fold compared to uncoated NRTIs [69]. Acid or alkaline conditions as well as an oxidative
environment caused the degradation of the drug into five different products. On the other hand, light
exposure or thermal stress did not affect drug stability [70,71].

More recently, a mass spectrometry study evidenced the formation of an additional degradation
product when the solid drug was exposed to oxidative conditions [72]. 3TC was incorporated into
polymethacrylic acid NPs in different drug/polymer ratio by nanoprecipitation method in order to
overcome some drug limitations, such as accumulation during multi dose therapy and poor patient
compliance. These polymers offer several advantages, including high stability and simple preparation
route compared to remaining colloidal carriers. Moreover, these nanocarriers were shown to increase
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drug bioavailability and optimize the release time to the target site without significant chemical
interactions between the drug and matrix [73]. An alternative encapsulation for 3TC was exploited by
using PLGA NPs coated with bovine serum albumin through a double emulsion procedure. It was
then demonstrated that PLGA NPs were rapidly internalized into the human liver cells after oral
administration, at different drug concentrations, confirming their high potential as ideal 3TC delivery
systems [74]. The PLGA/3TC system was also investigated for the formulation of a thermosensitive
vaginal gel. The system was obtained in the form of NPs by the formation of an amide bond between the
biodegradable polymer and the free amine group of the drug. An analogue formulation was prepared
using emtricitabine as an alternative NRTI. The NPs were finally incorporated into a thermosensitive
gel for vaginal administration. The nanoformulations showed to be non-toxic in HeLa cells assay up to
a 100 μg/mL concentration. Similar preparations containing fluorescent NPs were found to be active for
up to 5 days, suggesting a potential long-lasting application in therapy [75]. A similar approach was
adopted for the achievement of transdermal formulation of PLGA/3TC complex. NPs obtained resulted
in an ideal spherical shape and an external smooth shell. The high drug entrapment rate resulted in
an improved physical stability of the drug together with an efficient delivery after skin permeation.
This last property was enhanced after microneedles skin pre-treatment [76]. Mannosylated-PLGA NPs
were prepared to ensure an efficient delivery of 3TC into brain macrophages. The experimental data
confirmed the increased drug release from nanocarriers and this effect may be due to the presence
of sugar receptors on the luminal surface of blood-brain barrier (BBB) [77]. 3TC was also entrapped
into PLA/chitosan (CS) NPs by an emulsion technique. The drug was efficaciously entrapped and
protected at low values of pH, while it was rapidly released at higher pH values, thus allowing the
drug to be selectively absorbed in the intestinal tract. These NPs were also proven to be non-toxic in a
mouse fibroblasts model. Efficient biomedical applications could be accordingly envisaged for such an
inclusion system [78].

Similar results were obtained for 3TC-CS NPs prepared by ionic gelation of CS with
tripolyphosphate anions. These formulations offer several advantages with respect to conventional
dosage forms of the drug, particularly in terms of bioavailability [79]. The CS functionalization
with glycyrrhizin was realized for a liver targeting and a 3TC controlled release. In fact, the results
of this research confirmed a lower drug release and an augmented level of 3TC in hepatocyte
tissues, if compared with CS NPs or the free-drug solution [80]. Successively, 3TC was loaded into
poly(ε-caprolactone) through a double emulsion spray-drying method giving rise to NPs with spherical
morphology. This system also proved to be effective in improving drug bioavailability and reducing
side effects [81]. Multiple drugs combined in a single nanosystem showed significant advantages
over therapy based on a single drug. Accordingly, an example of polymeric NPs based on methyl
methacrylate or ε-caprolactone was designed for the release of four different anti HIV drugs, AZT,
3TC, nevirapine and the IN inhibitor raltegravir [82]. In a recent paper, the incorporation of 3TC into
CS with sodium alginate/calcium chloride by the above gelation method, in different experimental
conditions, was described and showed an impressive drug release rate lasting up to 24 h. The method
proved to furnish highly homogenous particles capable of improve bioavailability together with a
constant drug release, following a first order mechanism, with diffusion of the drug after swelling of
the polymer [83].

Protein-based NPs were prepared using lactoferrin for the controlled release of 3TC combined with
AZT and EFV, after its application for a single DDS. The lactoferrin possesses itself antiviral activity and
therefore acts synergistically with the entrapped drugs. The assessment of pharmacokinetic profile for
each entrapped drug and in vitro data suggested that these NPs are able to release drugs intracellularly
in a controlled and sustained manner [84,85].

Alternative nanotechnologies used for anti-HIV drugs release included the use of inorganic
components such as iron or silica. Preliminary results suggested a potential application for these new
formulations. In particular, chemical-physical characterization of SiO2 NPs coated with magnetic
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Fe2O3 loaded with 3TC were investigated for their pharmacokinetic and cytotoxic profiles showing
more favorable features compared to the free drug [86].

A similar preparation was attempted for 3TC and zalcitabine both in form of triphosphosphates.
Preliminary results showed that these nanosystems of dideoxynucleoside triphosphates/SiO2 NPs were
useful transport systems for delivering these drugs to target cells with increased antiviral efficiency [87].

Moreover, the co-encapsulation of 3TC and AZT, both in form of triphosphates, into iron
carboxylate mesoporous NPs gave biocompatible systems endowed with peculiar delivery properties.
In particular, the drugs were released with different kinetics: 3TC showed accelerated release, while
AZT was released more slowly. This vector protected drug from degradation, conferring at the same
time improved in vitro anti-HIV activity. In fact, these formulations contribute to stabilizing the drugs
since no alterations were detected after two-month storage and freeze-drying reconstitution [50]. High
drug bioavailability and patient compliance were recorded after the administration of the of 3TC
encapsulated into a new gum odina based biopolymer obtained by a multiple water-in-oil-in-water
emulsion approach. The long-term stability study showed the improvement of the stability of the
emulsions after a 90-day storage compared to a similar emulsion comprising Tween 80 as a stabilizer [88].
3TC was also loaded in nanovesicles based on phospholipids or non-ionic surfactants (niosomes
and liposomes). The best components and reparation methods able to produce formulations with
suitable size, improved drug encapsulation efficiency and release profile were formulated for these
systems [89,90].

3.4. Abacavir

Abacavir ((1S,4R)-4-(2-amino-6-(cyclopropylamino)-9H-purin-9-yl)cyclopent-2-en-1-yl)methan-
ol, ABV) introduced in 1998, represented an alternative nucleoside derivative administered orally
in solid or solution form for the prevention and treatment of HIV infection. Similarly to other
nucleoside analogs, its use is recommended in combination therapy because of its severe side effects
like hypersensitivity, liver damage and lactic acidosis, which all preclude monotherapy. ABV and
its congener 3TC, after transformation into the corresponding thiol ending ester derivatives, were
conjugated to glucose-coated gold NPs, which were investigated for their pH dependent drug release
performances. This drug-delivery system was in turn studied for new multifunctional devices since
such gold NPs, themselves endowed with microbicide properties, proved useful for the loading of
more than one active agent differently targeting the viral replication cycle, and therefore representing
a multivalent therapeutic approach [51]. Albumin NPs loaded with ABV sulfate were prepared by
solvation method and studied for their mechanism of drug release. Results obtained revealed a
remarkable drug loading capacity together with a sustained and controlled release within 24 h in HIV
reservoir organs [91]. A myristoylated ABV prodrug entrapped into poloxamers was evaluated for
the pharmacokinetic properties after injection in mice. Comparison of such nanoformulation with
the free drug was performed on human monocyte-derived macrophages by proton nuclear magnetic
resonance studies in terms of anti-HIV activity.

As a result, an efficacy comparable to that of the native drug was detected for the encased polymer,
which showed a two-week lasting release [92]. A detailed study described the formation of innovative
nanocarriers named ProTide (PROdrug and nucleoTIDE) obtained by the loading of L-alanine and
L-phenylalanine ester phosphoramidates of ABV into PLGA and poloxamer NPs. Such formulations
showed sustained retention and antiretroviral activities for up to one month [93].

3.5. Emtricitabine

Emtricitabine (4-amino-5-fluoro-1-((2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)pyrimidin-
2(1H)-one, FTC), is a deoxycytidine nucleoside analog approved in 2006 for anti-HIV therapy. Even if it
showed reduced side effects when compared to other NRTIs, FTC is largely used in triple or quadruple
drug combinations.
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A customary PLGA nanoformulation of this water soluble drug was achieved through the
water-in-oil-in-water emulsion method and showed a sustained release profile in rats, with adequate
drug concentration up to two weeks [94,95]. The large volume distribution, beside a short plasma
half-life, suggests the use of FTC in alternative formulations, such as PLGA NPs. This particular
administration form proved to be able in enhancing drug stability and intracellular retention time,
as demonstrated by an ex vivo endosomal assay. A once-biweekly dosing for HIV infection prevention
or treatment was accordingly hypothesized [96]. In addition, eight degradation products were
separated and characterized by LC–MS/MS from ABV sulfate when subjected to forced degradation
under hydrolysis, oxidation, photolysis and thermal stressing conditions [97]. More recently, a solution
state study showed the formation of eleven degradation products [98].

The thermal decomposition of FTC was well investigated by applying different methods. FTC
largely decomposed to small molecules and insoluble substances. A small amount decomposed to
5-fluorocytosine due to an oxidation reaction [99]. When the drug was exposed to the action of acids or
bases as well as oxidative stress conditions, an additional degradation product was detected [100].

3.6. Tenofovir

Tenofovir disoproxil fumarate ((R)-(((((1-(6-amino-9H-purin-9-yl)propan-2-yl)oxy)methyl)
phosphoryl)bis(oxy))bis(methylene) diisopropyl dicarbonate, TDF) is a more recently approved
NRTI (2001) used in the treatment of chronic hepatitis B and in the prevention and treatment of HIV
infection. Successively its prodrug tenofovir alafenamide fumarate ((isopropyl 2-((((((R)-1-(6-amino-
9H-purin-9-yl)propan-2-yl)oxy)methyl)(phenoxy)phosphoryl)amino)propanoate, TAF) was laun-ched
in the market due to its more favorable properties after oral administration. TAF has greater antiviral
activity and better distribution into lymphoid tissues than TDF. Both drugs are recommended in
combination therapy along with other antiretroviral agents.

3.6.1. Tenofovir SLN

Lipid NPs loaded with NRTI and NNRTI agents including TDF or TAF were extensively studied
for the improvement of bioavailability and long lasting drug release. Several lipid matrices were
designed and showed a very promising behavior under different experimental conditions [37,101,102].
Toxic effects of TDF loaded in nanoemulsions on liver and kidney were assessed using an animal
model. Although any behavioral toxicity and mortality were not detected, moderate alterations
were however observed on both organs [103]. Extensive chemical-physical studies were performed
on hybrid inclusion complexes obtained by encasement of TDF into lipid and polymer matrices by
engineered melt emulsification-probe sonication technique. The carrier obtained by combining TDF,
lauric acid and pemulen polymer was shown to promote a noteworthy increase of TDF trans-nasal
flux, so potentially useful for nasal administration [104]. Nanocarriers based on a hydrogel-core and a
lipid-shell were designed for the controlled loading and topical vaginal release of TDF and maraviroc,
a virus entry inhibitor. These nanolipogels proved to be efficient systems and robust carriers for the
encapsulation and the prolonged in vivo release of antiretroviral drugs, showing solubility concerns
that are useful during the prevention and treatment of HIV infection [105].

3.6.2. Tenofovir/Dendrimers Complexes

A drug combination including TDF into dendrimers was designed for the evaluation in an in vitro
model of semen-enhanced viral infection. The results obtained suggested that this therapeutic strategy
could bypass the detrimental effects of amyloid fibrils, present in semen, which seem responsible of the
failure of topical vaginal gels action [54]. An approach to the treatment of neuro-AIDS was based on
the use of co-encapsulated drugs into ultra-small iron oxide NPs with the addition of dextran sulfate.
The inclusion complex of TDF and vorinostat, a latency-breaking agent, was assembled by magnetically
guided layer-by-layer method and a noteworthy blood–brain barrier transmigration of drugs was then
observed. This strategy, aimed to the activation of latent virus and its simultaneous killing, would
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result in a high efficacy to eradicate completely the infection from the CNS [106]. Nanosystems such
as carbosilane dendrimers seem themselves able to inhibit HIV replication with a potential as local
antiviral agents. Nevertheless, the concomitant administration of specific antiretroviral agents led to a
potent synergistic activity. TDF, along with AZT and EFV or with maraviroc was encapsulated into
anionic carbosilane dendrimers, bringing sulfated and naphthyl sulfonated groups to generate potential
microbicides to prevent the sexual transmission of HIV [55,107–110]. An innovative therapeutic strategy
could be based on the TDF prolonged release from NPs obtained by hyaluronic acid (HA) cross-linked
with adipic acid dihydrazide. This nanosystem did not show detectable toxicity under the control of
hyaluronidase enzyme. Comparative experiments with a simple TDF/HA gel suggested an essential
role of the enzyme during the HA degradation and TDF release. The potential of these formulations for
topical delivery of antiviral agents for the prevention of sexually transmitted diseases was accordingly
hypothesized [111].

3.6.3. Chitosan based TDF Nanoparticles

TDF was also used as a model drug in a CS based nanopreparation coated with sodium acetate,
an aggregation-preventing agent, realized by the freeze-drying method. The NPs cytotoxic profile on
macrophages was assessed by neutral red, resazurin, nitrite oxide and cytokines assays. Satisfactory
encapsulation rate together with a good stability of the colloidal dispersions was observed for the
formulation. Moreover, a sustained drug release beside a lack of cytotoxicity and a pro-inflammatory
effect was recorded [112]. Further improvements in terms of mucoadhesive performance were
obtained by a formulation based on TDF-loaded CS NPs dispersed in vaginal thermogels [113].
CS based oral NPs loaded with TDF were prepared by the ionic gelation technique and studied
for their potential in preventing esterase metabolism and facilitate active transport uptake. Both
processes were affected as confirmed by in vitro experiments. Moreover, data obtained suggested
that a clathrin-mediated mechanism is involved in the enhancement of drug oral absorption [114].
A triple combination of TDF, FTC and bictegravir, an integrase inhibitor, was loaded into trimethyl
CS to generate a nanoconjugate with improved cellular uptake. The efficiency of the nanocarrier was
determined by spectrophotometry while XTT and ELISA tests were used to determine cytotoxicity and
anti-retroviral efficiency, respectively. As a result, this formulation proved to inhibit viral replication
at lower concentrations than the free drugs combination, without a significant cytotoxicity, therefore
resulting in a lower drug resistance [115]. Colloids based on polyelectrolyte complexes of CS and
chondroitin sulfate were loaded with TDF and examined for the stability at physiological conditions.
This property was assured by the use of Zn(II) throughout the formulation procedure. In vitro studies
did not reveal toxicity of such NPs on human peripheral blood mononuclear cells, while a remarkable
dose-dependent antiretroviral activity was detected [116]. TDF was loaded into thiolated CS core/shell
nanofibers in order to investigate the rate of drug loading, mucoadhesion properties and in vivo safety.
The formulation was fabricated by assembling poly(ethylene oxide) with the CS component and PLA
by a coaxial electrospinning technique. An enhanced drug loading together with a prolonged drug
release and an increased mucoadhesion were assessed by in vitro studies, whereas a significant toxicity
was not detected in neither in vitro nor in vivo experimental models. These new formulations could be
therefore considered promising tools for the local delivery of microbicide agents [117].

3.6.4. Alternative Polymeric TDF NPs

An original formulation to be used for vaginal administration was fabricated by oil-in-water
emulsification of the inclusion product of TFV into PLGA and sodium deoxycholate as an ion-pairing
agent and a thermosensitive gel. Sustained release properties in humanized BLT mice were shown for
these nanoformulations when instilled locally [118]. Similar results were obtained by loading TFV into
PLGA/stearylamine and incorporating such NPs into a hydroxypropyl methylcellulose/PVA-based
film [119,120]. TAF and FTC entrapped NPs were prepared for subcutaneous administration during
pre-exposure prophylaxis. Drugs were included into the PLGA/PVA system and investigated for their
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long-acting potency detectable even after 14 days by a humanized mice model [121,122]. A similar
approach was exploited for the incorporation of TAF and elvitegravir, an integrase inhibitor, during
the fabrication of devices to be used during vaginal prevention [123,124]. The drug absorption
following oral administration were also positively affected by the use of TAF/PGLA loaded NPs,
as highlighted by a statistical model study [125]. Formulations containing mono- or by-layered films
of PVA and pectin were coupled with Eudragit NPs loaded with TDF/FTC, by nano spray-drying
technique. These systems were designed for vaginal use with a better patient compliance. The time of
disintegration and drug release was evaluated in a simulated vaginal fluid, showing favorable results.
The by-layered films equipped with NPs loaded with drugs showed the best performances in terms of
drug release delay. Moreover, this topic formulation was shown particularly safe by MTT and lactate
dehydrogenase assays using different cervical cell lines [126]. Multifunctional magneto-plasmonic
liposomes charged with TDF were obtained with the aim to study guided systems for enhancing
efficiency of antiviral treatment. The distribution of such a hybrid system can be monitored by image
technique and activated magnetically into the brain. The gold shell of such nanocomplexes can
be followed by computed tomography. This way, these particular systems proved to be efficient
against HIV in infected microglia cells after adequately crossing the BBB [127]. A nanosuspension
of drug combination particles consisting of TDF, ritonavir and lopinavir, two protease inhibitors,
and lipids were prepared for the development of innovative topical formulations. This system was
highly efficient in targeting lymphocytes during anti-HIV therapy with a long-lasting action after a
single subcutaneous administration [128]. Similar results were described after the addition of 3TC to
the previously combination to give a four-drug components nanosuspension [129]. Similar results
were obtained for alternative combinations of TDF and other RTI. In all cases, a persistent drug
concentration was detected after single subcutaneous injection in different HIV reservoir cells [130,131].
A stability study was performed on TAF and compared with the stress degradation behavior of
TDF. Gastrointestinal stability studies were conducted on both drugs, showing the formation of six
degradation products. These studies revealed a higher stability of TAF, except for with the acid
condition, where the drug was extensively degraded [132].

4. Non-Nucleoside Reverse Transcriptase Inhibitors Nanosystems

An alternative approach to anti-HIV treatment with RTIs is represented by the combined
therapy using both NRTIs and NNRTIs, exploiting the synergism of the two distinct classes of drugs.
Accordingly, the multi-therapy is nowadays the most widely adopted strategy for the treatment of HIV
infection in the clinic. NNRTI act directly by binding the enzyme, so preventing its DNA polymerase
function. In fact, their heterogeneous structures do not resemble those of nucleobases, the natural
substrate of RT (Figure 4, panel c).

After a first generation NNRTI drugs introduced in the 90s (i.e. nevirapine, delavirdine, efavirenz)
approved for anti-HIV therapy, recently some new and effective compounds entered the market (i.e.
etravirine, rilpivirine). Some more interesting compounds are currently under clinical investigation.
The structures of representative NNTRI are reported in Figure 5.

4.1. Nevirapine

Nevirapine (11-cyclopropyl-4-methyl-5H-dipyrido[3,2-b:2′,3′-e][1,4]diazepin-6(11H)-one, NVR)
was the first NNRTI approved by FDA in 1996 for the treatment of HIV infection. In order to improve
the pharmacokinetics of this hydrophobic drug, NVR was loaded into liposomes prepared by thin
film hydration and extrusion method to give uniform spherical vesicles. The matrix, obtained from
egg phospholipid and cholesterol, proved to release the drug during 22 h at physiological pH values.
The presence of proteins into the medium or the exposition of the system to ultrasounds greatly impair
the delivery mode of the drug. However, this encapsulation method could optimize the efficacy of
NVR in terms of drug stability and controlled release to the target tissues [30]. Transferrin grafted
PLGA NPs have been designed in order to facilitate NVR in crossing vascular endothelial cells of the
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human brain. This particular nanosystem allowed a favorable drug loading with a desired controlled
release, so proving to act as an efficient carrier to promote vascular diffusion of the compound [133].
Nanoparticles of PLA/PEG, the surface of which was modified with serum albumin, were prepared
to improve release of the drug to the target tissues. This favorable feature was measured after i.v.
injection in rats, showing an improved bioavailability, cellular uptake and drug accumulation in the
brain, liver and spleen, compared to pure drug solution or uncoated nanoformulations. Moreover,
no additional cytotoxicity was recorded. The capability to cross the BBB makes these formulations
potentially useful for the treatment of AIDS related dementia [134,135]. The stability of NVP was
well investigated by a stability-indicating ultra-high performance liquid chromatography (UHPLC)
method. Drug product efficacy, safety and quality were verified in different degradation conditions
by using acids, bases, water, metal ions, heat, light and oxidation agents. The tests were applied
on the pure compound and on its tablet formulation leading to the formation of five degradation
products [136]. A physically stable formulation of NVP was prepared by forming a crystalline inclusion
complex with biodegradable and hydrophobic poly(ε-caprolactone). Compared to pure NVP crystals,
the formulation assured a sustained drug release at physiological conditions in PBS solution up to 6
weeks, due to the reduction of drug solubility [43].

Figure 5. Chemical structures of NNRTI.

4.2. Efavirenz

Efavirenz, ((S)-6-chloro-4-(cyclopropylethynyl)-4-(trifluoromethyl)-1H-benzo[d][1,3]oxazin-
2(4H)-one, EFV) was approved in 1998 and is largely utilized with other drugs for anti-HIV association
therapies. However, its potential was limited by a low bioavailability due to its high lipophilicity
and other drawbacks related to irritant effects on mucosae [137,138]. A strategy devoted to the
improvement of EFV pharmacokinetics resides in its incorporation into SLN, which should drive
the delivery of the drug next to the lymphoid system and brain [38]. Phenylalanine anchored SLN
(PA-SLN) were used to encapsulate EFV and the resulting nanocomplex was tested for its potential to
cross BBB. Phenylalanine was chosen in order to exploit the aromatic amino acid transporter active
within the barrier. The nanocomplex showed good entrapment efficiency and a favorable drug release,
with a remarkable accumulation in brain assuring a long-lasting therapeutic effect [139].

4.2.1. Efavirenz SLN

SLN of selected lipids as matrix medium and EFV were prepared with the addition of a surfactant
by high-pressure homogenization technique and evaluated in vivo for their enhanced bioavailability
and brain targeting. In particular, such properties were assessed after an intranasal administration
route, which could be useful for therapy devoted to the complete eradication of HIV [39]. As an
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example, EFV was loaded into SLN assembled with the use of mono- and tri-glycerides with the aid of
a surfactant. This particular formulation allowed the drug to partly by-pass liver metabolism after
oral administration and in doing so increasing bioavailability and accumulation into spleen [140].
A prolonged drug release together with a lower incidence of side effects, consequent to a reduced drug
dosage, was achieved after EFV incorporation into SLN.

4.2.2. Polymeric EFV NPs

Efavirenz was loaded into NPs based on methacrylate polymers, which conferred an increased
drug uptake in monocytes and macrophages [141,142]. Emulsion or nanoprecipitation methods allowed
loading EFV into biodegradable PLGA NPs. The effects of the resulting formulations administered in
combination with other free or encapsulated anti-HIV drugs were investigated. As a result, the new
formulations proved more efficient compared to the free drugs and also a noteworthy synergistic effect
was recorded for encapsulated EFV combined with TDF, a second NRTI [143]. EFV was dispersed
with α-tocopherol polyethylene glycol succinate and PVA by an emulsion-templated freeze-drying
technique to realize solid inclusion NPs. Dry monoliths charged with these NPs proved to be stable
for several months. Their reconstitution in water furnished nanodispersions, which showed reduced
cytotoxicity together with an improved bioavailability and pharmacokinetics [49]. A nanoformulation
was obtained by combining EFV with cellulose acetate phthalate, acting as an HIV entry inhibitor, by
the nanoprecipitation method. The resulting NPs were formulated into a thermosensitive gel, which
resulted in an efficient nanomicrobicide for long-term HIV prophylaxis [144]. Polymeric micelles
based on pluronic F127 loaded with EFV and bio-conjugated with anti-M-cell-specific antibodies were
prepared in order to evaluate their preferential target delivery to gut micro fold cells of lymphoid
tissue, one of the major HIV reservoirs in the body. The efficiency of such nanosystem was showed to
be higher than the free drug and a possible oral application by enteric-coated capsule was accordingly
hypothesized [145]. EFV was loaded into eudragit, pluronic and alginate sodium polymeric based
NPs by solvent evaporation method. Cytotoxicity and antiviral characterization was investigated
by syncytium inhibition assay. The polymeric nanocarrier was proven to be more effective than the
pure free drug by an enhanced drug dissolution and bio-distribution, especially after BBB crossing.
A reduced toxicity was also detected [146,147]. NPs to be used during intranasal administration
were prepared by the encasement of EFV into CS grafted hydroxypropyl beta cyclodextrin matrices.
The results obtained confirmed a better CNS access due to an improved cellular permeation consequent
to both a higher drug solubility and a concomitant beneficial action of CS on cell membrane [148].
Rectal polymeric formulations were prepared by incorporation of EFV into PLGA NPs coated with
PEG. This particular form assured a prolonged drug residence in the lower colon with a long lasting
prophylactic action against HIV transmission [149]. A better BBB crossing together with a reduction
of side effects incidence was attempted by the preparation of transferrin functionalized PLGA NPs
loaded with EFV. Although a higher deposition rate of the drug to the targeted site was recorded,
the formulation did not improve drug membrane permeation [150]. Lactoferrin NPs were fabricated
for oral or vaginal administration giving raise to significant results in terms of drug release and
bioavailability. A combination of EFV and curcumin was also attempted in order to reach synergism
for the two-microbicide agents. The results obtained confirmed an improved pharmacokinetic profile
for the drug combination nanoformulation with respect to free drugs [151,152].

4.2.3. Efavirenz/Dendrimer Complexes

EFV was incorporated into t-Boc–glycine and mannose conjugated dendrimer-based
poly(propyleneimine) (PPI). These branched three-dimensional polymers were shown to be less
toxic than free PPI and could allow the drug to reach monocytes and macrophages, both reservoirs
of HIV in the body. In fact, it is known that inhibitors targeting only lymphocytes are ineffective in
completely eradicating the infection. These formulations demonstrated to be particularly effective
since they are able to promote a significant increase of EFV cellular uptake [153]. The same authors
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loaded EFV into dendrimer-based PPI complexed with tuftsin (Tu). This latter is a tetrapeptide
coming from the cleavage of immunoglobulin G and showed to be capable of selectively target and
activate macrophages, monocytes and polymorph nuclear leukocytes. This strategy would help EFV
in avoiding unwanted effects acting in a synergistic fashion with the peptide. Such an option was
suggested by the fact that the TuPPI complex showed no toxicity and prolonged EFV cellular uptake in
HIV infected macrophages with respect to uninfected cells [154].

4.2.4. Alternative Supramolecular EFV NPs

Vesicular systems consisting of gold NPs entrapped inside the aqueous core were loaded with
EFV in the bilayer membrane. The niosomes so formed were dispersed in carrageenan/hyaluronic
acid/poloxamer based thermogel after coating with an opportunely functionalized mannose, in order
to combine the action of the protein and the sugar for an effective prophylactic vaginal application.
A remarkable inhibition of viral transmission as well as a drastic reduction of side effects was
recorded [31]. A soya lecithin/cholesterol and PEG liposomal DDS was designed in order to overcome
the limited solubility, dissolution rate and bioavailability of EFV [32]. Similar results were achieved by
the entrapment of EFV into boron nitride and carbon nanotubes as delivery vehicles. Both the systems
showed a favorable behavior. Between the two distinct formulations, carbon nanotubes assured a
higher drug adsorption [155]. Enhanced solubility and dissolution of the drug were also obtained
by inclusion complex with hydroxypropyl-β-cyclodextrin. The solubility of the complex was further
increased by the addition of l-Arginine [156]. Degradation behavior of the drug in water solution was
assessed by HPLC analyses, detecting a total twelve degradation products under acidic conditions.
Alkaline stress resulted in the formation of only two degradation products, whereas oxidative and
photolytic conditions did not promote any degradation of the drug. All the degradation derivatives
showed remarkable toxicity, including carcinogenicity, mutagenicity and skin irritation, as confirmed
by in silico experiments [72]. The thermal behavior of glass EFV was evaluated in different experimental
conditions, showing a good stability only at room temperature [157].

4.3. Dapivirine

Dapivirine (4-((4-(mesitylamino)pyrimidin-2-yl)amino)benzonitrile, DPV) is a new, sparingly
soluble NNRTI, under investigation for vaginal application during the prevention of HIV sexual
transmission. This compound was shown to be a noncompetitive inhibitor of RT that is particularly
useful for topic treatments. In order to improve efficacy, a microbicide film for vaginal delivery
was formulated by loading DPV into PLGA NPs and the nanosystems were in turn coupled to a
PVA in a cellulose based platform film using solvent casting technique. TDF was also added to the
formulation to achieve a synergist antiviral effect. A rapid release of active principles was accordingly
recorded suggesting an ideal behavior of such a formulation as prophylactic microbicide [158,159]. Some
advantages were also obtained by alternative formulations of this drug. In particular, surface-engineered
poly(ε-caprolactone) NPs were manufactured and evaluated in pig vaginal and rectal mucosa, resulting
in favorable drug release properties [160]. Physical–chemical properties of these nanocarriers were
evaluated upon one-year storage to a variable temperature range. Colloidal instability affected the
in vitro drug release of the NPs, although no detectable degradation was observed for the entrapped
drug [56].

4.4. Etravirine

Etravirine (4-((6-amino-5-bromo-2-((4-cyanophenyl)amino)pyrimidin-4-yl)oxy)-3,5-dimethyl-
benzonitrile, ETV) is a NNRTI approved in 2008 for monotherapy against HIV, also clinically used in
combination with other antiviral agents in antiretroviral treatment-experienced adult patients with
onset of resistance. A combination of ETV, maraviroc and raltegravir was loaded into PLGA by
emulsion-solvent evaporation technique. The antiviral potency of the resulting NPs was compared to
the free triple drug combination in an in vitro cells assay and on a macaque cervicovaginal explant
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model in vivo. The nanoformulation provided a prolonged release by extension of the half-life of drugs,
leading to an enhanced synergistic antiviral action [161]. An innovative approach for the design of
NPs overcoming the drawback, consisting in low drug retention and massive leakage, was undertaken
by the preparation of NP-releasing nanofiber vaginal devices. Mucoadhesive PVA fibers coupled to
PEGylated NPs should ensure an adequate retention together with a rapid mucus diffusion. These
composite nanoformulations proved to assure a sustained ETV release for up to seven days [162].

4.5. Rilpivirine

Rilpivirine ((E)-4-((4-((4-(2-cyanovinyl)-2,6-dimethylphenyl)amino)pyrimidin-2-yl)amino)
benzonitrile, RPV) is a second-generation NNRTI, approved in 2011, possessing increased potency,
longer half-life and lesser side-effects with respect to former non-nucleoside agents, today mainly used
in combination with other anti-HIV drugs [163]. RPV met therapeutic success either in combination
with other anti-HIV agents or in long-acting injectable nanoformulations during maintenance
therapy. Its use could also be advantageous for the prophylactic treatment of high-risk uninfected
individuals [164,165]. In two separate papers, the potential use of long acting RPV NPs associated with
cabotegravir, an HIV integrase inhibitor, was described and an innovative monthly dosing therapeutic
regimen was accordingly proposed. Recently, the result of a phase IIb study was reported on the
effectiveness of this combination nanoformulation in maintaining adequate drug concentration in
plasma or vaginal mucus for up to one month [166–168]. RPV-loaded PLGA NPs were fabricated by
emulsion-solvent evaporation method. A sustained release in plasma as well as faster clearance were
observed in animal models, suggesting a prophylactic use after the preparation of thermosensitive gels
as well as long acting injectable nanosuspensions [169].

Biodistribution of tri-modal theranostic NPs was studied by single-photon emission computed
tomography, magnetic resonance imaging and fluorescence techniques. These devices were prepared by
the incorporation of Indium radiolabeled, europium doped cobalt-ferrite particles and RPV loaded into
a poly(ε-caprolactone) matrix included into a lipid shell. A sustained drug release and antiretroviral
activity were observed in HIV infected macrophages. These multi-functional NPs represent a platform
for the monitoring and optimization of the antiretroviral drug pharmacokinetic profile [170].

5. Conclusions

There is a high level of interest in nanotechnologies for their relevant roles in the design and
development of innovative anti-HIV formulations either for oral or topical administration. In the first
case, a more specific targeted delivery together with a sustained release represents the major goal in the
field. Mucoadhesive performance, prolonged retention time and improved patients’ compliance were
desired for vaginal or rectal application of microbicide nanoformulated antiretroviral agents. A large
number of diversely assembled nanocarriers loaded with different classes of antiviral drugs were
then developed and deeply investigated to improve both pharmacokinetic characteristics and stability
behavior. Overall results demonstrated a potential success of such an approach for monotherapy, even
though more profitable applications were recorded for the combination therapy, the most diffused
method nowadays. In fact, anti-HIV therapeutic regimens today comprise multiple daily doses of more
drugs acting at different stages of viral replication, which lead to poor patient compliance. Although
the use of protease, integrase and viral entry inhibitors has become customary, NRTIs and NNRTIs
remain pivotal tools during the infection management. In the light of these findings, this overview
focuses mainly on the application of nanotechnology applied to RTI as vehicles for challenging virus
eradication from depot organs and/or as a platform for the design of modern prophylactic devices for
stable or stressing conditions.
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