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ABSTRACT

ABSTRACT

Background:  Human  Immunodeficiency Virus (HIV) and  Acquired
Immunodeficiency Syndrome (AIDS) pose significant worldwide challenges. Low
oral bioavailability of antiretrovirals (AntiRV), hinders their effectiveness in reaching
infection sites and increasing the risk of relapse. Preventative measures like topical
vaginal pre-exposure-prophylaxis (PrEP) are crucial in reducing HIV transmission for

HIV-negative individuals to lower their virus contraction risk during intercourse.

Objectives: The first part of the project aimed to design and develop novel PrEP
sispersible vaginal tablets (DT) composed of tenofovir disoproxil fumarate (TDF)-
loaded bio-adhesive chitosan microparticles (T-CM). The second part focused on
formulating pessaries with TDF-loaded bio-adhesive sodium alginate (S-Alg)
microspheres (T-AM) for intra-vaginal administration to address the shortcomings

associated with conventional oral dosage forms.

Methodology & Results:

Part 1: DT composed of T-CM

T-CM were formulated by emulsification-internal-gelation technique by varying the
drug-to-polymer ratio and quantity of cross-linking agent. Among various batches of
T-CM, ECH-4 demonstrated high entrapment efficiency (%EE) (68.93+1.76%) and
sustained TDF release for 24h (88.05+0.38%). Ex-vivo studies of ECH-4 using rabbit
vaginal mucosa (substrate) in modified USP disintegration apparatus indicated good
bio-adhesion for 24h. Scanning electron microscopy (SEM) demonstrated the

spherical shape of T-CM. Dynamic laser scattering analysis (DLSA) indicated that

KLE College of Pharmacy, Bengaluru XX



ABSTRACT

ECH-4 displayed a mean diameter of Dv(90) of 193.42+3.70um. Fourier Transform
Infrared Spectrometry (FTIR) ruled out any possible chemical interaction between
TDF and other excipients. Solid-state characterization employing Differential
Scanning Calorimetry (DSC) and Powder X-ray Diffractometry (P-XRD) revealed
that TDF existed in an amorphous state in chitosan matrix. The batch ECH-4 was
eventually incorporated into DT for intra-vaginal insertion. DT (F3) were found to
readily disperse (31.33+4.63s) and release 89.98+1.61% of TDF over 24 h in

simulated vaginal fluid (pH 4.5) (SVF).

Part 2: Pessaries composed of T-AM

T-AM were formulated employing emulsification-internal-gelation technique by
varying the drug-alginate ratio. The drug-alginate ratios and polymer incorporated
influenced the particle size, %EE, and in-vitro drug release (IVDR). Batch EH-8, with
a 1:4 drug-to-polymer ratio and equal parts S-Alg and HPMC K100M, exhibited
optimal %EE (62.09+1.34%) and controlled TDF release (97.02+4.54%) for 12h. EH-
8 displayed good mucoadhesion on rabbit vaginal mucosa for over 12h. SEM
demonstrated the spherical shape of T-AM. DLSA of EH-8 indicated a Dv(90) of
68.68+0.91um. FTIR analysis proved the chemical integrity of the TDF in T-AM.
Solid-state characterization using DSC and P-XRD revealed amorphization of drug in
the polymer matrix. EH-8 loaded novel meltable pessaries were found to melt at
35.33+0.58°C and exhibited a sustained TDF release of 95.31+1.37% over 12h in

SVF.

To ascertain the biodistribution of the TDF in vagina, the intra-vaginal tablets and

pessaries developed were compared to the marketed oral formulation in rabbits. In-
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ABSTRACT

vivo experiments identified that pessaries displayed a significantly higher TDF
concentration (Cmax) (P<0.005) in VF with a lower Tmax (P<0.0001) compared to oral
and intra-vaginal tablets. The pessaries efficiently maintained inhibitory
concentrations in the critical early hours of insertion, which may be quite crucial in

offering adequate protection against HIV transmission during sexual intercourse.

Conclusion: The smaller size and higher surface-to-volume ratio of bio-adhesive
microparticulate systems were found to enhance vaginal drug delivery by improving
residence time, and prolonging TDF release. This makes the bio-adhesive
microparticles ideal carriers for retention in vaginal mucosa, facilitating the regional
concentration and biodistribution. As the focus in HIV prevention shifts towards long-
acting systemic formulations, intra-vaginal inserts like tablets and pessaries provide a

novel on-demand option for HIV-negative individuals.

Keywords: Intra-vaginal; tenofovir; chitosan; sodium alginate; microparticles;

vaginal tablet; pessaries; mucoadhesion.
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INTRODUCTION

1. INTRODUCTION

1.1. Background.

HIV (Human Immunodeficiency Virus) targets and causes the destruction of
specifically CD4 cells, which are crucial for a healthy immune response against
infections. This targeted attack gradually undermines the immune system's ability to
defend the body, ultimately progressing to Acquired Immunodeficiency Syndrome
(AIDS), if left untreated.® This process highlights the insidious nature of HIV as it
systematically dismantles the body's defence, making it increasingly susceptible to

opportunistic infections characteristic of AIDS.?

HIV/AIDS has presented substantial challenges to worldwide health, society, and
economies for a lengthy period, impacting not only individuals but also communities
and nations at large. Despite developments and advancements in healthcare,
awareness, and treatment availability, these diseases persist as significant global
health concerns. In 2023, the World Health Organization estimated globally 39 million
people were living with HIV by the end of 2022. This figure reflects the ongoing
challenge of managing and preventing the spread of the virus. Additionally, there were
1.5 million new HIV infections in 2022, indicating that efforts to control the spread of
the virus continue to remain critical. Furthermore, approximately 650,000 deaths were
attributed to HIV/AIDS in 2022, underscoring the significant impact and severity of

the disease on a global scale.!?

The Centers for Disease Control and Prevention states that most HIV infections are
transmitted through vaginal or anal sexual intercourse, as well as through the sharing

of needles/syringes. In industrialized nations, the implementation of Highly Active

KLE College of Pharmacy, Bengaluru 1



INTRODUCTION

AntiRV Therapy (HAART) has led to substantial decreases in both the incidence of
iliness (morbidity) and death-rates (mortality) associated with HIV infection.
However, a significant number of AntiRV drugs used in HAART exhibit low oral
bioavailability, primarily due to challenges such as poor solubility or restricted ability
to penetrate cell membranes effectively. Consequently, the inadequate targeting of
AntiRVs to dormant infection sites within the body remains a major factor
contributing to the recurrence of HIV and the need for additional treatment

interventions.3?

In this instance, preventive strategies involving pre-exposure prophylaxis (PrEP) are
crucial for reducing HIV transmission, with Truvada® and Descovy® being the only
USFDA-approved AntiRV drugs for daily oral administration as PrEP; which involves
HIV-negative individuals taking these drugs regularly to lower their probability of
contracting the viral infection.® Truvada®, despite its effectiveness, is not commonly
prescribed in the United States because of its prohibitively high price, kidney toxicity,
and low adherence from patients. It can impact kidney function and bone density, and
its effectiveness depends greatly on how consistently it is taken. Additionally, it can
interact with other medications, lowering their efficacy or increasing the risk of
adverse effects. Descovy®, approved in 2019 by USFDA as an alternative for HIV
PrEP, has a better safety profile, particularly concerning kidney and bone density
issues. However, both formulations necessitate strict adherence for successful

outcomes, as non-adherence can lead to drug resistance and reduced effectiveness.’ !

Topical intra-vaginal PrEP, along with additional strategies, holds substantial promise
in halting new/fresh HIV-1 infections in HIV-negative women, offering a novel

strategy to lower the disproportionate risk of viral transmission during intercourse.
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INTRODUCTION

The concept behind topical PrEP method is to prevent HIV-1 infection at the mucosal
level by using compounds with specific antiviral activity in medically designed
products applied to the vagina/rectum, to halt viral transmission during the sexual
intercourse. This strategy involves directly applying AntiRV medications to the
vaginal mucosa using various intra-vaginal dosage forms, namely, tablets, gels,
pessaries, and vaginal rings. By creating a protective barrier at the site of potential
HIV exposure, topical PrEP effectively prevents the virus from infecting susceptible

cells in HIV-negative individuals.?*2

Unlike the conventional oral drug delivery route, vaginal administration bypasses the
gastro-intestinal and hepatic first-pass effects, allowing drug delivery directly into the
systemic circulation. This not only reduces the required dose but also lowers the
incidence of side effects. Direct application of AntiRV medications to the vaginal
mucosa promotes localized defence against HIV viral transmission via enhancement
of drug absorption in the vaginal mucosa because of the dense network of blood
vessels and extensive surface area, leading to improved regional bioavailability at the
intended site of operation. Furthermore, vaginal formulations can minimize off-target
systemic adverse/side effects due to the limited absorption of drug substances into the
bloodstream, while also exhibiting relatively low enzymatic activity, thereby allowing
self-administration and prolonged release of drug. Formulations for intra-vaginal
administration elicit the therapeutic concentrations at the targeted application site;
deliver discreet and user-controlled protection, allowing informed decisions and

reducing the vulnerability to developing HIV.141°

Topical inserts designed for vaginal drug delivery involving films, rings, gels,

suppositories, and tablets appear to be a potential strategy to address PrEP.°
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Traditional vaginal inserts namely gels, creams, suppositories, or douches containing
AntiRVs are reported as prospective dosage forms for on-demand PrEP. Vaginal films
have certain constraints such as the inability to achieve sustained release, potential for
local irritation, and the lack of mass production feasibility due to underdeveloped
production resources. Additionally, films are limited in their drug content uniformity;,
typically comprising less than half of the total weight of the formulation, due to their
small size and lightweight nature. The disintegration and drug release of vaginal films
is influenced by the varying and limited volume of vaginal fluid (VF), which can
differ widely among women and at different times, making drug release
unpredictable. Additionally, the films begin disintegrating as quickly as they come
into contact with VF, complicating administration. Furthermore, there are no

standardized regulations for the manufacture and characterization of these films.*®

Vaginal rings offer several advantages over other forms of drug delivery. One key
benefit is their ability to provide sustained release of the drug, which can lead to
improved patient adherence and efficacy of the treatment. Moreover, compared to
other dosage forms, vaginal rings typically require fewer applications, which can
enhance convenience and patient compliance. Furthermore, the mass production of
vaginal rings has become more advanced, leading to increased availability and
accessibility of this dosage form. However, vaginal rings also have some
disadvantages that need to be considered. One drawback is that they require a higher
financial investment compared to some other forms of drug delivery. This can be a
barrier to access for some patients, especially in resource-limited settings. The
manufacturing cost of vaginal rings is also higher, which can impact their

affordability and availability, particularly in low-income countries. Another potential
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disadvantage of vaginal rings is their possible influence on sexual intercourse. Some
individuals may find the presence of the ring uncomfortable or may experience

changes in sexual sensation or lubrication, which can affect sexual activity.*®

Vaginal gels pose numerous challenges. Firstly, adherence to therapy can be
problematic, with users struggling to consistently follow the prescribed regimen.
Additionally, these gels are prone to dissipation and may not be retained effectively
over time, limiting their ability to deliver the intended dose and therapeutic effects.
The application of gels to the vagina requires the use of an applicator, which may be
inconvenient for some individuals. There is also a risk of experiencing local irritation
and leakage, potentially causing discomfort or affecting their overall effectiveness.
Moreover, vaginal gels may lack stability in adverse environmental conditions, such
as temperature, humidity, or exposure to certain substances, which can compromise
their reliability. The tenofovir 1% gel, which initially appeared effective in the
CAPRISA 004 trial, did not demonstrate consistent efficacy in subsequent Phase
I1b/111 trials. This was likely due to inconsistent and insufficient use by young, at-risk
women in different dosing regimens. Overall, conventional formulations used for

PrEP have shown poor adherence and compliance issues.'?*°

Recognizing and considering the cons of conventional intra-vaginal formulations, we
intend to develop a dispersible vaginal tablet (DT) and pessary comprising of
mucoadhesive microparticulate system of tenofovir disoproxil fumarate (TDF) to
further improve regional drug retention and delivery. Therefore, by broadening

options for prevention, PrEP aids in worldwide attempts to combat HIV/AIDS.
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Tenofovir (CoH14Ns04P), a nucleoside reverse transcriptase inhibitor (NRTI) (BCS
Class Ill drug), used to treat HIV infection has been extensively studied as a
prophylactic treatment. To improve its permeability, a prodrug called TDF
(C23H3sNs014P) has been developed, which functions by inhibiting reverse
transcription, a crucial step in the HIV replication process. Specifically, it causes
chain termination during the DNA extension phase conducted by HIV Reverse
Transcriptase. This interruption prevents the synthesis of viral DNA, thereby
hindering the replication and spread of the virus within the host cells.>® The oral
bioavailability of TDF is low (25% in the fed state) due to intestinal degradation and
efflux transport, highlighting the need for a vaginal dosage form.!” TDF leads to a
1000-fold increase in the intracellular concentration of tenofovir-diphosphate
compared to the tenofovir base. Moreover, TDF has a 100-fold lower ICso than the
tenofovir base, indicating better permeability.!®*® TDF has an extended half-life (12-
15h) and a favorable efficacy and safety profile, making it an ideal topical

microbicide for preventing the sexual transmission of HIV.>202

Achieving effective prophylactic prevention must ensure the drug reaches adequate
therapeutic levels at the potential site of infection. Vaginal inserts are designed to
achieve this goal by delivering the drug locally to target cells/tissues in the vaginal
lumen. This delivery mechanism is based on the physicochemical characteristics and
mechanism of action of the ingredients used in the inserts. Bio-adhesive vaginal
dosage forms, in particular, are capable of delivering actives over a prolonged period.
They achieve this by adhering to the vaginal mucosa and ensuring controlled and

sustained release of the drug into the surrounding cervicovaginal fluid and tissue. This
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sustained release is crucial for maintaining effective drug concentrations at the site of

potential infection, enhancing the effectiveness of the prophylactic treatment. 822

The small size of the bio-adhesive microparticulate system, along with its high
surface-to-volume ratio, has a notable impact on biodistribution, retention, and
cellular uptake. These microparticles can be modified to improve their ability to
penetrate mucus barriers and epithelial layers, enhancing their efficacy. Unlike unit
dosage forms, they are less likely to be expelled, ensuring a more sustained presence
at the site of action. Moreover, these microparticles offer versatility in drug delivery,
allowing for sustained/controlled release by incorporating mucoadhesive polymers
such as sodium alginate (S-Alg), sodium carboxymethyl cellulose (S-CMC), hydroxy
propyl methyl cellulose (HPMC), guar gum, carbopol, among others. Recent
advancements suggest that using multifunctional polymers like poly (acrylates),
chitosan, and their thiolated derivatives could further enhance mucoadhesion,
penetration, and enzyme-inhibiting properties. These polymers are thought to interact
with the vaginal surface through specific functional groups, ensuring the formulation
remains adhered to the mucosa while releasing the drug. This interaction is vital for
the success of the formulation. Additionally, the gelation of these polymers upon

contact with aqueous media can help to control drug release through diffusion. 22223

Chitosan, derived from natural sources, is a hydrophilic and positively charged
mucopolysaccharide. It boasts excellent biodegradability and biocompatibility. 4% Its
flexibility is akin to that of natural tissues, and it is abundantly accessible, positioning
it as an eco-friendly biomaterial ideal for healthcare product development and tissue
engineering applications.?® Chitosan's ability to adhere to mucus stems from its

positively charged nature. The mucous membrane is composed of mucin
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glycoproteins, which contain negatively charged sialic acid and sulfonic acid groups.
The cationic groups in chitosan interact with these anionic acids, forming ionic bonds.
This interaction gives chitosan its mucoadhesive properties, allowing it to effectively
adhere to mucus. The release of drugs from chitosan microparticles (CM) is
controlled by several mechanisms: polymer swelling, drug absorption, drug diffusion,
polymer erosion or degradation, and a combination of both erosion and degradation.
Each of these processes contributes to the overall rate and efficiency of drug delivery

from the microparticles.*42>27

S-Alg is a natural, biocompatible, and biodegradable biomacromolecule used for
delivering microencapsulated actives.?® It can be combined with hydrophilic polymers
such as chitosan, HPMC, and S-CMC to enhance drug absorption. As a monovalent,
water-soluble polysaccharide, S-Alg forms a gel when exposed to divalent ions like
calcium. In its solid state, alginate shows strong mucoadhesion through hydrogen

bonding, hydration, and polymer gelation.®3°

Dispersible vaginal tablets are compact, unit systems designed for vaginal insertion,
aiming to deliver active ingredients immediately or over a sustained period. They
offer several advantages over traditional vaginal forms, including more precise
dosing, better stability, and lower production costs. These tablets can be customized
for sustained or controlled drug delivery by including mucoadhesive polymers like S-

Alg, HPMC, chitosan, S-CMC, and a few more as key primary components.

These polymers bind to the vaginal surface through specific functional groups present
in both the polymers and biological tissues. This interaction aids the formulation in

adhering to the vaginal mucosa while facilitating drug release. This adherence is

KLE College of Pharmacy, Bengaluru 8



INTRODUCTION

crucial for the tablet's effectiveness. When these polymers gel upon contact with
moisture, they can further regulate drug release by allowing the drug to diffuse
through the gel layer. DTs that use multi-particulate systems are favored over single-
unit forms because they provide more consistent retention within the vaginal mucosa
(Figure 1). Consequently, the risk of failure for these specialized tablets is

minimal. 152231

Disintegrate Mucoadhesive
into Vaginal Fluid  Microparticles

(/ (/ Vaginal : ; 3 l, \1, Drug clea_rar:)ce
Insertion 1 e | Pote? rai T S Sy
| / e T vaginal
l %) secretion
C 7@ 3
| Vaginal
Mucoadhesive Vaginal L Epithelium
Vaginal Tablets Tract CeII

Intracellular Transport of Drug

Figure 1: The bio-distribution of TDF administered via DT embedded with bio-

adhesive microparticles.

Pessaries are excellent intra-vaginal forms capable of accommodating materials with
varying polarities. TDF, with its extended half-life and low 1Cso, shows promise as a
microbicide for prophylactic pessaries. S-Alg was chosen as the bio-adhesive polymer
for microsphere fabrication. Cocoa butter is specifically selected as the base material
for the pessaries to prevent the water-soluble TDF from dissipating into the base.
Unlike traditional single-unit intra-vaginal forms, these innovative microsphere-laden
pessaries are less likely to be expelled. They melt to release the drug-loaded bio-
adhesive microspheres, which are then retained on the vaginal mucosa, ensuring

controlled drug release (Figure 2).%2
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Figure 2: The bio-distribution of TDF administered via pessaries embedded with
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KLE College of Pharmacy, Bengaluru

10



INTRODUCTION

1.2. Literature Review

Xu et al., (2023) reported that drug resistance due to continuous viral mutation, poor
adherence to long-term regimens, problems targeting difficult viral components, and
latent reservoirs complicate the discovery of effective anti-HIV drugs. However,
advances such as long-acting regimens, structured drug design, high-quality
compound libraries, new strategies such as covalent inhibitors and PROTACSs, and
cutting-edge technologies such as gene editing and CAR-T therapy are accelerating

the development of new HIV drugs.®

Gatto et al., (2022) reported that administering AntiRVs for HIV PrEP is very
effective and may be enhanced by new long-acting drug delivery methods. The study
describes a subcutaneous reservoir implant for the delivery of tenofovir alafenamide
(TAF) and evaluates its clinical safety in New Zealand white rabbits (3 groups of 5),
beagles (2 groups of 6), and rhesus-macaques and evaluates the pharmacokinetics in
details. Macaque monkeys (2 groups of 3 animals). Placebo implants were used in
rabbits (n=10) and dogs (n=12). Parameters such as TAF morphology, choice of
excipients, and PCL formulation are important for determining the activity of
tenofovir diphosphate (TFV-DP), an active TAF anabolic, in peripheral blood
mononuclear cells (PBMCs) and mucosal tissues associated with HIV infection.
Achieving the target concentration of stable TFV-DP concentrations >100 fmol/10°
cells was observed in PBMCs in all animal species, indicating effective delivery of
TAF for 3-6 months. However, unlike placebo implants, all active implants cause
local adverse events (AEs) such as skin inflammation and necrosis. Despite these
AEs, the implant maintained the drug release profile, supporting further development

of this drug delivery platform.3*
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Paredes et al., (2022) developed a novel formulation for administering AntiRV drugs
using microneedle array patches (MAPs), which offer a user-friendly option for
painlessly self-applied to the skin and deliver drugs systemically. Implantable MAPs
loaded with TAF have been developed to release the drug into the body. These MAPs
were strong enough to pierce full-thickness pig skin to create drug stores. In-vitro
drug release (IVDR) experiments showed rapid drug delivery, while Franz cell
experiments showed that dissolved and implantable MAP deposited 47.87 + 16.33 g
and 1208.04 £ 417.9 ng of TAF into the skin within 24 h. Pharmacokinetic studies in
rats demonstrated rapid conversion of TAF to tenofovir with subsequent rapid
elimination from plasma. These MAPs could serve as an alternative to existing oral

HIV treatment.®®

Sankaraiah et al., (2022) formulated a bi-layer tablet has been developed as a
multidrug regimen to treat HIV infections, combining the effects of Brand
SUSTIVA® (efavirenz600 mg), EPIVER® (lamivudine300 mg), and VIREAD®
(tenofovir disoproxil300 mg). The tablet consists of two layers: layer-1 with efavirenz,
created using a wet granulation process, and layer-11 with lamivudine and TDF,
developed by rolling. Both layers were then compressed and coated with a film.
Different concentrations of diluents, surfactants and disintegrants were used to
enhance the solubility of efavirenz and improve the fluidity and uniformity of layer 1.
The optimal formulation was tested for in-vitro dissolution against each branded drug.
A three-drug mixture under 50°C/75% RH conditions was found to increase tenofovir
impurities and decrease the tenofovir assay in the presence of efavirenz. Sodium
lauryl sulfate was critical for increasing the solubility of efavirenz and influencing

drug dissolution. Microcrystalline and croscarmellose sodium affected tenofovir
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dissolution and friability, while powdered cellulose improved lamivudine layer
uniformity and dissolution. P-XRD confirmed no polymorphic changes and no
interactions between the three active substances. The optimized formulation provided
consistent VDR comparable to each branded drug, proving robust and scalable for
further development.3®

Sneller et al., (2022) investigated developing effective alternatives using long-acting
antivirals to combat viral replication. A two-part clinical trial reported the results of
passive transfer of two HIV-specific broadly neutralizing monoclonal antibodies,
3BNC117 and 10-1074. Part I, a double-blind, placebo-controlled study, included
participants who started AntiRV therapy during acute/early HIV infection. The
second open-label study included patients with controlled viremia receiving AntiRV
therapy for the first time. Up to eight infusions of 3BBNC117 and 1074-10 over 24
weeks were well tolerated, with no serious infusion-related adverse events. Compared
with placebo, the antibody combination maintained complete suppression of plasma
viremia after discontinuation of treatment (up to 43 weeks), unless antibody-resistant
HIV was present at baseline. Similarly, strong HIV suppression was observed in
viremic participants with susceptible virus. These data suggest that combination
therapy with a neutralizing monoclonal antibody can achieve long-term viral
suppression without AntiRV therapy and suggest future trials with long-acting
antibodies.*’

Cobb et al., (2021) developed nanocrystals by transforming tenofovir (TFV) by
converting it to blue prodrug nanocrystals (NM1TFV and NM2TFV) formed with
long-acting surfactants. In Sprague Dawley rats, an intramuscular injection of
NM1TFV, NM2TFV, or nanoformulated TAF at a dose equivalent to 75 mg/kg TFV

reduced the level of activated TFV-DP by 94%. Effective dose 2 months. NM1TFV,
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NM2TFV, and NTAF induced TFV-DP levels of 11276, 1651, and 397 fmol/g in
rectal tissue, respectively. These findings represent important progress toward long-

acting TFV ProTide.®

Godela et al., (2021) developed and validated a reverse phase high-performance-
liquid chromatography method for the simultaneous estimation of lamivudine,
efavirenz, and TDF in pure and combined tablet formulations. Separation was
efficiently achieved using a Zorbax eclipse XDB-Phenyl column, with a mobile phase
of methanol and buffer (0.1%v/v formic acid in water) in a 73:27v/v ratio at a
flowrate of 1mL/min with isocratic elution, and detection at260nm. Acetonitrile and
equal parts water were used as diluents. Retention times for lamivudine, TDF, and
efavirenz were ~2,4, and 5 minutes, respectively. The method showed linear
responses for lamivudine and TDF (15-45 pg/mL) and for efavirenz (2060 pg/mL).
This method successfully separated the three drugs in both powder and tablet forms,
and was capable of separating degradants produced under stress conditions with high
resolution and sensitivity, indicating its stability-indicating property. The study
suggests that this method could be useful for adoption in the pharmaceutical

industry.®

Thoueille et al., (2021) reviewed that USFDA has approved a long-acting AntiRV
combination of cabotegravir and rilpivirine, which reduces the daily pill burden for
HIV patients to just six intramuscular injections per year. Another promising
development is letravir, a nucleoside reverse transcriptase translocation inhibitor
intended to be formulated as an implant with dosing intervals of 1 year or longer.
Currently, long-acting AntiRV therapies (LA-ARTs) are administered at fixed

standard doses, regardless of patient weight, BMI, or other factors that may affect
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drug disposition. However, this 'one-size-fits-all' approach does not take into account
the significant inter-individual variability in LA-ART pharmacokinetics. Therapeutic
drug monitoring is crucial for precision medicine and can provide clinicians with
valuable information about actual drug exposure, leading to improved patient
management in real-life situations.*°

Lee et al., (2021) conducted a study to assess the pharmacokinetcs and safety of
tenofovir disoproxil phosphate to TDF in healthy male subjects. It was an open-label,
randomized, crossover study involving 37 volunteers. The results showed that
tenofovir disoproxil phosphate (292 mg) was bioequivalent to TDF (300mg), as the
GMR and 90% Cls fell within the bioequivalence range (0.8-1.25). Both forms of
were well-tolerated, demonstrating similar safety profiles.*!

Jhunjhunwala et al., (2021) investigated the development of suppositories
containing combination of TFV and, elvitegravir (EVG) in different suppository
bases. In-vivo pharmacokinetic studies in macaques showed similar drug release
profiles for both bases, with TFV and EVG levels in rectal fluids exceeding levels
associated with high-efficacy against rectal simian-HIV exposure. Based on this, a
lower-dose combination of TAF and EVG was developed and achieved similar rectal-
drug exposures in maecaques.*?

Pashayan et al., (2021) formulated bifunctional suppositories with antifungal and
probiotic properties to treat vulvovaginal candidasis and promoting colonization of
vaginal cavity by beneficial lactobacilli. The suppositories contained freeze-dried
Lactobacillus delbrueckii MH10, known for producing H2O2, along with terconazole.
Adhesion to mucosa and release rates varied among the bases, with Suppocire AP
showing the highest adhesion and longest shelf life. L. delbrueckii MH10 exhibited

strong antagonistic effects against Candida albicans, with more than 90% population
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reduction during joint cultivation. The study concluded that Suppocire AP was the

preferred base to prepare vaginal suppositories.*?

Osmalek et al., (2021) reviewed the potential of drug administration through the
vagina, focusing on current vaginal formulations made of natural or synthetic
polymers with various functions. While the vagina is commonly studied for topically
acting drugs, its anatomical and physiological characteristics also support systemic
drug absorption. The article outlines recent research directions and challenges in

vaginal drug administration.**

Sailaja et al., (2021) reviewed the current HIV-AIDS treatment landscape includes
various antiviral drugs that help manage the condition and improve survival rates.
However, these drugs have limitations such as low bioavailability/permeability, and
shorter half-lives. Higher dosages can lead to toxicity and increased drug resistance,
while lower doses with nanocarriers can target specific areas more effectively.
Nanotechnology-based drug delivery systems have emerged as a promising solution
to overcome these challenges. Nanocarriers like liposomes, dendrimers, nanoparticles,
polymeric micelles, and nanoemulsions can enhance drug delivery to target tissues,
revolutionizing pharmaceutics and pharmacokinetics. Studies suggest that
nanotechnology-based AntiRV drug delivery can improve efficiency and reduce
adverse effects in controlling HIV. Integrating other available HIV drugs into
nanotechnology-based formulations could further enhance drug delivery

effectiveness.*®

Patel et al., (2020) formulated thermosensitive mucoadhesive in-situ vaginal gel of

TDF for HIV pre-exposure prophylaxis, providing effective spreading and coating of
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the vagina for extended effects. The gel, made with poloxamer 407 and carbopol 934,
was prepared using a cold method. Formulation F2 was identified as the most suitable
based on evaluation parameters, demonstrating the desired properties. The
mucoadhesive performance, measured by work of adhesion values, was 0.324 + 0.036
N, indicating strong adhesion to vaginal mucosa. Hen’sEgg Test-Chorioallantoic
Membrane test confirmed the formulation as non-irritating to vaginal mucosa. F2

remained stable throughout the study period.*®

Kim et al., (2020) formulated and evaluated tenofovir disoproxil (TD)-loaded enteric-
microparticles (TDEMs) were developed for enhanced delivery to the duodenum. The
study included dissolution tests with varying pH to simulate conditions in the
gastrointestinal tract. The encapsulation efficiency (EE%) of TD in TDEMs was
found to be >90%, indicating effective loading of the drug. The combination of EL
and EC provided better enteric properties to the TDEMs compared to using either
polymer alone. The optimized TDEM formulation (TD/EL/EC = 0.2//1/1, wiw/w
ratio) exhibited a mean dissolution rate of <10% in 1 h at pH1.2, indicative of enteric
protection. However, at pH 6.5, the microparticles showed rapid and complete
dissolution, with more than 85% of the drug released within 1 hour. This suggests that
TDEMSs could be a promising formulation for targeted delivery of TD to the

duodenum.*’

Rao et al., (2020) formulated microsponges loaded with TDF using quasi emulsion
solvent diffusion with varying proportions of polymers Eudragit RS100 and Ethyl
cellulose. SEM showed that the microsponges were spherical with pores, and their
size decreased with an increase in the drug and polymer ratio, while %EE and

production yield increased with this ratio. Different kinetic models were used for the
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release study, and formulation F8, which showed 90.22% drug release in 15 hours,
was considered the optimized formulation. The IVDR data fitted well with the zero-
order release model, indicating a constant release rate over time. Overall, the study
concluded that microsponge-based TDF gel could be a promising alternative to

traditional therapy for HIV.*8

Fernandes et al., (2020) reviewed and reported HAART effectively suppresses the
HIV replication but does not provide a cure and can lead to various health issues. The
virus can persist in latent reservoirs, increasing the risk of viral rebound.
Immunoengineering, which uses bioengineering to enhance the immune system's
ability to fight HIV, is gaining attention in cure research. Nanoparticle-based
immunoengineering is particularly promising, improving drug delivery and function.
These approaches aim to enhance HAART, reverse latency, develop vaccines, target
viral fusion, improve gene editing, and boost immune-cell mediated reservoir
clearance. While still in preclinical stages, these approaches show great potential for

an HIV cure.”®

Gada et al.,, (2019) investigated the potential of microspheres, loaded with
lamivudine, S-Alg and tamarind mucilage (TM) via the ionic-gelation-technique. The
microspheres (769.22 to 978.56 um) were free-flowing, %EE ranged from 65.28% to
92.33%, and the percentage of drug released after 12h ranged from 85+1.51% to
97+1.44%. In-vitro wash-off studies demonstrated strong mucoadhesivity, with 20%
of the microspheres adhering after 6h. These findings suggest that the formulation
could be effectively prepared, offering a promising method for controlled drug release

and enhanced bioavailability.*®
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1.3. Justification

The current social scenario and decline in moral and human values have led to an
alarming increase in the risk of HIV/AIDS among the young population.® It is crucial
to educate individuals about the consequences of unhealthy lifestyles. As pharmacists
and health professionals, we have a responsibility to protect the younger generation
from the severe consequences and mortality associated with HIV/AIDS. While long-
acting systemic formulations are currently favored for HIV prevention, vaginal inserts

offer an on-demand option for HIV-negative individuals.*

TDF, classified as a NRTI, works by interrupting the reverse transcription process
carried out by the enzyme HIV Reverse Transcriptase, leading to chain termination
during DNA chain extension in the HIV cycle. Despite its effectiveness, TDF has
poor oral bioavailability due to pre-systemic elimination, primarily caused by the
hepatic first-pass effect or p-glycoprotein efflux.!>* The low oral bioavailability of
TDF, especially in the fed state (~25%), is attributed to intestinal degradation and
efflux transport mechanisms. This limitation underscores the importance of

developing a vaginal dosage form for TDF.1%2°

The project aims to address the increasing risk of HIV among the youth by developing
a novel, economically feasible PrEP DT, and pessaries containing bio-adhesive
particulate systems of TDF for vaginal delivery. These formulations aim to overcome
the limitations of conventional dosage forms and provide a viable alternative to oral
and parenteral PrEP. DT containing multi-particulate systems offer advantages over
single-unit vaginal dosage forms, providing more reliable retention time on the

vaginal mucosa. These tablets have several benefits over traditional vaginal dosage
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forms, including more precise dosing, greater stability, and lower manufacturing
costs. Additionally, they are versatile and can be adjusted to achieve
sustained/controlled drug delivery by incorporating mucoadhesive polymers.
Pessaries are well-suited intra-vaginal forms that can accommodate materials with
varying polarities. TDF's longer half-life (12-15h) and lower 1Csp make it an

appealing candidate for developing prophylactic pessaries as a topical microbicide.

The proposed bio-adhesive vaginal inserts are expected to deliver a higher therapeutic
concentration of TDF at the site of transmission, potentially exceeding the ICso for
TDF. As no similar product is currently available in the Indian market, this project has
significant potential to save lives and reduce HIV infections, particularly among
females who account for nearly half of the HIV-infected population and mostly
acquire the infection through sexual intercourse. The project utilizes techniques that
are industrially feasible, easily scalable, and have high translational potential, making

it a promising approach to HIV prevention.
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1.4. Aim and Objectives

Aim:

To formulate and evaluate vaginal drug delivery system of Tenofovir to overcome the

limitations of the conventional dosage forms.

Objectives:

Primary Objective

» To develop bio-adhesive particulate system of Tenofovir and characterize the
same for particle size, bio-adhesion, drug loading, entrapment efficiency and

in-vitro drug release.

Secondary Objectives

» To incorporate the developed particles into suitable dosage forms.

» To carry out in-vitro release studies of Tenofovir from the dosage forms.

» To carry out in-vivo studies of Tenofovir from the dosage forms.
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Chemicals

Drug:

TDF was received as a gift sample from Aurobindo Pharma, Hyderabad, India.

Polymers:

Chitosan was received as a gift sample from the Central Institute of Fisheries
Technology, Kochi, Kerala, India. S-Alg (Protanal LFR 5/60 USP NF; M/G =
30/70%) was received as a gift sample from FMC BioPolymers, USA. HPMC K4M
(Methocel) and HPMC K-100M (Benecel) were received as a gift sample from The

Dow Chemical Company, USA.

Other Chemicals:

Sodium Tripolyphosphate Anhydrous (TPP) (extra pure) was purchased from Sisco
Research Laboratories Pvt. Ltd., Maharashtra, India. Cocoa butter was procured

from SK Organics, Anand, Gujarat, India.

S-CMC, light liquid paraffin (LLP), span 80, calcium chloride (CaCly), acetic acid,
petroleum ether, tween 60, beeswax, potassium hydroxide, sodium chloride, calcium
hydroxide, glycerol, lactic acid, glycerol, glucose, and urea were purchased from S.D.

Fine Chemicals Ltd., India.

All the reagents/chemicals used for the research project were of analytical grade.
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2.1.2. Instruments/Equipments

The list of all the instruments/equipments utilized for the research work is tabulated in

Table 1.

Table 1: List of instruments/equipments.

SI. Name of the Make & Model of the

No. Instrument/Equipment Instrument/Equipment
1 Analytical Balance Shimadzu, BL-220H

2 Centrifuge PR 24, Remi World, Mumbai, India
3 Differential Scanning Calorimeter NETZSCH, STA 449 F5 Jupiter

thermal analyzer, Germany

4 Friabilator Roche Friabilator

5 FTIR Spectrometer Jasco, 460 Plus, Jasco Inc., United
States

6 Hardness Tester Pfizer Hardness Tester

7 Homogeniser T18 digital Ultra Turrax®, IKA®, Ultra

Instruments, Bengaluru, India

8 Magnetic Stirrer Remi Instruments Ltd.

9 Mechanical Stirrer Remi Instruments Ltd.

10 Optical Microscope Labomed, LB-200

11 Particle Size Analyser Malvern Mastersizer -v3.62 (Malvern

Instruments Ltd., UK

12 Powder X-ray Diffractometer Bruker D8 ADVANCE X-ray

Diffractometer, United States

KLE College of Pharmacy, Bengaluru 23




MATERIALS

13 Scanning Electron Microscope TESCAN-VEGA3 LMU
14 Sonicator 2.5L GT-Sonic Ultrasonic bath
sonicator

15 Tablet Rotary Press Model RSB-4, Rimek mini press

16 USP Disintegration Apparatus Electrolab, ED-2L

17 USP IV Flow Through Dissolution Electrolab, Model No. EFT-01

Apparatus

18 UV-VIS Spectrophotometer Shimadzu UV-Vis Spectrophotometer
1900i, Shimadzu Corporation, Japan

19 Vernier Calliper Mitutoyo Corporation, Tokyo, Japan

20 Liquid Chromatography Mass Sciex, API-4000, Shimadzu

Spectroscopy/ Mass Spectroscopy
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2.2. Methods
2.2.1. Authentication of Drug

2.2.1.1. DSC Analysis

The thermal response of TDF was recorded using a DSC thermal analyzer system.
Samples were analyzed at a heating rate of 30°C/10.0K/min over a temperature range

of 20-300°C to enable data acquisition.>1>2
2.2.1.2. Mass Spectroscopy

The drug sample was sent for Liquid Chromatography-Mass Spectroscopy (LC-MS)

studies conducted at Acquity Labs Pvt. Ltd., Bengaluru, Karnataka.>*>*
2.2.1.3. FTIR Spectroscopy

FTIR spectrometry is an appropriate analytical method for characterizing TDF. To
prepare the samples, they were finely grounded using a glass mortar-pestle with
potassium bromide, which helps to reduce IR scattering on the particle surface. The
prepared sample was placed in the sample holder and analyzed using an FTIR
spectrometer within the range of 4000 cm™ to 1000 cm™. This technique allows for
the detailed examination of the chemical bonds present in the sample, aiding in its

identification and characterization.>!
2.2.1.4. UV-VIS Spectrophotometry

Preparation of Simulated Vaginal Fluid of pH 4.5 (SVF): SVF was prepared using
3.51 g/L sodium chloride, 1.40 g/L potassium hydroxide, 0.22 g/L calcium hydroxide,
1.00 g/L acetic acid, 2.00 g/L lactic acid, 0.16 g/L glycerol, 5.00 g/L glucose, and 0.40
g/L urea. The pH of the fluid was adjusted to 4.5 with hydrochloric acid or sodium

hydroxide.>®
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Determination of Amax: A primary stock solution of concentration 1000 pg/mL was
prepared by accurately weighing 10 mg of TDF and dissolving it in 100 mL of SVF. A
secondary stock solution with a concentration 100 pg/mL was prepared from the
primary stock solution. Subsequently, a dilution of 20 pg/mL was made from the
secondary stock solution and scanned in UV-VIS spectrophotometer (UV-S) over the

range of 200-400 nm against SVF (blank).

Preparation of Calibration Curve: Aliquots of 0.5-4.0 mL were taken from the
secondary stock solution to produce concentrations of 5-40 pg/mL. The absorbance of

the resulting solutions was measured at 259 nm against SVF using UV-S.%¢°7

2.2.2. Pre-formulation Studies

2.2.2.1. Solubility Studies

The solubility of TDF was determined in triplicate in 0.1 (N) HCI (pH 1.2), SVF,
distilled water (pH 7.0), and phosphate buffer (pH 7.4). In a glass vial, an excess
amount of drug was added to the predetermined volume of the above solvents and
equilibrated for 24-48 h at room temperature with intermittent shaking. The resultant
dispersion was subjected to cold centrifugation at 3000 rpm (10 mins) at 25°C. The
solubility of TDF was determined spectrophotometrically at 259 nm following

suitable dilutions.®®
2.2.2.2. Drug-Excipient Compatibility Studies

FTIR spectroscopy is frequently used to analyze potential chemical interactions
between drugs and polymers intended for formulation. This technique is valuable for
screening and selecting appropriate polymers for formulation development. To

minimize IR scattering on the particle surface, the samples were prepared by
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uniformly mixing with potassium bromide. The resulting mixture was loaded into the
diffuse reflectance sample holder and analyzed using an FTIR spectrometer. The
analysis was conducted within the wavelength range of 4000 cm™ to 1000 cm™, with

a scanning speed of 2 mm/sec.>!°2>9

2.2.3. Preparation of TDF Loaded Chitosan Microparticles (T-CM)

The emulsification-internal-gelation technique was adopted to develop TDF-loaded

microparticles with chitosan as the bio-adhesive polymer as represented in Figure 3.

05 oY
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[ microparticles

Homogenization
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Figure 3: Development of T-CM.
Specified amounts of TDF and chitosan, at various concentrations, were dissolved in
2% vlv acetic acid to achieve a homogeneous solution.®*6! Approximately 20 ml of
this solution was then added to 60 ml of light liquid paraffin (LLP) containing 1.5%
v/v Span 80, which served as the continuous phase.*® By introducing the dispersed
phase into the continuous phase while maintaining a constant mechanical stirring at
500 rpm, a water-in-oil (w/0) emulsion was formed and subsequently homogenized at
5000 rpm for 15 mins. Continuous stirring was maintained as sodium
tripolyphosphate (TPP) solution was added, resulting in the formation of rigid,
discrete microparticles. These microparticles were

then separated through
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centrifugation at 4000 x g for 30 mins, washed multiple times with petroleum ether to
remove any traces of oil adhering to the microparticles and dried at room
temperature.*®®* The compositions of different batches of T-CM are indicated in

Table 2.

Table 2: Composition of T-CM.

Formulation Code (FC) Drug (%w/v) Chitosan (Y%ow/v) TPP (Yow/v)

EC-1 1.0 1.0 5.0
EC-2 1.0 2.0 5.0
EC-3 1.0 3.0 5.0
EC-4 1.0 4.0 5.0
ECH-1 1.0 1.0 10.0
ECH-2 1.0 2.0 10.0
ECH-3 1.0 3.0 10.0
ECH-4 1.0 4.0 10.0

2.2.4. Evaluation of T-CM

2.2.4.1. Practical Yield and Drug Entrapment Efficiency

The practical yield (%yield) of each batch of T-CM was calculated from the
proportions of the total raw materials used in the formulation of T-CM, using equation
(1) to evaluate the mass balance. To determine the percentage encapsulation efficiency

(%EE) of TDF, an accurately weighed quantity of T-CM were pulverized and digested
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in 5 mL of SVF in a screw-cap vial on a bath sonicator to extract the entrapped TDF.
The resulting dispersion was centrifuged at 10,000 x g for 5 mins.>® The amount of
TDF in the supernatant was assayed using a UV-S at 259nm, following appropriate
dilution. The %EE was determined in triplicate for all batches using equations (2), (3),

and (4).61-63

Weight of microparticles

o . ; _
% Practical Yield = Weight of drug+ Weight of polymers 100 ..()
% Theoretical Drug Loading (DL) =

Weight of drug taken X 100 (2)

Weight of drug taken + Weight of polymers taken

Weight of drug loaded into microparticles
Weight of microparticles

% Practical Drug Loading (DL) = X100 ..(3)

% EE = % Practical DL X 100 (4)

% Theoretical DL

2.2.4.2. Surface Morphology

The surface morphology and topography of the T-CM were analyzed using SEM. The
microparticles were mounted on an SEM sample holder with adhesive tape and then
coated with a thin layer of gold (~200 nm) via ion sputtering at reduced pressure for 5
mins. This gold coating helps to enhance the resolution and contrast of the SEM
images by increasing the conductivity of the microparticles. The gold-coated samples

were then scanned to capture photomicrographs at appropriate magnifications.54
2.2.4.3. Particle Size Analysis

The DLSA technique was employed to determine the size of the microparticles by
Malvern Mastersizer. The microparticles were dispersed in propanol and subjected to

sonication with a 600W probe for 10 mins before measurement in order to

KLE College of Pharmacy, Bengaluru 29



METHODS

deaggregate the microparticles to enable clear detection. The volume-surface mean

diameter was calculated using equation (5).51:66-68

3
Volume — Surface Mean Diameter (d,s) = % ..(5)

where, n is the number of particles in each size range, and d is the mean of size range

in um.
2.2.4.4. FTIR Spectroscopic Analysis

FTIR spectrometry is an appropriate and effective analytical technique for
characterizing TDF, polymer, physical mixture, and formulations. The samples were
prepared by finely grinding them with potassium bromide in a glass mortar and pestle
to minimize IR scattering on the particle surface. The prepared sample was placed in
the sample holder and observed in the FTIR spectrometer in the range of 4000 cm™ —

1000 cm2,51:52:59
2.2.4.5. DSC Analysis

DSC has been an extensively used calorimetric technique to characterize the solid
state of the drug-in-polymer. The thermal response of TDF, polymer, physical
mixture, and formulation was recorded using a DSC thermal analyzer system.
Samples were analyzed at a heating rate of 30°C/10.0 K/min over a temperature range

of 20 — 300 °C to enable data acquisition.>259
2.2.4.6. P-XRD Analysis

P-XRD techniques are widely used to characterize the solid state of drugs-in-
polymers. The diffraction studies of TDF, polymer, physical mixture, and formulation

were conducted using a P-XRD. The operating conditions included a 2.2 kW X-ray
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source with a Cu anode and a fine focus ceramic X-ray tube, operating at 40 kV and
40 mA, with a power of 1.6 kW. Data were recorded between 5° and 40° 20 values
and collected using a LYNXEYE high-speed SSD160-2 detector with a 500 pm

sensor.>170

2.2.4.7. In-vitro Drug Release

The in-vitro dissolution studies of T-CM were conducted in triplicate for all batches
using a USP 1V flow-through-cell dissolution apparatus as represented in Figure 4.
Approximately 150 mg of T-CM were confined in the sample holder. Glass beads
were loaded into the flow-through cell to ensure a laminar flow of the media (SVF),
maintained at 37+0.5°C. A flow rate of 16 mL/min was maintained in a closed-loop
system to facilitate the disaggregation of the particles, enhancing dissolution. TDF has
good aqueous solubility, allowing the 900 mL of media to easily maintain sink
conditions. Thus, the study was conducted in a closed-loop configuration, which
indicated recirculation of the fixed volume of media similar to USP Apparatus | and
1.1 Aliquots were withdrawn at predetermined intervals up to 24 hours and

analyzed spectrophotometrically at 259 nm to measure the released TDF.

Figure 4: USP (Type 1V) flow through cell dissolution apparatus.
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The obtained VDR data were fitted to four different kinetic mathematical model-
dependent methods — zero order, first order, Higuchi and Korsmeyer-Peppas release

equations as presented in Table 3.746461

Table 3: Mathematical models used to describe VDR curves.

Model Equation
Zero Order t = Qo + Kot
First Order Log Qt = Log Qo + Kt
Higuchi Model Q=K * 1t

Korsmeyer-Peppas F=(QJ/Q) = Kk * t"

where, t = Time in hours, Qo = Initial amount of drug, Q: = Cumulative amount of
drug release at time (t), Ko, K1, Kn, Kk = Zero order, First order, Higuchi and
Korsmeyer-Peppas release constant respectively, F = Fraction of drug released at time
(t), Qt = Amount of drug released at time (t), Q = Total amount of drug in dosage
form, n = Diffusion or release exponent which explains different mechanisms of drug

transport from polymeric drug delivery systems.

2.2.4.8. Ex-vivo Mucoadhesion Study

The mucoadhesive properties of T-CM were evaluated using a modified USP
disintegration apparatus. A freshly excised piece of rabbit vagina (5x1 cm) was used
as a substrate and mounted on a glass slide with glue. Approximately 200
microparticles were uniformly sprinkled over the substrate, and the glass slide was
suspended on the arm of the disintegration apparatus with appropriate support. When
the disintegration apparatus was operated, the tissue specimen underwent a slow,

regular up and down movement in SVF, maintained at 37 + 0.5 °C for a duration of
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24 h. At predetermined time intervals, the apparatus was stopped and the number of
particles adhering to the mucosal tissue were counted using a microscope in triplicates

and percentage mucoadhesion was calculated using equation (6).64"

No.of microparticles adhered

% Mucoadhesion = X 100 ..(6)

Initial no.of microparticles
2.2.5. Preparation of Vaginal Tablets

The optimized T-CM formulation ECH-4 was incorporated into DT (DT-T-CM) using
the conventional direct compression technique. T-CM (ECH-4), containing 15 mg of
TDF, was geometrically dry Dblended with croscarmellose  sodium,
polyvinylpyrrolidone K-30, and microcrystalline cellulose (pH 102) in varying ratios,
then passed through a 120 pum sieve. The sieved blend was lubricated with magnesium
stearate and talc for a few mins. The lubricated blend was compressed into flat-faced
bevel-edge tablets, each weighing 300 mg, on a rotary tablet press using tablet B
tooling of 8.75 mm diameter. The batch size for each tablet composition was 30
tablets. Three different batches of DT containing ECH-4 (coded as F1-F3) and one
batch of DT containing TDF (coded as F4) were produced by varying the blend

composition as tabulated in Table 4.7

Table 4: Composition of vaginal tablets.

Quantity (mg)
Ingredients
F1 F2 F3 F4
TDF - - - 15
ECH-4 150 150 150 -
Avicel (pH 102) 120 120 120 75
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Polyvinyl pyrrolidine K-30 9 12 15 5
Croscarmellose sodium 15 12 9 3
Magnesium stearate 3 3 3 1
Talc 3 3 3 1
Weight of each tablet 300 mg 100 mg

*150 ECH-4 contains 15 mg of TDF

2.2.6. Evaluation of Vaginal Tablets

2.2.6.1. Physical Characterization of Vaginal Tablets

The prepared materials were evaluated for quality control tests like organoleptic

properties, tablet thickness and diameter, weight variation, hardness, friability, and

content uniformity tests following the official procedures.’®

Organoleptic properties: The tablets were inspected visually for shape and
color.

Weight variation: Twenty tablets were randomly selected and weighed
individually. The average weight and percentage deviation from the average
weight were calculated.

Tablet thickness and diameter: Uniformity in tablet thickness and diameter
of tablets ensures uniformity of tablet size which is essential during packaging.
Ten tablets were examined for their thickness and diameter using a vernier
caliper and the mean thickness and diameter value along with SD were
calculated.

Hardness: The resistance of a tablet to shipping or breakage, conditions of

storage, transportation, and handling, before usage, depends on its hardness.
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Vi.

Vii.

Ten tablets were randomly selected and the hardness of each tablet was
measured using Pfizer hardness tester.

Friability: Friability is a measure of tablet strength. Twenty-two tablets were
accurately weighed and placed in the Roche friability chamber, which
revolves at 25 rpm for 4 mins, dropping the tablets through a distance of 6
inches with each resolution. After 100 revolutions, the tablets were reweighed,

and the percentage loss in tablet weight was determined following equation

(7).

Initial weight of tablets—Final weight of tablets
Initial weight of tablets

% Friability = X100 ..(7)

Content uniformity: The TDF content in ten randomly selected tablets from
each batch was determined spectrophotometrically at 259nm.

In-vitro disintegration test: Disintegration time (DT) for six DT was
determined using the disintegration test apparatus in SVF maintained at
37£0.5 °C. The time point at which the tablets completely disintegrated was

recorded as the disintegration time.

2.2.6.2. In-vitro Dissolution Study

The IVDR of TDF from the DT-T-CM tablets for all batches was performed in

triplicate using a USP IV flow-through cell dissolution apparatus. The USP apparatus

IV addresses various issues encountered with USP Apparatus 1 and 2, such as tablet

sticking, floating, coning, dead zones, and problems related to sampling and sample

introduction effects. By using USP apparatus IV, these challenges are likely to be

eliminated, ensuring more accurate and reliable dissolution testing. The study was

conducted using a closed-loop flow-through method in SVF, maintained at 37 £0.5 °C

KLE College of Pharmacy, Bengaluru 35



METHODS

for 24 h. The tablet was placed in the sample holder in such a way that the medium
flow was always perpendicular to the disintegrated particles of the tablet. A flow rate
of 16mL/min was maintained throughout the 24 h period. Aliquots were withdrawn at
predetermined time intervals, filtered, and analyzed by UV-S at 259 nm to measure

the released TDF."173

A model-dependent method was followed to compare the dissolution profile of TDF
tablets and T-CM tablets by determining the difference factor (f1) and similarity factor

(f2) using equations (8) and (9).

Dif ference Factor (f;) = ISTG ST .(8)

n
t=1Re

Similarity Factor (f,) = 50 X log{ J |1+ 250, R - T)?| X 100} .(9)

where, ‘n’ is the number of dissolution time points; R; is the dissolution value of the
reference drug product at time t; and T is the dissolution value of the test drug
product at time t.

In the range of 0-100, the dissolution profile of the test sample is considered to be

identical to that of the reference sample if f> ranges from 50<100 and f1 ranges from

0<15.798

The obtained IVDR data from DT-T-CM were subjected to fitting to four different
kinetic mathematical model-dependent methods — zero order, first order, Higuchi and

Korsmeyer-Peppas release equations as presented in Table 2.80.7481
2.2.6.3. In-vivo Study

The bio-distribution of TDF in the vagina was assessed by comparing intra-vaginal

TDF concentrations, vaginal tissue concentrations, and histopathology results between
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the formulated DT-T-CM for vaginal delivery and an oral marketed formulation in
rabbits. Detailed methodology and results are provided in sections 2.2.11 and 3.1.11,

respectively.
2.2.7. Preparation of TDF Loaded S-Alg Microspheres (T-AM)

The emulsification-internal-gelation technique, as illustrated in Figure 5, was used to
prepare T-AM using S-Alg as a bio-adhesive polymer alone and in combination with

various polymers (Table 5).82

A homogeneous aqueous dispersion (2% wi/v) of TDF and polymers was added to the
continuous phase, which consisted of 60 mL of LLP and 1.5% v/v Span 80 while
maintaining constant mechanical stirring at 500 rpm.% The resulting homogeneous

water-in-oil emulsion was then homogenized at 5000 rpm for 15 mins.

[s;um s-cMmc! ==

#st HPMC K4/ Ll
TOF 3 _ HPMC K100M A e

[—j Distilled
. Water

Dispersed Phase (DP)

Centrifugation
(4000 rpm, 30 mins)
and
Oil Decantation

Air drying at room 3

+ R i i temperature
3 S =
Li%m Lfifquid fspan 80 . = u » &
araffin l | = 2
37 — &= & s | TDF loaded S-Alg
(<R DP+CP bioadhesive
=) @ microspheres

|
4 Mechanical Stirring
(500 rpm)

Homogenization
(5000 rpm, 15 mins)

Continuous Phase (CP)

Figure 5: Preparation of T-AM.
While stirring continuously, a 10% w/v calcium chloride (CaClz) solution was added
to form rigid, discrete particles.®* The microspheres obtained were separated by
centrifugation at 4000 x g for 30 mins, washed several times with petroleum ether to

remove any residual oil remnants, and air-dried at room temperature.5263
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Table 5: Formulation of different batches of T-AM.

HPMC HPMC
Drug Na-Alg Na-CMC CaCl:
FC K4M K100M
(Yowl/v) (Yowl/v) (Yowlv) (Yowl/v)
(Yowl/v) (Yowl/v)
EH-1 1.0 2.0 - - - 10.0
EH-2 1.0 1.0 1.0 - - 10.0
EH-3 1.0 1.0 - 1.0 - 10.0
EH-4 1.0 1.0 - - 1.0 10.0
EH-5 1.0 4.0 - - - 10.0
EH-6 1.0 2.0 2.0 - - 10.0
EH-7 1.0 2.0 - 2.0 - 10.0
EH-8 1.0 2.0 - - 2.0 10.0
EH-9 1.0 9.0 - - - 10.0
EH-10 1.0 4.5 4.5 - - 10.0
EH-11 1.0 4.5 - 4.5 - 10.0
EH-12 1.0 4.5 - - 4.5 10.0

2.2.8. Evaluation of T-AM

2.2.8.1. Practical Yield and Drug Entrapment Efficiency

The procedure for determining % yield and %EE of T-AM was conducted according

to the methodology outlined in section 2.2.4.1.

2.2.8.2. Surface Morphology

The procedure for investigating the surface morphology of T-AM was conducted

according to the methodology outlined in section 2.2.4.2.
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2.2.8.3. Particle Size Analysis

The procedure for determining the particle size of T-AM was conducted according to

the methodology outlined in section 2.2.4.3.
2.2.8.4. FTIR Spectroscopic Analysis

The procedure for characterizing the drug, polymers, physical mixture, and optimized
formulation (T-AM) was conducted according to the methodology outlined in section

2.2.4.4,
2.2.8.5. DSC Analysis

The procedure to analyze the thermal behaviour of drug, polymers, physical mixture,
and optimized formulation (T-AM) was conducted according to the methodology
outlined in section 2.2.4.5. The degree of crystallinity (X¢) of T-AM was also

calculated using equation (10).%°

AHp,

X = (1-w)x 4HY,

x 100 ..(10)

Where, AHn is the measured heat of fusion, AH%, is the heat of fusion of 100%

crystalline sample, and ‘w’ is the weight fraction of TDF in the polymer matrix.
2.2.8.6. P-XRD Analysis

The procedure to characterize the solid state of the drug and obtain diffraction patterns
of the drug, polymers, physical mixture, and optimized formulation (T-AM) was
conducted according to the methodology outlined in section 2.2.4.6. The relative
degree of crystallinity (RDC) was determined by comparing some representative peak
heights in the diffraction patterns of the formulation with those of the drug, using

equation (11).8¢
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RDC = —samvle  (11)

Ireference

where, lsample IS the characteristic peak height of the optimized formulation and Ireference
is the characteristic peak height at the same angle for the drug with the highest

intensity.
2.2.8.7. In-vitro Drug Release

The IVDR studies of various batches of T-AM were conducted according to the

methodology outlined in section 2.2.4.7.
2.2.8.8. Ex-vivo Mucoadhesion Studies

The ex-vivo mucoadhesion studies of the optimized microspheres were conducted

according to the methodology outlined in section 2.2.4.8.
2.2.9. Preparation of Pessaries

The optimized T-AM formulation was incorporated into pessaries using the
conventional fusion molding technique with pessary molds, as represented in Figure
6. Drug-loaded pessaries were prepared using cocoa butter, beeswax, and Tween 60

according to the formula in Table 6.

+

T-AM Cocoa Quﬁer Base
(Excipients)
| J

Mixing and
Heating

= Pounng of e »© O Cooling
WATER BATH E—
g molten mass ‘ U E
Hot Water Bath Pessary Mold Pessaries loaded with T-AM

Figure 6: Preparation of T-AM loaded pessaries.

KLE College of Pharmacy, Bengaluru 40



METHODS

Cocoa butter served as the pessary base and was melted in a porcelain dish on a
heated water bath at approximately 40°C. Beeswax, Tween 60, and T-AM were added
to the melt in small portions to prevent the formation of aggregates. The base-
microsphere mixture was thoroughly dispersed, and once uniformity was achieved,
the molten mass was poured into previously calibrated stainless steel pessary molds
(0.9-1.0 g). The pessaries were allowed to cool in a refrigerator maintained at 2-8°C

until they were completely solidified.8":8

Table 6: Composition of pessaries.

Quantity (%)
Ingredients
F1 F2 F3
Drug (T-AM EH-8) 17 17 17
Cocoa Butter 65 62 60
Beeswax 10 15 17
Tween 60 8 6 6

2.2.10. Evaluation of Pessaries

2.2.10.1. Physical Characterization of Pessaries

The formulated pessaries of each batch were subjected to quality control checks

following the official procedures as mentioned in the Indian pharmacopoeia 2018

(IP).

i.  Organoleptic Properties: Ten randomly selected pessaries from each batch
were visually inspected to examine the color and surface texture of the

pessaries for possible cracks/pits potentially caused by air entrapment.
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ii.  Weight uniformity: Twenty pessaries from each batch were randomly
selected and weighed individually in an analytical balance. The average
weight and percentage deviation from the average weight were calculated to
assess the weight uniformity.°

ili.  Melting point: The melting points of three batches of pessaries were
determined using the ascending melting point method. In this method,
capillary tubes, measuring 10 cm in length were sealed at one end and were
filled with the pessary formulation to a height of ~1 cm. This filling procedure
was carried out while the capillaries were in an ice bath to prevent the pessary
from melting during handling. Subsequently, these tubes were immersed in an
electro-thermal thermometer with heat gradually increasing, and the
temperature at which the pessaries melted was noted.

iv.  Content uniformity: Ten pessaries were randomly selected from each batch
and tested for content uniformity. Each pessary was allowed to melt in SVF
maintained at 40°C and sonicated to extract the drug. The drug content was
quantified spectrophotometrically on suitable dilution at 259 nm.8%-%

v. In-vitro disintegration time: DT of six pessaries from each batch was
determined using the disintegration tester apparatus in SVF (500 mL)
maintained at 37 + 0.5°C. The time point at which the fat-soluble-based

pessaries melted to release the constituent T-AM was recorded as the DT.8°

2.2.10.2. In-vitro Dissolution Study

The IVDR of TDF from pessaries was evaluated over a 12 h period following the

methodology detailed in section 2.2.6.2.7%
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2.2.10.3. In-vivo Studies

The bio-distribution of TDF in the vagina was assessed by comparing intra-vaginal
TDF concentrations, vaginal tissue concentrations, and histopathology results between
the formulated pessaries for vaginal delivery and an oral marketed formulation in
rabbits. Detailed methodology and results are provided in sections 2.2.11 and 3.1.11,

respectively.

2.2.11. In-vivo Studies

Experimental Design: The in-vivo experimental protocol was approved by the
Institutional Animal Ethical Committee (N0.05/HNSK/2021) and conducted at KLE
College of Pharmacy, Bengaluru. For the animal studies, a total of three treatment
groups with six animals in each group were assigned. Twenty-four female adult New
Zealand rabbits, aged 10-12 months and weighing 2.0+0.2kg, were selected as the in-

vivo model for the pharmacokinetic studies and grouped as detailed in Table 7.

Table 7: Experimental design of in-vivo study.

Group No. Treatment Group No. of Animals
G-I Normal Control (NT) 6
G-Il Treated with Marketed TDF Oral Tablet (MT) 6
G-Il Treated with TDF Vaginal Tablets (TT) 6
G-IV Treated with TDF Vaginal Pessary (PT) 6

Pharmacokinetic Studies: To commence the studies, the rabbits were anesthetized
with Isoflurane (0.1-0.2 mL/kg) before drug administration.®® Animals in G-I were
treated with an intra-vaginal dispersion of 1 mL of placebo microspheres, serving as

the control. A dose of 7.5mg/kg body weight was orally administered to animals in G-
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I1, while those in G-11l and G-1V were treated intra-vaginally with formulated DT and
pessaries, respectively with the help of a catheter as demonstrated in Figure 7. Vaginal
secretions/fluids, measuring 4-5 mL, were withdrawn at predetermined time intervals
of 1, 2, 4, 6, 12, and 24 h using a catheter and syringe following the flush technique,
in addition to the sample drawn at time zero, which served as the baseline value.%*%
The samples were then subjected to cold centrifugation (10,000 rpm, 10 mins) and

analyzed chromatographically using Liquid Chromatography-Mass

Spectroscopy/Mass Spectroscopy (LC-MS/MS).%:9%.13

Figure 7: In-vivo studies in rabbit model.
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Analytical Method: The extraction solution was prepared by combining 200 mL of
acetonitrile, 200 pL of 100% formic acid, and 40 puL of Verapamil used as an
internal standard (IS) (250 pug/mL), followed by vortexing for 2 mins. The standard
stock solution was prepared with 1 mg of TDF standard and 1 mL of methanol to
achieve a concentration of 1 mg/mL. The working solutions for the calibration curve
were in the concentration range of 12.5-20,000 ng/mL. In the processing method,
22.5 pL of VF was taken and placed in a centrifuge tube. Subsequently, 2.5 pL of
calibrant or QC working solutions and 1 mL of internal standard extraction solutions
were added to the labeled tubes. After vigorous vortexing for 10 mins at 1200 rpm,
the samples were centrifuged for 15 mins at 15,000 rpm. Finally, 100 pL of the

resulting supernatant was collected and subjected to analysis using LC-MS/MS.

The pharmacokinetic parameters, including the maximum VF concentration (Cmax)
and the time to reach the maximum VF concentration (Tmax), as well as the area
under the curve (AUC) of TDF concentration in the VF as a function of time, were
computed for all the groups from the plot of VVF concentration versus time profiles.

These parameters were calculated using the pkSolver software.

Tissue Concentration Studies: Following the 24 h study period, the animals were
euthanized using an overdose of Isoflurane, and vaginal tissue samples were
collected from each rabbit. The cranial and caudal parts of the vagina were separated
and placed into cryovials. The tissues were rapidly frozen and stored at -80°C until
further analysis for tissue concentration studies, which were conducted following the

procedure reported by Clark et al., 2012.%°

Histopathology: The tissues intended for histopathology studies were preserved in

formalin. They were then stained with hematoxylin and eosin and examined
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microscopically to evaluate the overall morphological state of the cervicovaginal
mucosa. A scoring system, as outlined by Clark et al., 2012, was utilized to evaluate

cervicovaginal tissue damage.’"%
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3. DATA ANALYSIS PLAN

3.1. Statistical Analysis for Evaluation of Formulations

All formulation studies were performed in triplicate, and the mean values were
presented along with their standard deviations (mean + SD). Microsoft Excel® was
used for calibration and dissolution studies, while FTIR, DSC, and P-XRD graphs

were analyzed with Origin85® software.
3.2. Statistical Analysis for Evaluation of In-vivo Studies

Pharmacokinetic parameters were estimated by applying the pkSolver® software. The
results from in-vivo studies were statistically compared to determine the level of
significance using GraphPad Prism 5.0® (GraphPad Inc., CA, USA), and the mean
values were reported with their standard deviations. A paired t-test (two-tailed) was
used to compare different groups, with a P-value of <0.05 considered statistically

significant.
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4. RESULTS

4.1. Authentication of Drug

4.1.1. Melting Point

The DSC curve of TDF is represented in Figure 8.

2
%1
1204c Y| |
108.89°C |
4.0540ig
s |
2 |
3 = J
> 1
3 |
3
* |
115.15°C
1 71.41J1g
|
4
116.74°C
6 - T - T T T T
20 40 60 80 100 120 140 160 180 200
Exo Up Temperature (°C) Universal V4.5A TA Instruments

Figure 8: DSC curve of TDF.

4.1.2. Mass Spectroscopy

The LC-MS spectrum of TDF in positive mode is represented in Figure 9.
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Figure 9: LC-MS spectrum of TDF in positive mode.
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4.1.3. FTIR Spectroscopy

The FTIR spectrum of TDF is presented in Figure 10 and its corresponding

interpretation for the identification of functional groups and bonds is given in Table
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Figure 10: FTIR spectrum of TDF.

Table 8: Interpretation of FTIR spectrum of TDF.

Wavenumber (cm™) Functional Group
3219.58 —N-H stretching/ —OH stretching
3049.87 Aromatic —CH stretching
2985.27 Aliphatic —CH stretching
2938.98 Aliphatic —CH stretching
1760.69 —C=0 stretching
1678.73 —C=0 stretching
1619.91 —C=C- stretching
1506.13 —NH: scissoring band
1421.28 Aromatic —C-C stretching
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1267.97 —P=0 stretching

1186.97 Aliphatic —CN stretching

4.1.4. UV-VIS Spectrophotometry

The absorbance maxima of TDF is represented in Figure 11. The calibration curve of
TDF in SVF is tabulated in Table 9 and depicted in Figure 12.

Figure 11: UV spectrum of TDF.

Table 9: Calibration of TDF in SVF.

Concentration (pug/mL) Absorbance at 259 nm

0 0

5) 0.127 +£0.007
10 0.236 £ 0.011
15 0.348 =+ 0.004
20 0.468 = 0.006
25 0.574 £ 0.011
30 0.696 = 0.011
35 0.827 £0.014
40 0.924 +£0.012

*Data shows mean = SD (n=3)
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Absorbance at 259 nm
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Figure 12: Calibration curve of TDF in SVF.

4.2. Pre-formulation Studies

4.2.1. Solubility Studies

The solubility profile of TDF in various mediums of varying pH is represented in

Figure 13.

Solubility (mg/mL)
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Figure 13: Solubility profile of TDF in various mediums of varying pH.
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4.2.2. Drug-Excipient Compatibility Studies

The FTIR spectra of TDF along with various polymers is represented in Figure 14,
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Figure 14: FTIR spectra of TDF along with (A) chitosan, (B) S-Alg, (C) S-CMC,

(D) HPMC K4M and (E) HPMC K100M.
4.3. Preparation of T-CM

The formulated T-CM is represented in Figure 15.

Figure 15: T-CM.
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4.4. Evaluation of T-CM

4.4.1. Practical Yield and Drug Entrapment Efficiency

The %yield of T-CM increased from 30.50 + 5.32% to 61.23 £+ 2.61% for EC-1to EC-
4, and from 48.75 £ 0.50% to 90.80 * 2.31% for ECH-1 to ECH-4, with an increase in

chitosan concentration as represented in Figure 16.
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o o

o

Formulation Code

mYield (%) =Entrapment Efficiency (%)

Figure 16: The %yield and %EE of T-CM.

The %EE for EC-1 to EC-4, produced with 5% TPP, ranged from 18.55 + 0.41% to
57.24 + 2.73%. When the TPP concentration was increased to 10% for ECH-1 to
ECH-4, there was an increase in %EE ranging from 27.97 + 0.60% to 68.93 £ 1.76%,

as shown in Figure 16
4.4.2. Surface Morphology

The photomicrograph of ECH-4 (T-CM) under a magnification of 20kx is represented

in Figure 17.
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0.18 ym

3

0.21 pm

SEM HV: 5.0 kV WD: 9.16 mm VEGA3 TESCAN

SEM MAG: 20.0 kx Det: SE 2 um
View field: 10.4 pm ‘Date(m/d/y): 05/06/22 CoE-BMS College of Engineering

Figure 17: Photomicrographs of T-CM of formulation ECH-4 on a scanning

electron microscope under a magnification of 20 kx.

4.4.3. Particle Size Analysis

The particle size-volume distribution curve of ECH-4 (Figure 18) indicates a size
range from 0.52 £ 0.00 um to 284.79 + 21.41um. The volume-surface-mean diameter
of ECH-4 was calculated to be 204.42 + 0.13 um. Approximately 50% of the
microparticles in ECH-4 were around 58.014 £+ 1.037 um in size, while 90% were

~193.42 £ 3.70 um.
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Figure 18: Particle size distribution of T-CM formulation ECH-4.
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4.4.4. FTIR Spectroscopic Analysis

An overlay of the FTIR spectra of TDF, chitosan, physical mixture, and the kneaded

product (ECH-4) are displayed in Figure 19 and Table 10.
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Figure 19: FTIR spectra of TDF, chitosan, physical mixture, and kneaded

product (ECH-4).
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Table 10: Peaks observed in the FTIR spectra of (a) TDF; (b) chitosan; (c)

physical mixture; and (d) kneaded product (ECH-4).

Sl. Wavenumber (cm™)

No. TDF Chitosan Physical Mixture Microparticle (ECH-4)
1 3219.58 3430.74 3204.15 3625.52
2 3049.84 2868.59 3066.26 3343
3 2985.27 1655.59 2986.23 3201.26
4 2938.98 1504.2 1752.01 2926.45
5 1760.69 1378.85 1682.59 2850.27
6 1678.73 1159.01 1502.28 1657.52
7 1619.91 - 1418.39 1545.67
8 1506.13 - 1259.29 1377.89
9 1421.28 - 1198.54 1461.78
10 1267.97 - - 1209.15
11 1186.97 - -
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4.4.5. DSC Analysis

The DSC thermogram of TDF gave a sharp exothermic peak at 115.4°C; the peak

onset at 112.04°C, corresponding to the drug's melting point as displayed in Figure

20.
5=
——TDF
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44 —— Physical Mixture
—— ECH-4
D 3]
E 3
S
E
o 2
n
o
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0 T T T T T Y I L I ‘ I
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Figure 20: DSC thermogram of TDF, chitosan, physical mixture, and kneaded

product (ECH-4).
4.4.6. P-XRD Analysis

An overlay of the P-XRD pattern of TDF, chitosan, physical mixture, and the kneaded
product (ECH-4) is displayed in Figure 21, where the crystalline nature of TDF was

clearly demonstrated.
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Figure 21: P-XRD diffractogram of TDF, chitosan, physical mixture, and
kneaded product (ECH-4).

4.4.7. In-vitro Drug Release

The comparative VDR dissolution profiles of T-CM are represented in Figure 22.
Formulations EC-1 to EC-4 exhibited nearly 100% rapid release of TDF by the end of
6 hours. In contrast, formulations ECH-1 to ECH-4 released 99.07 + 0.41%, 99.23 +
0.59%, 98.96 + 1.18%, and 88.05 * 0.38% of TDF by the end of 6, 8, 12, and 24 h,

respectively.

The results of the curve fitting into different mathematical models are summarized in

Table 11.

KLE College of Pharmacy, Bengaluru 60



RESULTS

100

80

60

% Drug Release

40

20

0 4 8 12 16 20 24
Time (h)

Figure 22: Cumulative VDR profile of T-CM in SVF for a period of 24 h.

Table 11: Results of curve fitting of the dissolution data for the microparticles.

First Order _ ]
Zero Order o Higuchi Korsmeyer-Peppas
o Kinetic
Kinetic Model Release Model Release Model
FC Model
R? K R? K R? K R? K n

ECH- 085+ 4983 0.79+ 029+ 093+ 23.96 - - -

2 003 +109 0.03 001 002 =+240

ECH- 090+ 46.04 083+ 032+ 097+ 2223 100+ 037%+ 041+

3 001 +191 001 001 0007 +281 000 0.02 0.07

ECH- 093+ 2778 086+ 053+ 098+ 1062 099+ 057+ 038+

4 005 =+204 007 002 001 =+358 0.007 0.008 0.07
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4.4.8. Ex-vivo Mucoadhesion Study

Figure 23a shows representative images of the bio-adhesion of T-CM (ECH-4) on the
vaginal mucosa, while Figure 23b demonstrates the correlation of ex-vivo bio-

adhesion of T-CM (ECH-4) on vaginal mucosa with its IVDR.

Figure 23a: Representative images of bio-adhesion of T-CM (ECH-4) on rabbit

vaginal mucosa.
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Figure 23b. Correlation between the percentage of microparticles retained on the
vaginal mucosa (ex-vivo) and the IVDR from T-CM (ECH-4).
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4.5. Preparation of VVaginal Tablets

Figure 24 represents the images of the formulated DT-T-CM composed of ECH-4 (T-

CM) for intra-vaginal delivery.

Figure 24: DT of T-CM for intra-vaginal delivery.

4.6. Evaluation of Vaginal Tablets

4.6.1. Physical Characterization of Vaginal Tablets

Table 12 summarizes the results of various quality control tests conducted on batches

of tablets labeled F1 to F4, including weight variation, thickness, diameter, hardness,

friability, content uniformity, and in-vitro disintegration.

Table 12: Physical characterization of DT.

Parameters F1 F2 F3 F4
Weight Uniformity 298.82 + 301.80 £ 301.67 + 100.62 +
(mg) (n=20) 3.17 1.03 0.82 0.11
Thickness 4,30 £0.01 4,29 +0.01 431 +£0.01 3.01+0.01
(mm) (n=10)
Diameter 8.00 + 0.00 8.01 £0.01 8.01 +£0.01 6.01 +0.01
(mm) (n=10)
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Hardness 3.19+041 3.08+041 350+0.16  3.05%0.28
(kg/cm?) (n=10)
Friability 0.43+0.17 0.90+0.04 037+£008 0.32%0.04
(%) (n=22)
Content Uniformity 90.75+3.37 88.43+3.03 95.06+397 99.08+1.36
(%) (n=10)
Disintegration Time 34.33+3.14 27.33+151 31.33+463 60.83+4.17

(s) (n=6)

4.6.2. In-vitro Dissolution Study

Comparing the IVDR profiles of TDF microparticles (ECH-4), DT-T-CM (F3), and

DT (F4) as illustrated in Figure 25, it was observed that both released about ~70% of

the drug by the end of 12 h.
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Figure 25: Comparative IVDR profile of T-CM (ECH-4), DT-T-CM (F3), and DT
(F4).
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4.7. Preparation of T-AM

The formulated T-AM is represented in Figure 26.

Figure 26: T-AM.
4.8. Evaluation of T-AM

4.8.1. Practical Yield and Drug Entrapment Efficiency

The %yield of T-AM showed a significant increase from 53.44 + 5.32% to 90.95 +
3.06% as the amount of polymer increased from EH-1 to EH-12, as illustrated in

Figure 27. Among the formulations tested, EH-8 exhibited the highest yield (97.47 £
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Figure 27: The % yield and %EE of T-AM.
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As the drug-to-polymer ratio increased from 1:2 to 1:9, a considerable increase in the
encapsulation efficiency, ranging from 20.61 + 0.16% to 62.09 + 1.34% was observed

as represented in Figure 27.

4.8.2. Surface Morphology

The photomicrograph of ECH-4 (T-CM) under a magnification of 20kx and 40kx is
represented in Figure 28.

SEM HV: 10.0 kV WD: 5.03 mm | VEGA3 TESCAN
SEM MAG: 20.0 kx Det: SE
View field: 10.4 pm Date(m/d/y): 03/16/21 CoE-BMS College of Engineering

SEM‘ HV: 25.0kV | WD: 5.68 mm VEGA3 TESCAN
SEM MAG: 40.0 kx Det: SE 1 pm
View field: 5.19 pm |Date(m/dly): 03/16/21 CoE-BMS College of Engineering

B

Figure 28: Photomicrographs of T-AM of formulation EH-8 on a SEM under a
magnification of (A) 20 kx and (B) 40 kx, respectively.
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4.8.3. Particle Size Analysis

The surface-mean-diameter and volume-mean-diameter of formulation EH-8 were
found to be 11.06 £ 0.18 um and 33.23 + 0.46 um, respectively (Figure 29). About
50% of the microparticles in EH-8 were 28.94 £+ 0.73 um in size whereas 90% of the

particles were 68.69 £+ 0.90 um in size.
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Figure 29: Particle size distribution curve of the optimized formulation (EH-8).
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4.8.4. FTIR Spectroscopic Analysis

An overlay of the FTIR spectra of TDF, polymers, physical mixture, and the kneaded

product (EH-8) is represented in Figure 30.
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Figure 30: FTIR spectra of TDF, S-Alg, HPMC K100M, physical mixture, and

optimized formulation (EH-8).
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4.8.5. DSC Analysis

The DSC thermogram (Figure 31) displayed a sharp endothermic peak of TDF at

115.4°C with the peak onset at 112.04°C indicating the crystallinity of TDF.
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1
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Figure 31: DSC thermograms of TDF, S-Alg, HPMC K100M, physical mixture,

and optimized formulation (EH-8).

4.8.6. P-XRD Analysis

The P-XRD patterns of TDF, polymers, physical mixture, and formulation EH-8 are

displayed in Figure 32 and its corresponding interpretation of 20 values and peak

intensities is given in Table 13.
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Figure 32: P-XRD diffractogram of TDF, S-Alg, HPMC K100M, physical

mixture, and optimized formulation (EH-8).
Table 13: Interpretation of P-XRD pattern of TDF, physical mixture of EH-8,

and formulation EH-8.

Peak Intensity (Counts)

SI. No. Angle (260 £2) Drug Physical Mixture of Formulation

(TDF) Formulation EH-8 EH-8
1 10.29 1339 651 312
2 10.59 2540 842 304
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3 13.48
4 14.17
5 18.32
6 18.80
7 19.95
8 21.36
9 22.02
10 25.07
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4.8.7. In-vitro Drug Release

The comparative VDR dissolution profiles of T-AM over a period of 12 h is

represented in Figure 33 and the results of curve fitting into different mathematical

models are summarized in Table 14.
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Figure 33: Cumulative VDR profile of T-AM in SVF for 12 h.
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Table 14: Results of curve-fitting of the dissolution data of T-AM.

Zero-Order First Order Higuchi
Korsmeyer-Peppas
Kinetic Kinetic Release
FC Release Model
Model Model Model
R? K R? K R? K R? K n
EH-1 0936 38.005 0.892 0.380 0.974 8.669 1.000 0.3748 0.3114
+ + + + + + + + +
0.007 0.962 0.017 0.007 0.001 1.145 0.000 0.000 0.000
EH-5 0.843 39.559 0.769 0.389 0.933 10.216 1.000 0.479 0.610
+ + + + + + + + +
0.043 3.437 0.054 0.025 0.021 3.978 0.000 0.015 0.066
EH-7 0.774 56.675 0.701 0.248 0.892 23.586
+ + + + + + - - -
0.017 1.897 0.021 0.013 0.012 19.799
EH-8 0905 30.813 0.794 0479 0974 2731 0976 0.567 0.631
+ + + + + + + + +
0.031 1.728 0.032 0.010 0.014 0.626 0.021 0.004 0.069
EH-9 0.836 31562 0.728 0.498 0.918 16.896 0.911 0.552 0.3664
+ + + + + + + + +
0.078 0.470 0.099 0.012 0.051 0.789 0.040 0.029 0.054
EH-10 0.967 25.521 0.923 0.563 0.984 10.855 0.981 0.593 0.3496

I+
I+
-+
-+
-+
I+
I+
I+
I+

0.038 4.442 0.042 0.056 0.009 6.106 0.015 0.054 0.050
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4.8.8. Ex-vivo Mucoadhesion Studies

Formulation EH-8 demonstrated an excellent bio-adhesive ability over a 12 h period,
where, approximately 7.17 £ 2.02% of the microparticles remained adhered to the
mucosa, while 92.83 £ 2.02% of the microparticles were washed off by the SVF.
Approximately 50% of the particles were washed off from the mucosa by the end of 4

h, corresponding to a 60.04 + 1.72% IVDR.
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Figure 34: Correlation between ex-vivo particles retained (%) on the mucosa and

the IVDR (%) from T-AM (EH-8).

On comparing the ex-vivo adhesion with the IVDR, an excellent correlation was
observed between the percentage of microparticles retained on the mucosa and the

IVDR, with a correlation coefficient value of 0.996 as indicated in Figure 34.
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4.9. Preparation of Pessaries

Figure 35 represents the images of the formulated pessaries composed of EH-8 (T-
AM) for intra-vaginal delivery. The prepared pessaries were in the shape of a bullet

having a smooth surface.

Figure 35: Pessaries of EH-8 for intra-vaginal delivery.

4.10. Evaluation of Pessaries

4.10.1. Physical Characterization of Pessaries

Table 15 enlists the results of the physical evaluation of the pessaries of batches F1 to
F3.

Table 15: Physical characterization of pessaries.

Parameters F1 F2 F3
Weight Uniformity 901.27 +0.26 901.50 +0.10 901.37+0.10
(mg) (n=20)
Melting Point 30.33 £2.52 35.33+£0.58 42.33 £ 2.08
(°C) (n=3)
Content Uniformity 97.42 + 0.86 99.09 +1.42 96.88 + 1.30

(%) (n=10)
Disintegration 2.33+£0.31 3.63£0.15 4.00 £0.20

Time (s) (n=6)
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4.10.2. In-vitro Dissolution Study

Comparing the IVDR profiles (Figure 36) of T-AM with pessaries, both formulations

released a similar amount of TDF within 12 h.

100 /
80 -

——T-AM (EH-8)
——Pessary (F2)

% Drug Release

6 8 10 12
Time (h)

Figure 36: Comparative dissolution profile of T-AM and pessaries.

4.11. In-vivo Studies

Pharmacokinetic Studies: Comparative pharmacokinetic parameters of the three
treatment groups are tabulated in Table 16. Figure 37 demonstrates that the vaginal
administration of pessaries resulted in a higher concentration of TDF in the vagina

compared to oral dosing of the marketed formulation and intra-vaginal dosing of the

formulated DT.
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Table 16: Comparative pharmacokinetic parameters of the three treatment

groups.
Parameters MT TT PT Inference
Crnax 6.05 + 8.18 + 41.18 =+  Pessaries elicit a significantly
0.39 1.17 3.57 (P<0.005) higher local
ng/mL ng/mL ng/mL  concentration compared to
conventional oral MT in the
crucial initial hours of
insertion.
Tmax 6.00 + 4.00 £ 1.00+  Quicker  Tmax  (P<0.0001)
0.02 h 0.01h 0.01h observed with the pessaries is
likely to arrest the viral
transmission during intercourse
and ensure adequate protection
against the transmission of HIV.
AUCo-24n 91.05 58.56 88.37 Comparable AUC.
+13.53 +7.06 +8.90
ng/mL*h  ng/mL*h  ng/mL*h

Tissue Concentration Studies: After the 24 h study, mean TDF concentrations in the

cranial vagina from pessaries were approximately 1.55 = 0.41 ng/g, with lower

concentrations in the caudal vagina but still within a comparable range to those in the

cranial vagina. Mean TDF concentrations from tablets in the cranial vagina were

~4.68 + 6.02 ng/g.
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Figure 37: VF concentration of TDF over time following oral administration of

marketed formulation and vaginal administration of DT and pessaries.

Histopathology: The histopathological evaluation of vaginal tissue observed at 10x

and 40x magpnification is represented in Figure 38.
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Figure 38: Histopathological evaluation of the vaginal tissue observed at 10x and

40x magnification.
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5. DISCUSSION

5.1. Authentication of Drug

5.1.1. Melting Point

The DSC curve of TDF shows a sharp endothermic peak that corresponds to drug
melting (Tonset = 112.04 °C; AHsus = 4.054 J/g). The second sharp endothermic peak is

observed at 116.74 °C.>1%9
5.1.2. Mass Spectroscopy

The calculated molecular weight of TDF is 635.5 g/mol. The observed molecular

weight of TDF from the spectra is 635.3 m/z [M] and 636.30 m/z [M+1].53%
5.1.3. FTIR Spectroscopy

The FTIR spectra of TDF revealed the major functional groups, i.e., -NHa stretching,
—OH stretching, aromatic and aliphatic —CH stretching, —C=0, —C=C- stretching,
NH2 scissoring band, aromatic —C=N and aliphatic —CN stretching, and P=0
stretching. The FTIR spectra of TDF and its physical mixture with polymers revealed
that the peaks of the major functional group of the TDF were retained. Hence there

was no probable interaction between TDF and polymers.®®
5.1.4. UV-VIS Spectrophotometry

The linear regression data obtained from the calibration curve showed a linear
relationship over the concentration range of 5-40 ug/mL. Based on the average
absorbance at 259 nm, the equation for the best line fit was generated (y = 0.0233x;

R? = 0.999) %57
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5.2. Pre-formulation Studies

5.2.1. Solubility Studies

The solubility of TDF in water, 0.1 (N)HCI (pH1.2) SVF, and phosphate buffer
(pH7.4) was found to be 13.0 + 0.02 mg/mL, 34 + 0.04 mg/mL, 30 + 0.02mg/mL and

21 + 0.03 mg/mL respectively.
5.2.2. Drug-Excipient Compatibility Studies

The FTIR spectra of TDF and its physical mixture with polymers like S-Alg, S-CMC,
HPMCK4Mand HPMCKZ100M revealed that the peaks of the major functional groups
of the drug were retained. Hence there was no probable interaction between drug and

polymers.87%
5.3. Preparation of Chitosan Microparticles

The emulsification internal gelation technique was utilized to create TDF
microparticles, capitalizing on the drug's good aqueous solubility (13.4 mg/mL) and
its classification as a BCS Class I11 compound.®® Chitosan, a bio-adhesive polymer,
was employed in this process. The technique involved forming a w/o emulsion
stabilized with Span 80, a w/o surfactant. The emulsion was stirred at 500 rpm for 1
hour until globules formed, reaching a steady state. TPP was used as a cross-linking
agent, reacting with compounds containing primary amine groups to create covalently
cross-linked networks.!® The addition of TPP solution to the drug-chitosan emulsion
required a 30-minute curing time to ensure uniform distribution in the continuous oil
phase, resulting in a more uniformly cross-linked product. During crosslinking, -OH
ions competed with tri-polyphosphate ions to react with the amino group of chitosan

immediately through ionic interaction. Once diffused into chitosan microparticles, the
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tri-polyphosphate ions interacted with the amine groups of chitosan.!®* A double
washing process with petroleum ether followed by distilled water was then

implemented to remove excess oil, salts, and free TPP.1%2

5.4. Evaluation of Chitosan Microparticles

5.4.1. Practical Yield and Drug Entrapment Efficiency

The yield refers to the total quantity of microparticles produced, and optimizing the
formulation aims to achieve a high yield of the product. Increasing the polymer
concentration can enhance drug entrapment, reduce drug loss, and improve process

yield.>® This effect is evident in Figure 16.

Incorporating therapeutically active molecules into microparticles can be influenced
by several factors, including the method of preparation, drug-to-polymer ratio, and
TPP concentration. The entrapment of the drug was found to increase with higher
polymer amounts. Increasing the polymer concentration (from 1% to 4%) leads to the
formation of stabilized microparticles, preventing drug leakage during the hardening
process. Previous studies have reported an increase in %EE with an increase in the
drug-to-polymer ratio.l%1% As indicated in Figure 16, an increase in TPP
concentration enhances crosslinking with chitosan, resulting in a denser matrix that

reduces drug leakage during stirring and improves encapsulation efficiency.'%6%7

5.4.2. Surface Morphology
The SEM images of formulation ECH-4 showed that the microparticles were
spherical and had a smooth surface. Under 20,000x magnification (20kx), the
particles appeared to be sticking together, indicating their bio-adhesive nature. The
surface roughness and abrasions on the microspheres could be attributed to polymer

deposits, 100101
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5.4.3. Particle Size Analysis

Particle size is a crucial parameter in targeted drug delivery, impacting stability, %EE,
IVDR profile, bio-distribution, mucoadhesion, and cellular uptake.l® The particle
size-volume distribution curve of ECH-4 (Figure 18) indicates a size range from 0.52
+ 0.00 um to 284.79 £21.41um. The curve does not exhibit a typical bell-shaped
pattern, suggesting a broad particle size distribution due to the tendency of bio-
adhesive microparticles to adhere to each other.%® Approximately 50% of
microparticles in ECH-4 were around58.014 + 1.037 pum in size, while 90% were
~193.42 £ 3.70 um. The predominance of large particles is likely due to the adherence
of bio-adhesive microparticles to each other. These results align well with the SEM

photomicrographic images.'%°11°
5.4.4. FTIR Spectroscopic Analysis

FTIR spectroscopy is valuable for determining molecular interactions between a drug
and its carrier. The FTIR spectra of TDF exhibited distinct peaks at 3219.58cm™
(strong -OH stretching bond), 3049.84cm™ (aromatic -CH stretching) 2985.27cm™
and 2938.98cm™ (aliphatic -CH stretching bond), 1760.69cm™ (C=0O group),
1678.73cm™ (P=0 stretching), 1619.91cm™ (-C=C- stretching bond) and 1421.28cm™*
(aromatic C=N stretching bond), 1267.97cm™ (aliphatic C-N stretching) and
1186.97cm™ (C-O stretching) confirming the earlier report.%° Chitosan, the polymer
used in the formulation, exhibited characteristic peaks such as the N-H stretching
vibration at 3430.74 cm-1 and the C=0 bond of amide I at 1655.59 cm-1.2%1!! The
FTIR spectra of the physical mixture retained principal peaks of both TDF and
chitosan, suggesting weak interaction between them. In the formulation ECH-4, peaks

corresponding to N-H stretching vibration, aliphatic -CH stretching vibration, and
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C=0 stretching vibration were observed. The characteristic peaks of TDF as
represented in Figure 19 were also present but with decreased intensity, indicating no
interaction between the drug and excipients.**? Overall, these studies suggested that
there was no incompatibility between TDF and other excipients used in the

microparticle preparation, maintaining the chemical integrity of the drug.*?

5.4.5. DSC Analysis

The formation of microparticles includes dispersing the drug in either crystalline or
amorphous form or dissolving it in the polymer matrix. Any sudden or significant
change in the thermal behavior of the drug/polymer could indicate a potential
interaction between them, as shown in Figure 20. The DSC thermogram of TDF
exhibited a sharp exothermic peak at 115.4°C, with the peak-onset at 112.04°C,
corresponding to the drug's melting point. Interestingly, this endothermic peak
completely disappeared in the thermogram of T-CM, suggesting a change in the

thermal behavior due to the drug's encapsulation in the microparticles.

The enthalpy of fusion (AHs) for TDF in its pure state, as determined by DSC, was
found to be 71.41 J/g. In the thermogram of the physical mixture, a very low intensity
endothermic peak indicated the semicrystalline nature of the drug. The melting point
of TDF in the physical mixture was broadened and shifted to 118.4°C. In the
thermogram of ECH-4, the drug's characteristic peak almost disappeared, suggesting
that the drug was amorphous in the chitosan matrix. This indicates complete
miscibility of the drug in the polymer, forming a solid-solid solution. Therefore, based
on the DSC studies, it can be inferred that TDF was dissolved in the bio-adhesive

chitosan matrix in an amorphous state.5-6%114
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5.4.6. P-XRD Analysis

The crystalline nature of TDF was clearly demonstrated in P-XRD pattern with about
10 distinct well defined high-intensity sharp peaks at 20 values of 10.29°(1339
counts), 10.59° (2540counts), 13.48° (1954counts), 14.17° (1361lcounts), 18.32°
(3212counts), 18.80° (3258counts), 19.95° (4172counts), 21.36° (2438counts), 22.02°
(3077counts) and 25.07°(4419counts).%®!* The diffractogram of chitosan displayed
characteristic peaks at 20 values at 20.27° (3123 counts). These peaks were attributed
to the semi-crystalline nature of chitosan as per the earlier reports.}*315 The
diffractogram of the physical mixture displayed the six prominent crystalline peaks of
the drug at 18.32°, 18.8°, 19.95°, 21.36°, 22.02° and 25.07° indicating TDF exists in a
semi-crystalline state in the physical-mixture. The diffractogram of ECH-4 showed
six characteristic low-intensity peaks of TDF at 10.59° (358counts), 18.32° (548
counts), 18.8°(643 counts), 19.95° (528counts), 22.02° (486 counts), and 25.07° (431

counts).

Comparing the peak intensities of ECH-4 to those of pure TDF, a 3-10 times decrease
in peak intensity was observed, indicating the amorphization of TDF in the chitosan
polymer matrix. These characteristic peaks of TDF were previously reported in the
same region, confirming our findings.%®'!2 Therefore, the appearance of sharp
crystalline TDF peaks and the presence of broad peaks in the diffractogram of ECH-4
confirmed that the drug (TDF) underwent a solid-state-transition during the
emulsification process in the presence of chitosan..!*>® This can be interpreted as a
clear indication of the drug's molecular dispersion within the chitosan matrix as a

solid-solid solution.
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5.4.7. In-vitro Drug Release

IVDR of microparticles is usually performed in three steps. During the initial burst
period, the drug at the surface of the microparticles is immediately released into the
medium. In the sustained release phase, the drug is released at a gradually decreasing

rate. During the steady-state period, the drug is released at a constant and slow rate.®

When comparing the IVDR dissolution profiles of T-CM, formulations EC-1 to EC-4
exhibited nearly 100% rapid release of TDF by the end of 6 h. In contrast,
formulations ECH-1 to ECH-4 released 99.07 + 0.41%, 99.23 + 0.59%, 98.96 +
1.18%, and 88.05% =+ 0.38% of TDF by the end of 6, 8, 12, and 24 h, respectively.
Formulations EC-1 to EC-4, produced with 5% TPP, showed a biphasic mode of drug
release, with an initial burst effect followed by a slow-release phase. This initial
release was likely due to the smaller particle size and surface drug content, leading to

rapid release followed by slower diffusion from the core of the microparticles.106:100

Formulations ECH-2, ECH-3, and ECH-4, produced with 10% TPP, exhibited
minimal burst release, followed by progressively slower drug release until a steady
state was reached. Approximately 50% of TDF was released within the first 2 h from
ECH-2 and ECH-3, whereas from ECH-4, 50% of the drug was released within 6 h.
The concentration of chitosan in the formulation played a significant role in
microparticle formation and subsequent drug release. Higher chitosan concentrations
resulted in stronger microparticle walls, reduced swelling potential, and a sustained
release of TDF.1°* Additionally, TPP concentration also influenced drug release, with
formulations ECH-2 to ECH-4, produced with 10% TPP, displaying a more sustained

release compared to EC-1 to EC-4, produced with 5% TPP. This sustained release
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pattern was attributed to the higher cross-linking density of chitosan with increased

TPP concentration, 106101

Drug release from hydrophilic polymer-based controlled-release dosage forms is
primarily governed by the hydration of the polymer chains. This process typically
involves three steps: first, the penetration of the medium into the matrix (hydration);
second, swelling with subsequent dissolution or erosion of the matrix; and third, the
transport of the dissolved drug either through the hydrated matrix or from the eroded

parts into the surrounding medium.

To understand the kinetics and mechanism of TDF release from CM, the dissolution
profiles of various batches of T-CM were compared statistically or using model-
dependent approaches. The higher R2 values indicated that the drug release from all
formulations was not concentration-dependent, and the mechanism of drug release
was found to be swelling and diffusion controlled by the disentanglement rate of the
polymer at the swollen front. This suggests that all formulations followed zero-order
kinetics and the Higuchi model. This was further confirmed by the Korsmeyer-Peppas
model, where n<0.50, indicating an approximation to a Fickian diffusion release
mechanism.®+4749 Among all formulations, ECH-4 exhibited a better-sustained

release of TDF from the chitosan matrix.
5.4.8. Ex-vivo Mucoadhesion Study

Depending on the %yield, %EE, and IVDR, formulation ECH-4 was considered for
further studies. The bio-adhesive ability of formulation ECH-4 was found to be
excellent over a 24 h period. By the end of 12 h, 18.33 + 6.11% of the T-CM were

adhered and retained on the mucosa, while 81.67 = 6.11% of the microparticles were
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washed off by the SVF. A higher retention of microparticles on the mucosa indicates

minimal dissipation of the drug from the vagina due to vaginal secretion.

When correlating the ex-vivo adhesion with the IVDR (Figure 9), it was observed that
the cumulative drug release decreased as the percentage of particles on the mucosa
decreased. By the end of 6 h, 50% of the particles were washed off from the mucosa,
which corresponds to 54.48 + 7.59% IVDR. By the end of 24 h, only about 10.33
2.08% of the particles were adhered to the mucosa, corresponding to 88.05 + 0.38%

of IVDR of TDF from the CM.56:64

The CM exhibited good initial adhesion to rabbit vaginal mucosa, with a residence
time of 24 h, ensuring near-complete drug release. The percentage of drug release
linearly declined as the percentage of particles adhered reduced with time. An
excellent correlation (correlation coefficient value of 0.975) was observed between
the percentage of microparticles retained on the mucosa and the IVDR, as in Figure
9b. The mucoadhesive potential of the chitosan microparticles appears to be
sufficient, as TDF release occurs over a short period of time and there is no
therapeutic justification to retain the formulation adhered to the patient's vaginal

mucosa once the drug has been completely released.''’
5.5. Preparation of Vaginal Tablets

For topical PrEP, vaginal inserts containing multiparticulate-based drug delivery
systems offer several advantages, including targeted drug delivery, improved drug
penetration in mucous and tissue, bio-adhesion, and sustained drug release after intra-
vaginal administration.* To produce consistent batches of DT-T-CM, a direct-
compression method was employed. This method involves blending the dry drug with

excipients and compacting the mixture using a rotary tablet press. Direct compression
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is a simple robust, and cost-effective method with minimal processing steps, resulting
in less friable tablets with high mechanical strength, making them easier to handle and

package.

To optimize the release of TDF from DT-T-CM intra-vaginally, various batches of
tablets were prepared using ECH-4 microparticles as the APIl. The formulation
included 40% Avicel (pH 102) as a diluent and disintegration agent, polyvinyl
pyrrolidine K-30 as a binder, croscarmellose sodium as a super disintegrant, and
magnesium stearate and talc as lubricants and glidants. These tablets were designed to

provide a controlled release of TDF for effective topical PrEP.#118

5.6. Evaluation of VVaginal Tablets

5.6.1. Physical Characterization of Vaginal Tablets

The DTs were prepared to be spherical, with a flat face, beveled edge, and a buff
color. The tablets were designed to be 8 mm in diameter for easy administration into
the vaginal cavity. Each tablet contained 15 mg of TDF with a total weight of 300 mg,
and consistent thickness and hardness were maintained across all baches. The tablets
showed minimal variation in thickness, diameter, and weight uniformity (RSD<1%),
with a weight variation range within the acceptable limit of 5% as per IP
specifications. Friability tests indicated that all tablets had good mechanical strength,
with friability values below the pharmacopoeial limit of 1%.”® Drug content
uniformity across all batches met official pharmacopoeial specifications, indicating
the uniform distribution of T-CM within the tablet matrix.””"® In disintegration
studies, the tablets from batches F1toF3 disintegrated rapidly in SVF within
approximately 30-40 s, with no mass remaining in the apparatus. Batch F4 tablets

disintegrated slightly slower, in about 60 s. The rapid disintegration of F3 tablets
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suggested good hydrophilicity of chitosan, indicating its super disintegrant ability.
Based on these findings, tablet batch F3 was selected for further in-vitro dissolution

studies.50119
5.6.2. In-vitro Dissolution Study

The dissolution profiles of the DT-T-CM were compared to the drug-loaded chitosan
microparticles (ECH-4) to evaluate the impact of compaction on the microparticles.
Using the USP IV Flow through cell dissolution apparatus in a closed-loop setup,
allowed the disaggregation of particles, thereby enhancing the dissolution. The glass
beads used ensured a laminar and more homogeneous flow of the dissolution medium
from the bottom of the sample cell. Once the tablet disintegrates in a flow-through
cell, the glass beads present in the lower cone of the cell prevent the particles from
descending into the inlet tubing. The circulation of SVF in a closed loop helps the

strain rate to be more controlled.”>"?

Formulation F3 exhibited a slow and sustained drug release until reaching a steady
state. In contrast, formulation F4 (pure TDF) showed an initial burst release within the
first hour (59.42 + 1.61%) followed by a slower release, reaching almost complete
drug release within 6 h. Approximately 50% of TDF was released from F3 by the end
of 6 h, with sustained release of 85.98 + 1.61% over the duration of the study, likely

due to the hydrodynamics in the dissolution apparatus.’*

Comparing the IVDR profiles of TDF microparticles with the TDF vaginal tablets
containing T-CM, it was observed that 70.77 + 6.03% of the drug was released from
the latter by the end of 12 h, which was approximately similar to that of the
microparticles (68.91 + 10.23%). This indicates that the drug release from the

formulated vaginal tablets was similar to that of the chitosan microparticles,
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suggesting that the complex DT-T-CM system did not alter the release profile of TDF.
Thus, the microparticulate form of drug administration could potentially reduce the

frequency of drug administration in the vagina, making it more patient-friendly.

The f, and f1 values are widely used to compare dissolution profiles and assess
bioequivalence between two formulations. An > value between 50-100 indicates that
the two dissolution profiles are similar, while an f; value close to zero indicates a high
degree of similarity. In this case, the f, value of 78.02 and f; value of 1.51 suggest that
the dissolution profiles of the T-CM (ECH-4) and DT-T-CM (F3) formulations are
highly similar, indicating that the process of incorporating the T-CM into a tablet

dosage form did not significantly alter its dissolution profile.”

The drug release study results were used to assess release mechanisms and kinetics.
The selection of the most appropriate model for drug release was based on the
linearity value, i.e., the correlation coefficient R?. A higher R? value indicated that the
release of TDF from the vaginal tablet was independent of its concentration. The
mechanism of drug release from the DT-T-CM was found to be swelling and
diffusion-controlled, indicating compliance with zero order kinetics (R = 0.95 + 0.02)
and the Higuchi model (R? = 0.98 + 0.01) due to the properties of the polymer. The
diffusion coefficient value from the Korsmeyer-Peppas model was found to be n =
0.414 + 0.081<0.50, indicating drug diffusion out of the matrix tablet via pure
Fickiandiffusion.®>7411% Therefore, the formulated vaginal DT-T-CM sustained drug
release, making it a potential candidate for use as a vaginal insert for anti-retroviral
drug delivery, considering the significance of this route in HIV transmission

prevention.
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5.7. Preparation of T-AM

The water solubility of TDF (13.4 mg/mL), which falls under BCS Class 111,
justifies the selection of emulsification-internal-gelation technique to produce
mucoadhesive T-AM developed using other hydrophilic bio-adhesive polymers like S-
CMC, HPMC K4M and HPMC K100M as these polymers play a crucial role in
swelling of the matrix and the diffusion of the drug.?*?° To stabilize the emulsion
droplets and prevent coalescence, a 1.5%v/v concentration of Span 80 surfactant was
used. Span 80 effectively reduces the interfacial tension between the water and oil
phases, facilitating the dispersion of a viscous aqueous solution of alginate in the oil.
The properties of the microspheres produced by emulsification can be influenced by
optimizing different processing parameters, such as agitation duration and
solidifying/curing time.® In this case, the emulsion was stirred at a speed of 500 rpm
for a duration of 1 h to achieve a proper dispersion and uniform dispersion of the two
phases. Following the stirring, homogenization was performed for 15 mins to further
reduce the size of the particles to a micron level. This additional step aids in achieving
a finer and more consistent particle size distribution. By the end of the specified time
period, the process reaches a steady state, indicating that the microspheres of desired
physicochemical properties are formed. Calcium chloride is commonly used as a
cross-linking agent in the preparation of sodium alginate microspheres. The presence
of divalent cations in calcium chloride, promotes the interaction with alginates,
leading to the formation of biodegradable microspheres. In the emulsification process,
a curing time of 30 mins was allowed. This duration ensured uniform distribution of
CaCl, within the continuous oil phase.’®® Each Na* cation is bonded to a single

carboxyl group in the alginate chain, while the Ca?* cation interacts with two carboxyl
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groups from different polymer chains. When an aqueous solution of S-Alg reacts with
a Ca" ion, the two Na* ions are substituted with Ca?* ions during the cross-linking
process. The cross-linking of copolymers (polymerization) through ionic bonding
between Ca®* cations and alginate anions, resulted in a more consistent and evenly

cross-linked product. 20121

5.8. Evaluation of T-AM

5.8.1. Practical Yield and Drug Entrapment Efficiency

The yield refers to the total amount of microspheres that are produced during the
emulsification internal gelation process. The primary goal of optimizing the
formulation is to achieve a high yield and entrapment of the desired product. By
increasing the amount of polymer in the formulation, a greater amount of the drug
would be encapsulated within the microspheres. This reduces the likelihood of drug
loss during the production process and additionally, contributes to an improved
yield.>! Among the formulations tested, EH-8 exhibited a significantly higher
(P<0.05) %yield (97.47 = 1.9%). Microspheres formed using S-CMC and HPMC
K4M had a tendency to form lumps and therefore were not considered for further
studies. The immediate cross-linking reaction resulted in the agglomeration of
microspheres and the formation of harder particles along with the microspheres

specifically in formulations EH-2, EH-3, EH-4, EH-6, and EH-11.83122

Various factors, including the type of polymers used, the amount of polymer used, and
the concentration of the cross-linking agent, play a crucial role in determining the
successful incorporation of therapeutic actives into S-Alg microspheres.!? In our
study, it was observed that a higher amount of polymer led to enhanced encapsulation

efficiency. As the drug-to-polymer ratio increased from 1:2 to 1:9, the drug was better
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entrapped within the polymer, effectively preventing drug leakage during the
hardening process (Figure 27). The %EE for EH-8 (62.09 £ 1.34 %) was significantly
higher (P < 0.05) compared to all other batches of T-AM produced with the ratio of
1:4. Similar results have been reported in the earlier studies.>!° Higher amounts of
S-Alg produced a more viscous dispersion, which formed larger droplets and
subsequently larger microspheres. The higher loss incurred at lower polymer amounts
could be due to the formation of smaller microspheres with higher surface area
reducing %EE. Formulations EH-2 and EH-3 exhibited the formation of larger and
more rigid particles due to the rapid cross-linking of alginates induced by calcium
ions. The immediate interaction between calcium ions and alginates led to a swift
cross-linking process, resulting in the generation of particles with increased size and
hardness compared to other formulations, thereby limiting the polymer chain mobility
and preventing uniform dispersion.*?* Loss of the drug in the emulsification method

can be accounted for in the hardening, washing, and filtering processes only.6%1%
5.8.2. Surface Morphology

The SEM photomicrographs of EH-8 indicated the particles were spherical with
smooth and dense surface topography under 20kx and 40kx magnification. The
microspheres appear to be adhering to each other indicating their bio-adhesive nature.
The adhesion of the microspheres to each other is also likely due to the polymer

deposits,®6:110.109
5.8.3. Particle Size Analysis

Particle size is one of the crucial parameters, which affects the stability, EE, drug
release profile, drug bio-distribution, mucoadhesion, and cellular uptake.''® The

immediate cross-linking of alginates, due to the interaction of Ca?* ions, causes the
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formation of particles of different diameters and different porosity.2>"® The results of
particle size analysis are known to agree well with the SEM photomicrographic

images.
5.8.4. FTIR Spectroscopic Analysis

The FTIR spectrum of TDF showed the presence of a strong -OH stretching bond
(3219.58 cm™), aliphatic -CH stretching bond (3049.84 cm™ and 2938.98 cm™), C=0
group (1760.69 cm™), P=0 stretching (1678.73 cm™), -C=C- stretching bond (1619.91
cm™) and an aromatic C=N stretching bond (1421.28 cm™) confirming the earlier
reports.%® In the FTIR spectrum of S-Alg, stretching vibrations of O—H bonds of
alginate appeared at 3221.5 cm™, stretching vibrations of aliphatic-CH were observed
at 2175.31 cm-1, and -C=C- stretching bond was observed at 1609.31 cm™. The bands
at 1026.91 cm™* were attributed to the C—O stretching vibration of the pyranosyl ring
and the C-O stretching with contributions from C-C—Hand C-O-H deformation. In
the FTIR spectrum of HPMC, the presence of the hydroxyl group was observed at
3476.06 cm™, and the presence of methyl and hydroxy propyl group was observed at
2912.95 cm™. The bands at 1636.3 cm™ confirm the presence of a six-membered
cyclic ring and the band at 1371.14 cm™ indicates the presence of cyclic anhydrides.
The characteristics peaks of the polymers, S-Alg and HPMC were similar to those as
reported by Daemi et al., 2012, Helmiyati et al., 2017 and Zafar et al.,
2020.126:127.98.128129 The characteristic peaks of TDF appeared in the spectra of EH-8
though with minor shifts ruling out any possible chemical interaction between these
groups and the excipients used during the process. Thus, the FTIR studies proved the

chemical integrity of TDF in the polymer matrix.
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5.8.5. DSC Analysis

The process of developing microspheres includes dispersing the drug, either in its
crystalline or amorphous state or dissolving it within the polymer matrix. Sudden or
significant changes in the thermal characteristics of the drug or polymer during this

process may indicate a possible interaction between the drug and the polymer.

The DSC thermogram (Figure 31) displayed a sharp endothermic peak of TDF at
115.4°C with the peak onset at 112.04°C indicating the crystallinity of TDF. The peak
was found to correspond to the melting point of the drug.>! The AHs for TDF in a pure
state by DSC was reported to be 71.41 J/g. The AHs value for the physical mixture
was found to be 0.49 J/g indicating the decrease in the crystallinity of TDF in the
mixture. The X¢ of the physical mixture was found to be 0.86% when compared to
TDF as a reference. The crystallinity of TDF was found to further drop to ~ 0.1% in
the formulation EH-8 indicating the drug is dispersed in an amorphous state in the
polymeric matrix. The endothermic peak of TDF was broadened and shifted towards
lower temperature in microsphere Formulation EH-8. This could be attributed to the
uniform distribution of the drug in the polymer crust, resulting in the complete
miscibility of the molten drug in the polymer to form a solid-solid solution. From the
DSC studies, it can be inferred that the drug is uniformly dispersed in the

microspheres in an amorphous or molecular state.>1-°

5.8.6. P-XRD Analysis
The crystalline nature of the drug was clearly demonstrated in the P-XRD pattern with
about 10 distinct well-defined high-intensity peaks as represented in Table 4. TDF is
reported to display 10 characteristic peaks in between 10.29° to 25.07° 20 region

justifying the observation in the present study.>>! The P-XRD pattern of the physical
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mixture displayed about 7 high-intensity peaks and a number of low-intensity peaks,
indicating a decrease in the drug crystallinity in the mixture. The number of peaks and
the peak intensities relevant to the drug were further reduced in the formulation EH-8
indicating a substantial reduction in the crystallinity of TDF in the formulation.
Considering the peak of TDF at around 25.07° 26 region with an intensity of 4419
counts as the reference peak, the intensity of the same peak in the physical mixture
was found to further reduce to an intensity of 1086 counts, indicating the decrease in
crystallinity to nearly 24%. The intensity of the reference peak dropped to about 11%
in formulation EH-8, indicating the drug is reduced to an amorphous state in the
polymer matrix. The solid-state characterization using DSC and XRD conclusively
indicates that TDF is likely to be present in the amorphous molecular state as a solid-
solid solution in the polymer matrix. Dispersion of polar drug in hydrophilic
controlled release polymers would improve the drug miscibility in polymer and would
control the drug release as well.*3°
5.8.7. In-vitro Drug Release

The VDR profiles of the bio-adhesive microspheres exhibited three distinct phases:
an initial rapid release resulting in a burst effect, a slower release phase as drug
molecules diffuse from the core, and a steady state phase with a slow, controlled
release. The initial burst effect diminishes with increasing polymer concentration,
leading to longer diffusion paths for drug molecules and slower release rates. The
polymers used in the study form hydrophilic swellable matrices, increasing
diffusional path length over time. Additionally, higher polymer concentrations reduce
the number of pores in the microsphere matrix, further impeding drug release. This
sustained release mechanism enables controlled and prolonged drug delivery,

enhancing treatment efficacy.'%
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Effect of Drug-to-Polymer ratio - The drug release increased with decreasing polymer
amounts, as shown in Figure 33. Formulation EH-1, with a 1:2 drug-to-polymer ratio,
exhibited a biphasic drug release pattern. Initially, there was a burst effect, releasing
nearly 50% of the drug within 2 h, followed by a slower release phase. Similar
patterns were observed for formulations EH-5 and EH-7, which had a 1:4 drug-to-
polymer ratio. The initial burst release is attributed to the smaller particle size of the
microspheres and the presence of surface-bound drug.% In contrast, Formulation EH-
8, containing TDF, S-Alg, and HPMC K100M, showed minimal burst release initially,
followed by a gradual release until reaching a steady state (97.03 = 4.45% in 12 h).
This formulation exhibited significantly lower (P<0.05) burst release at 2 h compared

to other formulations with a 1:4 drug-to-polymer ratio.

In formulations EH-9, EH-10, and EH-12, which had a higher polymer concentration
with a drug-to-polymer ratio of 1:9, the rate of drug release was notably slower, with
approximately 22.80 + 5.35% of the drug released after 1 h. This decelerated release
can be attributed to the increased interlocking of linear polymer chains, which
enhances the formation of a robust gel layer through a process termed 'virtual
crosslinking." This increased cross-linking is likely to hinder the penetration of the

dissolution media, thereby slowing down the release of the drug.®**3

Effect of Type of polymers — The selection of polymers, in combination with sodium
alginate, significantly influenced the in-vitro release profile of TDF, as illustrated in
Fig. 10. Incorporating polymers with higher molecular weights was observed to
impart controlled release properties to the microspheres. Notably, the molecular
weights of HPMC K100M, HPMC K4M, sodium CMC, and S-Alg were reported as

1150, 500, 262.19, and 216.12 g/mol, respectively.3-133
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Formulations EH-1 and EH-5, which solely comprised sodium alginate as the
hydrophilic polymer, did not effectively control the drug release. Conversely,
formulation EH-9, formulated with high levels of drug-to-alginate ratio (1:9),

exhibited approximately 63.99 + 1.26% TDF release over 12 h.

To achieve controlled yet complete drug release from T-AM at lower polymer levels
(1:4), efforts were made to substitute 50% of S-Alg with other hydrophilic polymers.
Replacing approximately 50% of S-Alg with HPMC K100M in formulations EH-4
(99.05+1.10%), EH-8 (97.03 + 4.54%), and EH-12 (50.89 * 4.76%) effectively
controlled the release over 12 h at reduced polymer concentrations. Additionally, it
was observed that the drug release from the microspheres decreased with an increase

in the molecular weight of the hydrophilic polymers, 110130

Depending on the molecular weight of the polymers used, the amount of drug release
was found to decrease in the order: HPMC K100M< HPMC K4M< S-CMC
indicating the molecular weight was found to have a considerable effect on the release
of drug. The IVDR dissolution studies indicated that formulations EH-9, EH-10, and
EH-12 developed with the drug-to-polymer ratio of 1:9 displayed incomplete release
ranging from 50.89 * 4.76 % to 63.99 + 5.16 % by the end of 12h. Based on the
results EH-8 was considered as an ideal formulation as it was found to display
minimal burst release and at the same time released most of TDF in a controlled
manner in SVF in 12h that can be considered to be a realistic standard intravaginal

retention time.’%%

The R? values close to 1.0 indicated that the majority of the formulations followed
zero-order Kinetics, wherein the concentration of the drug did not affect its release

from any of the formulations. The mechanism of drug release was determined to be
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primarily governed by swelling and diffusion, which is influenced by the
disentanglement rate of the polymer at the swollen front. This suggests that the drug
release from the formulations followed zero-order kinetics, where the release rate is
independent of the drug concentration, as well as the Higuchi model, which describes
the release of drugs from polymeric matrices based on diffusion. These findings
indicate the release behavior of the formulations and help in understanding and
optimizing their drug delivery characteristics.*® This was further confirmed from the
Korsmeyer-Peppas model, where the ‘n’ value is used to characterize different release
mechanisms. Formulation EH-5 and EH-8 indicate anomalous or non-Fickian
transport, i.e., the Fickian diffusion as well as the swelling and relaxation of the drug
from the matrix are both responsible for the drug delivery. Formulation EH-9 and EH-
10 (n<0.45) indicate hindered Fickian diffusion which means that it is characterized

by a diffusive regime with hampered release. 346113

Therefore, among all the formulations studied, formulation EH-8 demonstrated a
desirable drug entrapment efficiency of 62.09 + 1.34% and a significant drug release
of 97.03 + 4.54% over a period of 12 h.1% These results indicate that EH-8 exhibited a
favorable sustained drug release profile, making it a promising candidate for further
investigations and studies. The high drug entrapment efficiency suggests efficient
encapsulation of the drug within the polymer matrix in the molecular state that could

account for controlled drug release of TDF.
5.8.8. Ex-vivo Mucoadhesion Studies

Formulation EH-8 was considered for further studies based on its percentage yield,
entrapment efficiency, and drug release. Formulation EH-8 demonstrated an excellent

bio-adhesive ability over a 12h period, where, approximately 7.17 + 2.02% of the
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microparticles remained adhered to the mucosa, while 92.83 + 2.02% of the
microparticles were washed off by the SVF. The increased adherence of
microparticles to the mucosa suggests that there is minimal drug loss from the vagina,
most likely due to a decrease in vaginal secretion. Approximately 50% of the particles
were washed off from the mucosa by the end of 4 h, corresponding to a 60.04 +
1.72% IVDR.%®" This indicates that S-Alg and HPMC K100M microparticles
demonstrated strong adhesion to rabbit vaginal mucosa by virtue of their bio-adhesive
properties and ensured nearly complete TDF release by 12 h.

On comparing the ex-vivo adhesion with the IVDR, an excellent correlation was
observed between the percentage of microparticles retained on the mucosa and the
IVDR, with a correlation coefficient value of 0.996 as indicated in Figure 9. As the
percentage of adhered particles decreased over time, the drug release also decreased
in a linear manner. This indicates the mucoadhesive potential of the EH-8
microparticles. The ex-vivo study indicates the suitability of the bio-adhesive
microparticles for intra-vaginal delivery of TDF.

5.9. Preparation of Pessaries

Vaginal inserts using multiparticulate-based drug delivery technologies offer several
advantages for topical PrEP. These advantages include targeted drug delivery to
specific sites, enhanced drug penetration in mucous and tissues, bio-adhesion for
retention, and prolonged drug release after intravaginal administration. To ensure
consistent and reproducible batches of pessaries, the molding method was chosen as it
is a simple, robust, and cost-effective approach with minimal processing steps. This
method produces less-friable inserts with high mechanical strength, making them
easier to handle and package. Figure 10 represents the formulated cocoa butter

pessaries.

KLE College of Pharmacy, Bengaluru 99



DISCUSSION

5.10. Evaluation of Pessaries

5.10.1. Physical Characterization of Pessaries

The prepared pessaries were in the shape of a bullet having a smooth surface. They
appeared to be pale yellow in color. All formulations exhibited uniform drug
distribution, weight uniformity, and adequate mechanical strength for pessaries. The
dimensions of the pessaries (width, 0.82 cm to 0.90 cm and length, 2.11 cm to 2.14
cm) for different formulations with good homogeneity and the impact of additional
varied slightly but were generally homogeneous, with minimal impact from additional
excipients. Weight variation fell within the acceptable range, indicating precise mold
calibration. Disintegration time increased with higher concentrations of white wax,
which acted as a stabilizer and controlled-release agent. Based on these findings,

formulation F2 was selected for further VDR dissolution studies.®7:88137

5.10.2. In-vitro Dissolution Study

The dissolution of pessaries was compared with EH-8 to assess the impact of molding
on the bio-adhesive microparticles. Ideally, we expect the dissolution of the pessaries
to be comparable to that of the constituent bio-adhesive microparticles. The USP IV
Flow through cell dissolution apparatus was employed to perform the dissolution
studies. The closed-loop technique was followed as it allows disaggregation of the
particles thereby enhancing the dissolution. The glass beads used ensured a laminar
and more homogeneous flow of the dissolution medium from the bottom of the
sample cell. Once the pessary disintegrates in a flow-through cell, the glass beads
present in the lower cone of the cell prevent the particles from descending into the
inlet tubing. The circulation of SVF in a closed loop helps the strain rate to be more

controlled.”"?
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Comparing the VDR dissolution profiles of T-AM with pessaries, the pessaries
released 95.31 + 1.38 % of TDF within 12 h similar to that of T-AM (EH-8), i.e.,
97.02 + 4.54 %, indicating that the release from the pessaries was not hindered by the
cocoa butter base. This suggests that the T-AM s likely to remain intact in the

lipophilic base, releasing the drug upon melting in the dissolution media.

Difference and similarity factors serve as effective model-independent tools for
reliably comparing dissolution profiles. The formulated pessaries were found to
display a dissolution profile similar to the constituent EH-8, with an f> value of 72.09
and an f; value of 2.50.1%® The similarity factor values indicate that the dissolution
profile of the T-AM was not significantly altered by incorporation into the pessary,
suggesting that the formulated pessaries provide sustained drug release. This makes

pessaries a potential option for vaginal drug delivery to prevent HIV transmission.
5.11. In-vivo Studies

Pharmacokinetic Studies: The calculated pharmacokinetic parameters of all the
formulations were compared to assess their efficacy. PT exhibited a significantly
higher (P < 0.005) Cmax 0f 41.18 + 3.57 ng/mL at 1 h post-administration compared to
MT. This indicates that pessaries can achieve a higher local concentration than
conventional oral MT, particularly in the critical initial hours after insertion. The
increased regional concentrations exceeding the ICso value of TDF (11.5 ng/mL)
suggest improved distribution and retention of the microparticulate system in the

vaginal mucosa.'3®

Additionally, PT showed a significantly shorter Tmax of 1.00 £ 0.01 h compared to MT
(6 £ 0.02 h). The rapid Tmax observed with PT could help prevent viral transmission

during intercourse, ensuring adequate protection against HIV. The prolonged Tmax and
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lower Cmax Observed with MT are likely due to poor drug distribution to the vaginal

tissue and fluid following oral administration, leading to systemic distribution.

However, peak VF concentrations with PT quickly dropped following Tmax, indicating
rapid clearance from the vagina. This dissipation may be attributed to TDF's
characteristics as a BCS class 11l molecule, which is prone to dissipation due to its
good aqueous solubility and the rabbits' frequent urination during the study. Reports
suggest that lower drug levels in the caudal vaginal fluids over longer periods may be
due to dilution by urine following intravaginal insertion in rabbit models.®>#2 It is
important to note that physiological differences between animal models and humans
can influence drug dissipation from intra-vaginal devices. Rabbit vaginas are longer
and feature an urovaginal sphincter that separates the lower urovagina from the
cervicovagina. Inserting a drug-loaded pessary in the urovagina of rabbits could be
challenging as it would be constantly perfused by urine, leading to a drug washout

that may impact bio-distribution studies.*4

Tissue Concentration Studies: After the 24 h study, mean TDF concentrations in the
cranial vagina from PT were ~1.55 = 0.41 ng/g, with lower concentrations in the
caudal vagina but still within a comparable range to those in the cranial vagina. Mean
TDF concentrations from TT in the cranial vagina were ~4.68 + 6.02 ng/g. These
results suggest that the pessary formulation containing TDF exhibits favorable
pharmacokinetic properties, potentially offering effective protection against HIV
transmission when administered intra-vaginally. Understanding the protective efficacy
and duration of protection for both pre-exposure and post-exposure dosing is crucial

for determining appropriate dosage and dosing regimens in future clinical trials.*?
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Histopathology: The histopathological evaluation of vaginal tissue (Figure 13)
revealed a consistent thickness of the vaginal epithelium, indicating that the pessaries
did not cause any damage or shedding of epithelial cells. This finding suggests that
the pessaries can be safely incorporated into the vagina without disrupting the vaginal
layer. The lack of adverse effects on the vaginal epithelium also indicates that the
pessaries are likely to be well-tolerated by patients, making them a patient-compliant

option for drug delivery.”’
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6. SUMMARY

HIV and AIDS pose significant worldwide challenges, impacting health, society, and
economies on a global scale. The progression from HIV to AIDS exemplifies the
virus's insidious nature, as it systematically dismantles the body's defenses, making it
increasingly susceptible to opportunistic infections. Despite advancements in
healthcare, awareness, and treatment availability, HIV/AIDS is a major global health
concern. The low oral bioavailability of AntiRVs hampers their effectiveness in
reaching infection sites, increasing the risk of relapse. PrEP is crucial in reducing HIV
transmission. Traditional vaginal inserts, such as gels, creams, suppositories, and

douches containing AntiRVs, are promising dosage forms for on-demand PrEP.

Achieving effective prophylactic prevention requires ensuring that the drug reaches
adequate therapeutic levels at potential infection sites. Vaginal inserts are designed to
deliver the drug locally to target cells and tissues in the vaginal lumen. Bio-adhesive
vaginal dosage forms, in particular, can deliver active ingredients over a prolonged
period by adhering to the vaginal mucosa, ensuring controlled and sustained drug
release into the cervicovaginal fluid and tissue. This sustained release is essential for
maintaining effective drug concentrations at the infection site, enhancing the

prophylactic treatment's effectiveness.

The project aimed to develop a novel PrEP DT composed of T-CM and pessaries
constituting T-AM for intra-vaginal administration, to address the limitations of

conventional oral dosage forms.
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Part I: Development of dispersible vaginal tablets of TDF-loaded bioadhesive

chitosan microparticles

T-CM were developed by emulsification-internal-gelation technique, adjusting the
drug-to-polymer ratio and cross-linking agent quantity. The ECH-4 batch showed a
high %EE (68.93 + 1.76%) and sustained TDF release over 24 h (88.05 + 0.38%). Ex-
vivo studies with rabbit vaginal mucosa indicated good bio-adhesion for 24 h. SEM
confirmed the spherical shape of T-CM, and DLSA showed a mean diameter of
193.42 + 3.70 um. FTIR analysis ruled out chemical interactions between TDF and
excipients. DSC and P-XRD revealed amorphization of TDF within the chitosan
matrix. ECH-4 was incorporated into DT for intra-vaginal use, that dispersed rapidly

(31.33 £ 4.63 s) and releasing 89.98 + 1.61% of TDF over 24 h in SVF.

Part 11: Development of pessaries constituting TDF-loaded bioadhesive sodium

alginate microparticles

T-AM was developed by emulsification-internal-gelation technique, varying the drug-
to-S-Alg ratio, which influenced particle size, %EE, and IVDR. Batch EH-8, with a
1:4 drug-to-polymer ratio and equal parts S-Alg and HPMC KZ100M, exhibited
optimal %EE (62.09 + 1.34%) and controlled TDF release (97.02 + 4.54%) over 12 h.
EH-8 displayed good mucoadhesion on rabbit vaginal mucosa for over 12 h. SEM
demonstrated the spherical shape of T-AM, and DLSA indicated a diameter of 68.68 +
0.91 um. FTIR analysis confirmed the chemical integrity of TDF in T-AM, while
DSC and P-XRD revealed the presence of TDF in an amorphous state in the polymer
matrix. EH-8-loaded meltable pessaries melted at 37°C and exhibited sustained TDF

release (95.31 + 1.37%) over 12 h in SVF.
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To determine the biodistribution of TDF in the vagina, the intra-vaginal tablets and
pessaries developed were compared to an oral marketed formulation in rabbits. In-
vivo experiments revealed that pessaries displayed significantly higher Cmax in VF
with a lower Tmax compared to oral and intra-vaginal tablets. The pessaries efficiently
maintained inhibitory concentrations in the critical early hours of insertion, which is

crucial for providing adequate protection against HIV transmission during intercourse.

The smaller size and higher surface-to-volume ratio of bio-adhesive microparticulate
systems enhance vaginal drug delivery by improving residence time and prolonging
TDF release. These properties make bio-adhesive microparticles ideal carriers for
retention in the wvaginal mucosa, facilitating regional concentration and

biodistribution.

Timely delivery of TDF directly to the pathogen's entry portal using these pessaries
offers a novel strategy to prevent HIV transmission effectively during intercourse.
While long-acting systemic formulations dominate HIV prevention trends, these
pessaries provide a promising on-demand PrEP option for HIV-negative women. The
proposed novel pessaries are likely to bring a paradigm shift in HIV PrEP

management.
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7. CONCLUSION

Novel pre-exposure prophylactic bio-adhesive formulations containing TDF present a
promising strategy for protecting HIVV-uninfected individuals against HIV acquisition.
These formulations, utilizing bio-adhesive polymers in vaginal drug delivery, enhance
mucoadhesive strength, prolong drug release, and increase residence time. The small
size and high surface-to-volume ratio of bio-adhesive particulate systems promote
regional concentration and biodistribution, making them well-suited for retention in
the vaginal mucosa. By delivering particles directly to the site of action, they
effectively prevent HIV transmission during sexual intercourse. While the trend in
HIV prevention is towards long-acting systemic formulations, intra-vaginal DT offers

a novel on-demand option for HIV-negative men and women.

The successful production of drug-loaded S-Alg-based bio-adhesive microspheres by
ionotropic gelation technique employing a mixture of cellulose polymers is a
significant advancement. These microspheres not only adhere well to the mucosal
surface but also display a controlled release of TDF. When loaded into meltable
pessaries for intra-vaginal delivery, these microspheres maintained inhibitory
concentration during the crucial initial hours of insertion, which is vital for ensuring
adequate protection against HIV transmission. This novel approach with TDF
pessaries presents a promising platform for protecting HIV-uninfected individuals

from acquiring HIV.

Timely delivery of TDF directly to the portal of entry of the pathogen using these
pessaries represents a novel strategy that would effectively prevent HIV transmission
during sexual intercourse. While the trend in HIV prevention leans toward long-acting

systemic formulations, these pessaries offer a novel, promising on-demand pre-
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exposure prophylactic self-protective platform for HIV-negative women. The
proposed novel pessaries are likely to bring about a paradigm shift in PrEP

management of HIV.

Furthermore, the acceptability and desirability of new dosage forms for HIV
prevention are essential factors to consider. User preferences play a role in the
successful implementation and uptake of preventive measures. Therefore, considering
the perspectives and preferences of potential users when developing and evaluating
these novel pessary formulations is crucial for their successful adoption and

widespread use as an HIV prevention strategy.
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Abstract

he present research is aimed to develop a novel pre-exposure prophylactic bioadhesive microparticulate

system for vaginal drug delivery of Tenofovir Disoproxil Fumarate (TDF) to overcome the limitations
of the conventional dosage forms. Emulsification-internal gelation technique was used to prepare TDF
loaded bioadhesive microparticles using sodium alginate and hydroxypropyl methyl cellulose K-100 as
polymers at varying drug: polymer ratios of 1:2, 1:4 and 1:9 (EH-1 to EH-6). Scanning electron microscopy
of microparticles revealed that they are spherical in shape and particle size decreases with increase in drug:
polymer ratio. The entrapment efficiency of TDF in microparticles (EH-4) was found to be 62.09 + 1.34%.
FTIR results ruled out the possibilities of any chemical interaction between the drug and polymers used.
DSC and XRD studies indicated that the drug existed in amorphous state in the bioadhesive polymers. Ex
vivo bioadhesion studies performed on rabbit vagina showed good bioadhesion. In vitro drug release of
the microparticles (EH-4) in simulated vaginal fluid was found to be in a controlled manner and displayed
93.65 + 5.87 % t0 99.19 + 1.80 % drug release by the end of 8 hours. Thus, the formulated bioadhesive
microparticles can be a promising alternative to conventional route of delivery.

Keywords
Bioadhesion, microparticles, sodium alginate, HPMC K-100, tenofovir, controlled release
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Formulation and Evaluation of
Bioadhesive Microparticulate
System for Intravaginal Drug
Delivery of Tenofovir Disoproxil
Fumarate
Dhruti Avlani®, H.N. Shivakumar, Prajila A.
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“Presenting Author:
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Abstract: TDF loaded bioadhesive chitosan
microparticles intended for Pre-exposure
prophylaxis (PrEP) were prepared as an
intravaginal drug delivery system to overcome
the Llimitations of conventional oral dosage
forms. Chitosan microparticles of TDF were
prepared using emulsification-internal gelation
technique at varying drug: polymer ratios of 1:1
to 1:4 (ECH-1 to ECH-4). Scanning electron
microscopy of microparticles revealed that they
are spherical in shape. Differential Llaser
scattering analysis using Malvern Zetasizer
indicated that particle size decreased with
increase in drug: polymer ratio. 68.93 = 1.76%
of TDF was entrapped in the chitosan
microparticles (ECH-4). FTIR results suggested
an electrostatic interaction between TDF and
chitosan. DSC and XRD studies suggested that
the drug may be present in the molecular as
well as microcrystalline state in the matrix,
which could also explain the sustained drug
release from the microparticles. Ex vivo
bioadhesion studies using mucosa as a
substrate indicated that 4966 =x= 838 %
particles were retained with ECH-4 at the end of
6 h. In vitro drug release from the optimised
formulation in simulated vaginal fluid indicated
TDF was released in a sustained manner as
83.07 = 7.29 % drug released by the end of 24
h. Thus, the formulated bioadhesive
microparticles for intravaginal drug delivery
system for PrEP is a promising new strategy and
alternative to conventional route of delivery.

Keywords: Bioadhesive microparticles, Chitosan,
Vaginal delivery, Tenofovir, Sustained release.
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ABSTRACT: Tenofovir disoproxil fumarate (TDF)-loaded bio-
adhesive chitosan microparticles (CM) were developed by an
emulsification internal gelation technique. Among different batches
produced, ECH-4 was found to display a high % entrapment
efficiency (68.93 + 1.76%) and sustained drug release of 88.05 +
0.38% at 24 h. Solid state characterization of ECH-4 employing

DSC and PXRD indicated that the TDF existed in an amorphous s
state as a solid—solid solution in chitosan. Scanning electron vl
microscopy revealed CM of ECH-4 was spherical in shape with a
rough surface topography. Laser scattering analysis using Malvern
Master sizer indicated that particle size of ECH-4 was in the range
of 0.52 + 0.10 ym to 284.79 + 21.42 um with a surface-mean
diameter of 12.41 + 0.06 um. Ex vivo mucoadhesion studies using
rabbit mucosa as a substrate indicated that 10.34 + 2.08% of CM of ECH-4 was retained at the end of 24 h. The microparticles of
ECH-4 were incorporated into dispersible tablets (DT-TCM) intended for intravaginal administration, in view to arrest the pre-
exposure transmission of HIV during sexual intercourse. In vitro release from the dispersible tablet (F3) into simulated vaginal fluid
(pH 4.5) displayed a sustained release profile of TDF as 89.98 + 1.61% of TDF was released at 24 h. The in vitro dissolution profile
of the DT-TCM was found to be similar to that of TDF loaded CM with the values of f; (difference factor) and f, (similarity factor)
being 1.52 and 78.02, respectively. Therefore, DT-TCM would be a promising novel drug delivery platform for pre-exposure
prophylaxis against HIV.

Article Recommendations

BIOADHESIVE DISPERSIBLE VAGINAL TABLETS

Directly
Compressible
cipieats

Vaginal =

Tablet () > @

KEYWORDS: intravaginal, chitosan, tenofovir, vaginal tablet, mucoadhesion, sustained release

1. INTRODUCTION
For several decades, Human Immunodeficiency Virus (HIV)

Therapy (HAART) in developed nations has significantly
decreased morbidity and mortality rates. Nevertheless, several

and Acquired Immunodeficiency Syndrome (AIDS) have
remained significant health, social, and economic concerns
worldwide. HIV specifically targets and damages the CD4 cells
of the immune system responsible for fighting infections. In the
absence of treatment, it gradually weakens and destroys the
immune system, leading to the progression of AIDS."
According to estimates made by WHO, in 2021, there were
around 38.4 million HIV-positive individuals worldwide, 1.5
million people newly contracted the virus, and 650,000
fatalities resulting from HIV-AIDS related ailments.”
According to the Centers for Disease Control and
Prevention, the majority of individuals who contract HIV
acquire it via sexual intercourse involving the anus or vagina, or
by sharing needles, syringes, or other equipment used for
injecting clrugs.l The success of Highly Active Antiretroviral

© 2023 American Chemical Society

) 4 ACS Publications

5006

antiretroviral medicines are recognized for their low oral
bioavailability because they either are poorly soluble or have
difficulty permeating cell membranes. The primary reason for
relapse is the inadequate targeting of antiretroviral drugs to
latent infection sites.” >

In this context, preventative measures such as pre-exposure
prophylaxis (PrEP) play a crucial role in reducing HIV
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Figure 1. Fate of tenofovir delivered by dispersible tablets containing bioadhesive microparticles.

transmission involving daily intake of antiretrovirals by HIV-
negative individuals to lower their risk of contracting the virus.
Currently, only two antiretroviral formulations, Truvada and
Descovy, have been approved by the FDA for daily oral use as
PrEP. Truvada is underutilized in the US due to its hlgh cost,
kidney-related toxicity, and poor patient adherence. The
approval of Descovy as a second option for HIV PrEP in 2019
offered a better safety profile compared to Truvada. While the
formulation’s safety and efficacy are crucial, participant
adherence to product use is also vital for successful outcomes,
as evidenced by various research studies.” ™"

Topical PrEP, in addition to other methods, has significant
potential in combating new HIV-1 infections. This approach
involves using microbicides, which are medical products
designed to be administered in the vagina and/or rectum to
prevent the initial stages of viral transmission during sexual
intercourse. The underlying concept behind topical PrEP is to
prevent HIV-1 at the mucosal level by using one or more
compounds that have varying degrees of specific antiviral
activity. 1213

In contrast to the oral route of drug delivery, topical vaginal
inserts are an effective delivery platform for potent
antiretrovirals, particularly when utilized as the foundation
for on-demand and event-driven PrEP.* Drugs administered
vaginally bypass the gastrointestinal and hepatic first-pass
effects. This is because the vaginal route lacks cell layers with
metabolic enzymes, allowing drugs to reach the systemic
circulation directly, which reduces the required dosage and, in
turn, the incidence of side effects.

Formulations designed for intravaginal administration
enhance the absorption of drug substances in the local area
by virtue of the dense network of blood vessels and the large
surface area, leading to enhanced bioavailability at the site of
action. Furthermore, vaginal formulations can minimize off-
target systemic side effects due to the limited absorption of
drug substances into the bloodstream while also exhibiting
relatively low enzymatic activity."*

Vaginal inserts like, tablets, films, gels, and supp051tor1es
appear to be a promising approach to address PrEP."” Vaginal
gels have several disadvantages. First, adherence can be an
issue, meaning that people may have difficulty consistently
using the gel as prescribed. Vaginal gels have several
disadvantages such as the difficulty in consistently using the
gels as prescribed. Additionally, gels are prone to dissipation
and may not be effectively retained for prolonged periods of
time periods. This can limit their efficacy in delivering the
intended dosage and therapeutic effects. Furthermore, the

administration of vaginal gels requires the use of an applicator,
which may be an inconvenience for some individuals. There is
also a risk of experiencing local irritation and leakage when
using these gels, which can cause discomfort or affect their
overall effectiveness. Also, vaginal gels may not be particularly
stable under adverse environmental conditions. Factors such as
temperature, humidity, or exposure to certain substances can
potentially affect the stability and efﬁcacy of the gel, making it
less reliable in these situations.'”'> The tenofovir 1% gel,
which comes in prefilled applicators, initially showed promise
in the CAPRISA 004 trial. However, subsequent Phase IIb/III
trials were unable to confirm its efficacy through an intention-
to-treat analysis. This was likely because the gel was
inconsistently and insufficiently used by young, at-risk
women in both daily and pericoital dosing regimens.

To achieve efficient and effective prophylactic prevention, it
is crucial to reach adequate levels of the preventive agent at the
possible infection location.'® Based on the physicochemical
characteristics and mechanism of action of the ingredients
employed, vaginal inserts are expected to operate by delivering
the drug locally to target cells and tissues within the vaginal
lumen. Bioadhesive vaginal inserts can deliver the active agents
for an extended period at a predictable rate into the
surrounding cervicovaginal fluid and tissue.”'” The novel
DT-TCM would readily disintegrate into the constituent
bioadhesive microparticles on coming into contact with the
intravaginal fluid. The bioadhesive microparticulate system by
virtue of its small size and the high surface-to-volume ratio is
known to positively modify biodistribution, is well retained,
and exhibits better cellular uptake. They are modified to
enhance the penetration through the mucus barrier layer and
increase penetration into the epithelium. These microparticles
are less prone to expulsion, unlike single-unit dosage forms. As
these particles are directly delivered to the site of action, these
formulations are known to effectively arrest the transmission of
HIV during sexual intercourse."®

Vaginal tablets are compact, monolithic matrix systems
intended for vaginal insertion, designed and formulated for
immediate or sustained delivery of active ingredients. Vaginal
tablets offer advantages over conventional vaginal dosage
forms, such as more accurate dosmg and greater stability along
with low manufacturing cost.'” They are versatile and can be
modulated to obtain sustained or controlled delivery of drugs
by incorporating mucoadhesive polymers like sodium alginate,
hydroxy propyl methyl cellulose (HPMC), chitosan, and a few
more as their primary excipients.””">* The mucoadhesive
polymers are likely to interact with the vaginal surface through
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specific functional groups in the polymers and biological
tissues, enabling the formulation to remain adhered to the
vaginal mucosa, while the drug is released. This interaction is
crucial to the success of the formulation. Gelation of these
polymers upon contact with aqueous media can be beneficial
in controlling drug release via diffusion through the gel
layer."">"'”** Dispersible tablets composed of multiparticulate
systems are advantageous over single-unit vaginal dosage forms
as they are known to exhibit a more reliable vaginal mucosal
retention time (Figure 1). The chances of failure of such a
specialized dosage form are very merger.

Tenofovir has been extensively evaluated as a prophylactic
modality. Tenofovir (CyH;4N;O,P) belongs to the class of
Nucleoside Reverse Transcriptase Inhibitors used in the
treatment of HIV infection. It belongs to the BCS Class III
drug. To enhance the permeability of tenofovir, a prodrug
(Tenofovir Disoproxil Fumarate, TDF) has been developed.
TDF inhibits reverse transcription by causing chain termi-
nation during the extension of the DNA chain after they have
been incorporated into viral DNA during the reverse
transcription process which is carried out by the enzyme
HIV Reverse Transcriptase.'””® The oral bioavailability of
TDF is low (25% in the fed state) owing to the intestinal
degradation and efflux transport that justifies the need to
develop a vaginal dosage form of the drug.”® TDF is known to
result in a 1000-fold increase in the intracellular concentration
of tenofovir diphosphate in comparison to the tenofovir base.
Additionally, TDF displays a 100-fold lower IC5, when
compared to the tenofovir base, due to better permeability.'®*”
TDF displays an extended halflife (t,, = 12—15 h),’ efficacy
and safety profile making it an ideal topical microbicide for
preventing the sexual transmission of HIV.2%%

Chitosan is a nature-derived, hydrophilic, and positively
charged mucopolysaccharide, having good biodegradability
and biocompatibility.””*® It has similar flexibility to that of
natural tissue and is widely available, making it a sustainable
biomaterial for the development of healthcare products and
tissue engineering.’’ The ability of chitosan to adhere to
mucus is due to its positively charged nature. Mucin
glycoprotein makes up the mucous membrane, which contains
negatively charged sialic and sulfonic acid groups. Chitosan’s
cationic group interacts with these anionic acids in the mucous,
resulting in ionic bonding and mucoadhesive properties of
chitosan. Drug release from chitosan microparticles (CM) is
governed by polymer swelling, drug absorption, drug diffusion,
polymer erosion or de§radation, and a combination of erosion
and degradation. 14223

The focus of the current project is to develop novel pre-
exposure prophylactic dispersible tablets of TDF-loaded
bioadhesive chitosan microparticles (DT-TCM) for intra-
vaginal administration in view of overcoming the limitations of
conventional dosage forms. The novelty of the project lies in
the fact that the dispersible tablets would readily disperse into
the constituent bioadhesive microparticles that adhere well to
the vaginal mucosa for a considerable time period. Unlike
conventional bioadhesive vaginal tablets that are single-unit
dosage forms, the novel dispersible tablets are not prone to the
“all or none rule” and therefore are less susceptible to
expulsion or dissipation, which would be the big advantage of
our present work. Thus, the novel dispersible tablets can elicit
a higher therapeutic concentration at the site of transmission,
that is likely to exceed the ICy, of TDF. As no such product is
available in the Indian market, vaginal administration of TDF is

a promising alternative to oral PrEP dosage forms. Considering
the fact that nearly half of the HIV-infected population is
female, and the majority acquire the infection through sexual
intercourse, topical bioadhesive vaginal DT is expected to save
the lives of several millions of people from HIV infections.

2. MATERIALS AND METHODS

2.1. Materials. Tenofovir disoproxil fumarate was received
as a gift sample from Aurobindo Pharma, Hyderabad, India.
Chitosan was received as a gift sample from the Central
Institute of Fisheries Technology, Kochi, Kerala, India. Sodium
tripolyphosphate anhydrous (TPP) (extra pure) was procured
from Sisco Research Laboratories Pvt. Ltd., Maharashtra, India.
Acetic acid, light liquid paraffin, span 80, and petroleum ether
were purchased from SD. Fine Chemicals Ltd. (India). All
other excipients and chemicals used were of analytical grade.

2.1.1. Preparation of TDF-Loaded Chitosan Microparticles
(TCM). The emulsification internal gelation technique was
employed to produce TDF microparticles by using chitosan as
a bioadhesive polymer. Weighed amounts of TDF and chitosan
at varying concentrations were dissolved in 2%v/v acetic acid
to form a homogeneous solution.”** About 20 mL of the
resulting solution was added into 60 mL of light liquid paraffin
containing 1.5%v/v Span 80 constituted the continuous
phase.** Addition of the dispersed phase into the continuous
phase under constant mechanical stirring at S00 rpm resulted
in the formation of water in oil (w/0) emulsion that was
homogenized at 5000 rpm for 1S min. TPP solution was added
with continuous stirring to produce rigid discrete micro-
particles. The microparticles were finally separated by
centrifugation at 4000 X g for 30 min, washed several times
with petroleum ether to remove the traces of oil adhering to
the microparticle, and dried at room temperature.**** The
composition of different batches of CM of TDF is indicated in
Table 1.

Table 1. Composition of TDF-Loaded Microparticles

formulation code (FC) drug (% w/v) chitosan (% w/v) TPP (% w/v)

EC-1 1.0 1.0 5.0
EC-2 1.0 2.0 5.0
EC-3 10 3.0 5.0
EC-4 1.0 4.0 5.0
ECH-1 1.0 1.0 10.0
ECH-2 1.0 2.0 10.0
ECH-3 1.0 3.0 10.0
ECH+4 1.0 4.0 10.0

2.2. Characterization of Microparticles. 2.2.1. Practical
Yield and Drug Encapsulation Efficiency (EE). The percent
yield of each batch of microparticles was calculated from the
proportions of the total raw materials used in the preparation
of the microparticles to assess the mass balance using equation
1. To determine the %EE, an accurately weighed quantity of
TCM were pulverized and digested in S mL of simulated
vaginal fluid (pH 4.5) (SVF)* in a screw cap vial on a bath
sonicator to extract the entrapped drug. The resulting
dispersion was centrifuged at 10,000 X g for 5 min. The
amount of TDF in the supernatant was assayed after
appropriate dilution using a UV-—visible spectrophotometer
at 259 nm. The EE (%) was determined in triplicate for all

batches using eqs 24333637
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Weight of microparticles

9% Practical Yield =
Weight of drug + Weight of polymers

X 100 1)
% Theoretical Drug Loading (DL)

_ Weight of drug taken
" Weight of drug taken + Weight of polymers taken

x 100 (2)
% Practical Drug Loading (DL)
_ Weight of drug-loaded into microparticles —
B Weight of microparticles
(3)
%Practical DL
%EE = ——— XX X 100
9%Theoretical DL (4)

2.2.2. Surface Morphology. The surface morphology and
topography of TCM were examined by scanning electron
microscope (SEM) (TESCAN-VEGA3 LMU). The micro-
particles were affixed to a SEM sample holder with adhesive
tape and coated with a layer of gold (~200 nm) through ion
sputtering at reduced pressure for a duration of 5 min. This
gold coating helps to improve the resolution and contrast of
the SEM images by increasing the conductivity of the
microparticles. The gold coated samples were scanned to
obtain photomicrographs of suitable magnification.”**

2.2.3. Particle Size Analysis. Laser scattering technique was
employed to determine the size of the microspheres on
Malvern Mastersizer (v3.62, Malvern Instruments, Ltd.). The
microparticles were dispersed in propanol and subjected to
sonication with a 600 W probe for 10 min before measurement
in order to deaggregate the microparticles to enable clear
detection. The volume-surface mean diameter was calculated
using eq 5.°°7*%

Snd®
nd* (s)

where n is the number of particles in each size range and d is
the mean of the size range in ym.

2.24. Fourier Transform Infrared (FTIR) Spectroscopic
Analysis. FTIR spectrometry is an appropriate analytical
technique to characterize TDF, polymers, physical mixture,
and formulation. The samples were prepared by finely grinding
in a glass mortar and pestle with potassium bromide to
minimize IR scattering on the particle surface. The prepared
sample was placed in the sample holder and observed in the
FTIR spectrometer (Jasco 460 Plus) in the range of 4000—
1000 cm=",3#3,#

2.2.5. Differential Scanning Calorimetry (DSC) Analysis.
DSC has been an extensively used calorimetric technique to
characterize the solid state of the drug in polymer. The thermal
response of TDF, polymers, physical mixture, and the
formulation were recorded using DSC NETZSCH’s STA
449 FS Jupiter thermal analyzer system. Samples were analyzed
at a heating rate of 30 °C/10.0 K/min over a temperature
range of 20—300 °C to enable data acquisition.w AAS

2.2.6. Powder X-ray Diffraction (PXRD) Analysis. PXRD
techniques have been one of the widely used techniques to
characterize the solid state of the drug in polymer. The
diffraction studies of TDF, polymers, physical mixture, and the

Volume — Surface Mean Diameter (d,,) =

5009

formulations were recorded using Bruker D8 ADVANCE X-ray
Diffractometer. The operation data were: 2.2 kW X-ray source
of Cu anode with fine focus ceramic X-ray tube operated at 40
kV voltage and 40 mA current at 1.6 kW power. Data was
recorded between 5 and 40° 26 values and collected using
LYNXEYE high speed SSD160—2 detector with 500 um
sensor.> ¢

2.2.7. In Vitro Drug Release. The in vitro dissolution studies
were performed in triplicate for all batches using USP IV flow
through cell dissolution apparatus (Electrolab, Model No.
EFT-01). About 150 mg of TCM was confined in the sample
holder. Glass beads were loaded into the flow-through cell to
ensure that a laminar flow of the media (SVF maintained at 37
+ 0.5 °C) is maintained throughout the studies. A flow rate of
16 mL/min was maintained in a closed loop to allow the
disaggregation of the particles, which in turn helps in
enhancing the dissolution. Tenofovir disoproxil fumarated
has good aqueous solubility, and therefore, the medium (900
mL) was easily able to maintain sink conditions. Therefore, the
study was conducted in a closed loop configuration, which
indicated recirculation of the fixed volume of media similar to
USP Apparatus I and IL"7* Aliquots were withdrawn at
predetermined time intervals up to 24 h and analyzed
spectrophotometrically at 259 nm to measure the released APL

The obtained in vitro release data were fitted to four different
kinetic mathematical model-dependent methods: zero-order,
first-order, Higuchi, and Korsmegg{;l’eppas; the release

equations as presented in Table 2707

Table 2. Mathematical Models Used to Describe Drug
Release Curves®”

model equation
zero-order Q=Q + Kt
first-order Log Q; = Log Qy + Kjt
Higuchi model Q= KH*\/f
Korsmeyer—Peppas F=(Q/Q =K*t

“t = time in hours, Q, = initial amount of drug, Q; = cumulative
amount of drug release at time (t), Ky, Kj, Ky, Ky = zero-order, first-
order, Higuchi, and Korsmeyer—Peppas release constant respectively,
F = fraction of drug released at time (t), Q; = amount of drug released
at time (t), Q = total amount of drug in dosage form, n = diffusion or
release exponent which explains different mechanisms of drug
transport from polymeric drug delivery systems

2.2.8. Ex Vivo Mucoadhesion Studies/Wash-Off Test. The
mucoadhesive properties of microparticles were evaluated
using a modified USP disintegration apparatus. Freshly excised
piece of rabbit vagina (S X 1 cm) was used as a substrate and
mounted on a glass slide using a glue. About 200 micro-
particles were sprinkled uniformly over the substrate, and the
glass slide was hung onto the arm of the disintegration
apparatus with a suitable support. When the disintegrating
apparatus was operated, the tissue specimen was subjected to a
slow, regular up and down movement in the SVF at 37 + 0.5
°C for a period of 24 h. At predetermined time intervals, the
apparatus was stopped and the number of particles adhering to
the mucosal tissue were counted using a microscope in
triplicates and percentage mucoadhesion was calculated using

3,52
eq 6.23,.\-
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No. of microparticles adhered

100

(6)

2.2.9. Preparation of Vaginal Tablets. The optimized
TCM formulation ECH-4 was incorporated into dispersible
tablets (DT-TCM) employing the conventional direct
compression technique. TCM (ECH-4) containing 15 mg of
TDF was geometrically dry blended with croscarmellose
sodium, polyvinyl pyrrolidine K-30 and microcrystalline
cellulose (pH 102) in varying ratios and passed through a
120 um sieve. The sieved blend was lubricated with
magnesium stearate and talc for a few mins. The lubricated
blend was compressed into flat-faced bevel-edge tablets
weighing 300 mg on rotary tablet press (Model RSB-4,
Rimek mini press) using tablet B tooling of 8.7S mm diameter.
The batch size of each tablet composition was 30 tablets.
Three different batches of dispersible tablets containing ECH-
4 (coded as F1—F3) and one batch of dispersible tablet
containing TDF (coded as F4) were produced by varying the
blend composition as represented in Table 3.**

9% Mucoadhesion =
Initial no. of microparticles

Table 3. Composition of Vaginal Tablets

quantity (mg)

ingredients F1 F2 F3 F4
TDF 15
ECH-4“ 150 150 150
Avicel (PH 102) 120 120 120 75
polyvinyl pyrrolidine K-30 9 12 15 N
croscarmellose sodium 15 12 9 3
magnesium stearate 3 3 3 1
talc 3 3 3 1
weight of each tablet 300 mg 100 mg

“150 mg ECH-4 contains 15 mg of TDF

2.2.10. Physical Characterization of Vaginal Tablets. The
prepared tablets were evaluated for quality control tests like
organoleptic properties, tablet thickness, diameter, weight
variation, hardness, friability, and content uniformity tests
following the official procedures.™

-

. Organoleptic properties: The tablets were inspected

visually for shape and color.

Weight variation: Twenty tablets were randomly

selected and weighed individually. The average weight

and percentage deviation from the average weight was
calculated.

iii. Tablet thickness and diameter: Uniformity in tablet
thickness and diameter of tablets ensures uniformity of
tablet size which is essential during packaging. Ten
tablets were examined for their thickness and diameter
using vernier callipers, and the mean thickness and
diameter value along with standard deviation were
calculated.

iv. Hardness: The resistance of tablet to shipping or
breakage, under conditions of storage, transportation,
and handling, before usage, depends on its hardness.
Ten tablets were randomly selected, and the hardness of
each tablet was measured using Pfizer hardness tester.

v. Friability: Friability is the measure of tablet strength.

Twenty-two tablets were accurately weighed and placed

in the Roche friabilator chamber that revolves at 25 rpm

ii.

=}

for 4 min dropping the tablets through a distance of six
inches with each revolution. After 100 revolutions the
tablets were reweighed and the percentage loss in tablet
weight was determined following eq 7.
% Friability
__ Initial weight of tablets — Final weight of tablets
- Initial weight of tablets

X 100 (7)

=

vi. Content uniformity: The TDF content in 10 randomly
selected tablets from each batch were determined
spectrophotometrically at 259 nm.

In vitro disintegration test: Disintegration time for six
dispersible tablets was determined using Electrolab
Disintegration test apparatus in SVF maintained at 37
+ 0.5 °C. The time point at which the tablets completely
disintegrated was recorded as the disintegration time.

2.2.11. In Vitro Dissolution Study. The in vitro release of
TDF from the DT-TCM tablets for all batches was performed
in triplicate using USP IV flow through cell dissolution
apparatus (Electrolab, Model No. EFT-01). The USP
apparatus IV addresses various issues encountered in the
USP apparatus 1 and 2, such as tablet sticking, floating, coning,
dead zones, as well as problems related to sampling and sample
introduction effects. By using the USP apparatus IV, these
challenges are likely to be eliminated, ensuring more accurate
and reliable dissolution testing. TDF has no solubility issues.
The study was performed in a closed-loop flow-through
method in SVF maintained at 37 + 0.5 °C for a period of 24 h.
The tablet was placed in the sample holder in a manner such
that the medium flow is always perpendicular to the
disintegrated particles of the tablet. A flow rate of 16 mL/
min was maintained for a period of 24 h. Aliquots were
withdrawn at predetermined time intervals, filtered and
analyzed at 259 nm using double beam UV-—vis spectropho-
tometer to measure the released APL"""*

A model-dependent method was followed to compare the
dissolution profile of TDF tablets and TCM tablet by
determining the difference factor (f;) and similarity factor
(f>) using egs 8 and 9.

vii.

=1 (R = T)
Difference Factor (f,) = M X 100
LR, ®
Similarity Factor (f,)
| n
|
= 50 X 100 log? | 1+12(R,—T,)2 x 100
=

©)
where n is the number of dissolution time points; R; is the
dissolution value of the reference drug product at time t; and
T, is the dissolution value of the test drug product at time .
In the range of 0—100, the dissolution profile of the test
sample is considered to be identical to that of the reference
sarr:?l;e_ if f, ranges from S0 < 100 and f; ranges from 0 <
15:°27°
The obtained in vitro release data from DT-TCM were
subjected to fitting to four different kinetic mathematical
model-dependent methods; the zero-order, first-order, Higu-
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chi, and Korsmeyer—Peppas release equations are presented in
Table 235058

3. RESULTS AND DISCUSSION

Considering the good aqueous solubility of TDF (13.4 mg/
mL) that belongs to BCS Class 1> w/o emulsification
internal gelation technique was employed to prepare TDF
microparticles using chitosan as a bioadhesive polymer. The
w/o emulsion formed was stabilized using Span 80 (w/o
surfactant). The emulsion was stirred at S00 rpm for a period
of 1 h to form globules that reach a steady state by the end of
the time period. TPP is one of the common cross-linking
agents for the preparation of CM as it reacts with compounds
containing prima{g amine groups to form covalently cross-
linked networks.” When the TPP solution was added to
drug—chitosan emulsion, 30 min of curing time was allowed to
obtain uniform distribution in the continuous oil phase
resulting in a more uniformly cross-linked product. During
the cross-linking, the —OH ions compete with tripolyphos-
phoric ions to react with amino group of chitosan immediately
by ionic interaction, and then the tripolyphosphoric ions once
diffused into chitosan microparticles, interact with amine
groups of chitosan.’ A double-washing process with
petroleum ether followed by distilled water was implemented
to remove excess oil, salts, and free TPP.%

3.1. Practical Yield and Entrapment Efficiency. The
yield is the total quantity of microparticles produced. The main
objective behind optimizing the formulation is to produce a
good yield of the product. An increase in the polymer would
improve the drug entrapment, minimize drug loss, and improve
the process yield.>” This was clearly visible in Figure 2, where

100

80
. 2
g 60
=
g
S 40 -
& =

) h I I

0

EC-1 EC2 EC3 EC4 ECH-1 ECH-2 ECH-3 ECH-4
Formulation Code
®Yield (%) ® Entrapment Efficiency (%)

Figure 2. Yield and EE of TCM.

the percentage yield of TCM increased from 30.50 + 5.32% to
61.23 +2.61% from EC-1 to EC-4 and from 48.75 + 0.50% to
90.80 =+ 2.31% from ECH-1 to ECH-4 with the increase in the
chitosan concentration.

The incorporation of therapeutically active molecules into
microparticles can be governed by various factors like method
of preparation, drug to polymer ratio and TPP concentration.”?
Entrapment of drug was found to increase with an increase in
the amount of polymer used. With the increase in polymer
concentration (1% to 4%), the drug-polymer dispersion forms
stabilized microparticles and prevents the leakage of drug
during the hardening process. An increase in the %EE with
increase in the dmﬁ to polymer ratio has been reported in the
eatlier studies.”’~°° The %EE of EC-1 to EC-4 produced with
5% TPP ranged from 18.5§ + 0.41% to 57.24 + 2.73%. On

5011

increasing the TPP concentration was increased to 10% for
ECH-1 to ECH-4, an increase in the %EE was observed that
ranged from 27.97 + 0.60% to 68.93 + 1.76% as indicated in
Figure 2. Therefore, increase in TPP concentration, increased
the cross-linking with chitosan that resulted in a significantly
denser matrix, which lowers drug leakag:e during  stirring,
thereby improving encapsulation efficiency. Ko

3.2. Surface Morphology and Particle Size Analysis.
The SEM photomicrographs of the formulation ECH-4
revealed that the microparticles were spherical with a smooth
surface. In Figure 3, the particles appeared to be adhering to

SEM HV: 5.0 kV WD: 9.16 mm
SEM MAG: 20.0 kx Det: SE
View field: 10.4 ym Date(m/d/y): 05/06/22

VEGAS TESCAN

CoE-BMS Colloge of Engineoring

Figure 3. Photomicrographs of TCM of formulation ECH-4 on a
scanning electron microscope under a magnification of 20000x

each other under 20000X magnification that indicates their
bioadhesive nature. The surface roughness and abrasions on
the microspheres could be possible due to polymer
deposits.*"

Particle size is one of the crucial parameters of targeted drug
delivery, which affects the stability, EE, drug release En:oﬁle,
drug biodistribution, mucoadhesion, and cellular uptake. ** The
particle size—volume distribution curve of ECH-4 is
represented in Figure 4, which indicates the particle size

T
1
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0 30 10900

S st

Figure 4. Particle size distribution curve of formulation ECH-4.

range to be from 0.52 + 0.00 um to 284.79 + 21.41 um. The
particle size distribution curve obtained is not typical as it does
not have a bell-shaped pattern. This can be attributed to a
broad particle size distribution, as the bioadhesive micro-
particles tend to adhere to each other. The volume—surface
mean diameter of formulation ECH-4 was calculated to be
204.42 + 0.13 um.** About 50% of the microparticles in ECH-
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4 were of 58.014 + 1.037 um in size whereas 90% of the
particles were of 19342 + 3.70 um in size.’”’® A major
fraction of the particles being in the higher size range is likely
due to adherence of the bioadhesive microparticles to each
other. The results of particle size analysis were known to agree
well with the SEM photomicrographic images.

3.3. FTIR Analysis. An overlay of the FTIR spectra of TDF,
chitosan, physical mixture, and the kneaded product (ECH-4)
are displayed in Figure 5 and Table 4.
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Figure 5. FTIR spectra of (A) TDF; (B) chitosan; (C) physical
mixture; and (D) kneaded product (ECH-4).

Table 4. Peaks Observed in FTIR Spectra®

wavenumber (cm™")

sample ~ TDF chitosan  physical mixture icle (ECH4)

1 3219.58 3430.74 3204.15 3625.52
2 3049.84 2868.59 3066.26 3343

3 298527 1655.59 2986.23 3201.26
4 293898 1504.2 1752.01 2926.45
N 1760.69 1378.85 1682.59 2850.27
6 1678.73 1159.01 1502.28 1657.52
7 161991 1418.39 1545.67
8 1506.13 1259.29 1377.89
9 1421.28 1198.54 1461.78
10 126797 1209.15
11 118697

“TDF; chitosan; physical mixture; and kneaded product (ECH-4).

The FTIR spectroscopy aids in determining the molecular
interactions between the drug and its carrier. The FTIR spectra
of TDF exhibited distinct peaks at 3219.58 cm™ (strong —OH
stretching bond), 3049.84 cm™' (aromatic —CH stretching)
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2985.27 and 2938.98 cm™ (aliphatic —CH stretching bond),
1760.69 cm™' (C=O0 group), 1678.73 ecm™' (P=0
stretching), 1619.91 ean™! (-C=C- stretching bond) and
142128 cm™' (aromatic C=N stretching bond), 1267.97
cm™ (aliphatic C—N stretching), and 1186.97 cm™ (C-O
stretching) confirming the earlier report.’® The FTIR spectra
of the polymer chitosan was characterized by a broad band at
3430.74 cm™'corresponding to the N—H stretching vibration,
a —CH stretching vibration at 2868.59 cm™', the presence of
C=0 bond of amide I at 1655.59 cm™!, N—H bond of amide
IT at 15042 cm™ and N—H bond of amide IIT at 1378.85
cm™'and C-O stretching at 1159.01 em™'**7" The FTIR
spectra of the physical mixture, retained the principal peaks of
TDF and chitosan at 3204.15 cm™! (strong —OH stretching
bond), 3066.26 and 2986.23 cm™" (aliphatic —CH stretching
bond), 1752.01 cm™ (C=O group), 1682.59 cm™' (P=0
stretching), 1502.28 cm™' (N—H bond of amide II), 1418.39
cm™' (aromatic C=N stretching bond), 1259.29 cm™
(aliphatic C—N stretching), and 1198.54 cm™' (C-O
stretching), suggesting a weak interaction between the drug
and polymer used in the formulation.”” The FTIR spectra of
formulation ECH-4, depicted a very sharp peak of N—H
stretching vibration at 3625.52 cm™, aliphatic —CH stretching
vibration at 292645 and 285027 cm™', C=O stretching
vibration at 1657.52 cm™, N—H bond of amide III at 1377.89,
and 1209.15 cm™'C—O stretching. The characteristic peaks of
the TDF appeared in the FTIR spectra of the formulation
ECH-4 with a decreased intensity at 3201.26 cm™' (—OH
stretching vibration), 1461.78 cm™ (aromatic C=N stretch-
ing vibration), and 1545.67 cm™ (N—H bond of amide II).
The presence of only a few characteristic peaks of TDF in the
FTIR spectra of formulation, ECH-4, infers that the drug
characteristic peaks retained in the optimized formulation
which indicates that there is no interaction between drug and
excipients.”® Therefore, the studies indicated that there was no
incompatibility between TDF and other excipients used to
prepare the microparticles. Thus, it can be inferred that the
chemical integrity of the drug was maintained and there was no
chemical interaction between the drug and the excipients
during the process of preparation employed.”*

3.4. DSC Analysis. The formation of microparticles
involves dispersion of the drug in the crystalline or amorphous
form or dissolution of the drug in the polymer matrix. Any
rapid or extreme change in the drug’s or the polymer’s thermal
behavior could point to a potential drug—polymer interaction
as represented in Figure 6. The DSC thermogram of TDF
displayed a sharp exothermic peak at 115.4 °C with a peak
onset at 112.04 °C that corresponds to the melting point of the
drug. The endothermic peak was found to completely
disappear in the thermogram of TCM.

The enthalpy of fusion (AHy) for TDF in the pure state by
DSC was found to be 71.41 J/g. The presence of a very low
intensity endothermic peak in the thermogram of the physical
mixture indicating the semicrystalline nature of the drug in the
physical mixture. The corresponding to the melting point of
TDF was broadened and shifted to 118.4 °C in the
thermogram of the physical mixture of TDF and chitosan.
The drug characteristic thermogram almost disappeared
indicating the amorphization of the drug in chitosan matrix
in ECH-4. This would have resulted in complete miscibility of
drug in the polymer to form a solid—solid solution. Therefore,
from the DSC studies it can be inferred that the TDF was
dissolved in the bioadhesive CM in the amorphous state, "
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Figure 6. DSC thermograms of (A) TDF; (B) chitosan; (C) physical
mixture; and (D) kneaded product ECH-4.

3.5. Powder XRD Analysis. The PXRD of TDF, chitosan,
physical mixture, and formulation ECH-4 were performed to
investigate the crystallinity of TDF upon its transformation
into microparticle, and their corresponding PXRD patterns are
displayed in Figure 7.
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Figure 7. PXRD diffractogram of (A) TDF; (B) chitosan; (C)
physical mixture; and (D) kneaded product (ECH-4).

The crystalline nature of TDF was clearly demonstrated in
the PXRD pattern with about 10 distinct well-defined high
intensity sharp peaks at 26 values of 10.29° (1339 counts),
10.59° (2540 counts), 13.48° (1954 counts), 14.17° (1361
counts), 18.32° (3212 counts), 18.80° (3258 counts), 19.95°
(4172 counts), 21.36° (2438 counts), 22.02° (3077 counts),
and 25.07°(4419 counts). 10 similar high intensity peaks in the

same region were reported earlier indicating the crystalline
nature of the drug.*>” The diffractogram of chitosan displayed
characteristic peaks at 26 values of 20.27° (3123 counts).
These peaks were attributed to the semicrystalline nature of
chitosan as per the earlier reports.”*”” The diffractogram of the
physical mixture displayed the six prominent crystalline peaks
of the drug at 18.32°, 18.8°, 19.95°, 21.36°, 22.02°, and 25.07°,
indicating TDF exists in a semicrystalline state in the physical
mixture. The diffractogram of ECH-4 indicated a total of 6
characteristic low intensity peaks of TDF at 10.59° (358
counts), 18.32° (548 counts), 18.8° (643 counts), 19.95° (528
counts), 22.02° (486 counts), and 25.07° (431 counts). On
comparing the peak intensities of formulation ECH-4 were
compared to those of TDF, a 3- to 10-fold decrease in the peak
intensity was observed. This is a clear indication of the drug
amorphization of TDF in the chitosan polymer matrix. The
characteristics peaks of TDF were reported in the same region
earlier by Zaman et al. justifying our findings.”>*> Therefore,
the disappearance of sharp crystalline TDF peaks and the
presence of broad and broad peaks as observed in the
diffractogram of formulation ECH-4, confirmed that drug
(TDF) had undergone solid-state transition dqx:ip‘g the
emulsification process in the presence of chitosan.””® This
can be interpreted as a clear indication of the drug’s molecular
dispersion within the chitosan matrix as a solid—solid solution.

3.6. In Vitro Drug Release. The in vitro drug release from
microparticles usually takes place into 3 phases: the initial
burst period, where the drug at the surface of the micro-
particles is immediately released into the medium; the slow-
release phase period, where the drug is released at a
progressively decreasing pace; and the steady state period,
where the drug is released at a steady slow rate.>*

On comparing the in vitro drug dissolution profiles of TCM,
formulations EC-1—EC-4 displayed nearly 100% rapid release
of TDF by the end of 6 h, whereas 99.07 + 0.41%, 99.23 +
0.59%, 98.96 + 1.18%, and 88.05% =+ 0.38% of TDF was
released from formulations ECH-1—ECH-4 by the end of 6, 8,
12, and 24 h, respectively, as represented in Figure 8.

% Drug Release

0 4 8 12 16 20 24
Time (h)

Figure 8. Cumulative in vitro release profile of TCM in SVF (pH 4.5)
for 24 h. The data represent the mean + SD of three determinations.

Formulations EC-1-EC-4 produced with 5% TPP exhibited
a biphasic mode of drug release, namely, the burst effect
followed by a slow-release phase. The smaller particle size of
the microparticles and the surface drug were likely attributed
to initial burst release of TDF from the microparticles,
followed by slow diffusion of TDF from the core of the
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Table S. Results of Curve Fitting of the Dissolution Data for the Microparticles

zero-order kinetic model first-order kinetic model

Higuchi release model Korsmeyer—Peppas release model

EC R K R K
ECH-2 0.85 + 0.03 49.83 + 1.09 0.79 + 0.03 0.29 + 0.01
ECH-3 090 + 0.01 46.04 + 191 0.83 + 0.01 0.32 + 0.01
ECH-4 093 +0.05 2778 £204 086 + 007  0.53 + 0.02

R K R K n
093 + 0.02 23.96 + 2.40
097 + 0.007 2223 +281  1.00 + 0.00 0.37 + 0.02 041 + 0.07
0.98 + 0.01 1062 + 358 099 + 0007 057 +0.008 038 +0.07

CM.**%® Formulations ECH-2—ECH-4 that were produced
with 10% TPP displayed minimal burst release followed by a
progressively slower drug release until a steady state is attained,
as observed in Figure 8. From ECH-2 and ECH-3, 50% of
TDF was released within first 2 h, whereas from ECH-4, 50%
of drug was released within 6 h which could be related to the
hydrodynamics in the flow through dissolution apparatus.”*
The concentration of the chitosan solution plays a vital role in
microparticle formulation and subsequent drug release.
Increase in the chitosan concentration, resulted in significantly
stronger microparticle walls, reduced swelling potential, and a
sustained release of the TDF.®' Therefore, the amount of TDF
release was found to be inversely proportional to the chitosan
concentration. Along with chitosan, the TPP concentration
also determines the drug release. Formulations ECH-2—ECH-
4 produced with 10% TPP displayed a sustained release of
TDEF when compared to EC-1—EC-4 produced with 5% TPP.
The drug release profile supports the fact that higher level of
TPP favored better cross-linking that in turn sustained the
drug release. This could be explained by the increased cross
liking density of chitosan with increased amount of TPP !

Drug release is primarily governed by the hydration of the
polymer chains. The drug release kinetics of hydrophilic
polymer based controlled release dosage forms should follow
three steps: The first step is the penetration of the medium in
the matrix (hydration). The second step is swelling with
subsequent dissolution or erosion of the matrix. The third step
is the transport of the dissolved drug either through the
hydrated matrix or from the eroded parts into the surrounding
medium. The dissolution profiles of various batches of TCM
were compared statistically or model-dependent approaches in
order to understand the kinetic and mechanism of the TDF
release from CM. The results of curve fitting into different
mathematical models are tabulated in Table 5.

The higher R* values indicated that the drug release from all
the formulations was not concentration-dependent and the
mechanism of drug release was found to be swelling and
diffusion controlled by the disentanglement rate of the polymer
at the swollen front, indicating that all the formulations were in
accordance with the zero-order kinetics and Higuchi model.
This was further confirmed from the Korsmeyer-Peppas model,
where n < 0.50and approximates to Fickian diffusion release
mechanism.*****"” Therefore, among all the formulations,
formulation ECH-4 approximates better sustained release of
TDF from the CM matrix.

3.6.1. Ex Vivo Mucoadhesion Studies/Wash-Out Test.
Depending on the %yield, %EE and drug release, the
formulation ECH-4 was considered for further studies. Figure
9A depicts the representative images of bioadhesion of TCM
(ECH-4)on vaginal mucosa, and Figure 9B represents the
correlation of ex vivo bioadhesion of TCM (ECH-4) on vaginal
mucosa and its in vitro drug release.

The bioadhesive ability of formulation ECH-4 was found to
be excellent for a period of 24 h. By the end of 12 h, 18.33 +
6.11% of the microparticles were adhered and retained to the

2
.

¥ =-1.1455x + 108.07
R*=0.9479

80
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20
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In vitro Drug Release (%)

Figure 9. (A) Representative images of bioadhesion of TCM (ECH-
4) on rabbit vaginal mucosa. (B) Correlation between the percentage

microparticles retained on the mucosa (ex vivo) and the in vitro drug
release from ECH-4.

mucosa while 81.67 + 6.11% of the microparticles were
washed off by the SVF. Higher retention of microparticles on
the mucosa indicates minimal dissipation of drug from the
vagina due to vaginal secretion. On correlating the ex vivo
adhesion was correlating with the in vitro drug release (Figure
9) it was observed that the cumulative drug release was found
to drop as the percentage particles on the mucosa decreased. It
was observed that by the end of 6 h, 50% of the particles were
washed off from the mucosa, which corresponds to $4.48 +
7.59% in vitro drug release. It was also observed that by the end
of 24 h, only about 10.33 + 2.08% of the particles were
adhered to the mucosa corresponding to 88.05 + 0.38% of in
vitro release of TDF from the CM.">*® Thus, chitosan
microparticles not only displayed good initial adhesion to
rabbit vaginal mucosa (residence time of 24 h) but ensured
near complete drug release. The percentage of drug release was
found to linearly decline as the percentage of particles adhered
decreased with time. An excellent correlation between the
percentage microparticles retained on the mucosa and the in
vitro drug release with a correlation coefficient value of 0.975
was observed as indicated in Figure 9B.The mucoadhesive
potential of the chitosan microparticles appears to be sufficient
because TDF release occurs over a short period of time and
there is no therapeutic justification to retain the formulation

5014 httpsy//doi.org/10.1021 /acsmolpharmaceut.3c00288
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Table 6. Physical Characterization of Vaginal Tablets

parameters F1 F2 E3 F4

weight uniformity (mg) (n = 20) 298.82 + 3.17 301.80 + 1.03 301.67 + 0.82 100.62 + 0.11
thickness (mm) (n = 10) 430 £ 0.01 429 +0.01 431 +0.01 3.01 £ 001
diameter (mm) (n = 10) 8.00 + 0.00 8.01 + 0.01 8.01 + 0.01 6.01 + 001
hardness (kg/cm?) (n = 10) 3.19 + 041 3.08 + 041 3.50 £ 0.16 3.05 + 028
friability (%) (n = 22) 043 +0.17 090 + 0.04 037 + 0.08 032 + 0.04
content uniformity (%) (n = 10) 90.75 + 3.37 8843 + 3.03 95.06 + 397 99.08 + 1.36
disintegration time (s) (n = 6) 3433 £ 3.14 27.33 £+ 1.51 31.33 + 4.63 60.83 + 4.17

adhered to the patient’s vaginal mucosa once the drug has been

completely released.”? 0

For topical PrEP, vaginal inserts consisting of multi-
particulate-based drug delivery technologies have the potential
to accomplish a number of desirable features, including specific
site-targeted drug delivery, increased drug penetration in the
mucous and tissue, bioadhesion, and retention, and prolonged
drug release after intravaginal administration.’ In order to
produce good reproducible batches of DT-TCM, the direct
compression method involving dry drug—excipient blending
was employed, followed by compaction using a rotary tablet
press. The direct compression method of tablet preparation is
the simplest, robust, and cost-effective method with minimum
processing steps, producing less-friable insert with high
mechanical strength for better handling and packaging
feasibility. "’

A set of preliminary steps were undertaken to fabricate
different batches of tablets employing ECH-4 microparticles as
the API with the aim to optimize the release of TDF from the
chitosan matrix dispersible tablet for intravaginal delivery. 40%
Avicel (pH 102) incorporated in the tablets functions as a
unique diluent by producing cohesive compacts and also acts
as a disintegration agent. Polyvinyl pyrrolidine K-30 was used
as a binder. Croscarmellose sodium played the role of a
superdisintegrant, and magnesium stearate and talc are the
commonly used lubricants and glidants in the tablet
manufacturing process.

3.7. Evaluation of Dispersible Vaginal Tablets. The
prepared dispersible tablets were spherical in shape, flat-faced,
bevel-edged, and buff colored in appearance. Table 6 enlists
the results of weight variation, thickness, diameter, hardness,
friability, content uniformity tests, and in vifro disintegration of
tablet batches of F1—F4 and Figure 10 displays a comparative
dissolution profile of TDF microparticles (ECH-4) and
dispersible vaginal tablets (F3 and F4).

A spherical tablet punch of 8 mm diameter was chosen
considering easy administration into the vaginal cavity. The
API content per tablet (15 mg), tablet weight of 300 mg, tablet
thickness, and hardness were maintained constant throughout
the tablet manufacturing process. Minimum variation existed
among the tablet batches with respect to thickness, diameter,
and weight variation as reported in Table 6. The percent
variation in weight was in the range of —0.404 + 1.070% to
0.596 + 0.340%, i.e., within the range of +5% complying with
the IP specifications. The tablets exhibited a good weight
uniformity as indicated by the low values of relative standard
deviation (RSD < 1%).*° All the tablets passed the friability
test, as the percent friability was reported to be within the
pharmacopeial limit (F < 1%), indicating good mechanical
properties. The drug content uniformity of all the batches of
tablets were found to comply with the official pharmacopeial
specifications, as the assay values were calculated to be 90.75 +
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Figure 10. Comparative dissolution profiles of TDF microparticles
(ECH-4) and dispersible vaginal tablets (F3 and F4).

3.37%, 88.43 + 3.03%, 95.06 + 3.97%, and 99.08 + 1.36% for
Fl, F2, F3, and F4 respectively. This reflects good TCM
distribution and homogeneity in the matrix of the dispersible
tablet.>*** The dimensional stability of F1—F3 tablets was
maintained for a few seconds after dropping it in SVF,
following which complete disintegration was observed within
approximately 30—40 s of time with no mass remaining in the
apparatus. The tablets from batch F4 were found to
disintegrate in approximately 60 s. The rapid disintegration
of F3 tablet within 31.34 + 4.63 s, indicates faster penetration
of water into the interparticle space and good hydrophilicity of
chitosan, thereby reflecting the superdisintegrant ability of
chitosan polymer.***' From the results of the physical
characterization of the tablets, it was concluded that tablet
E3 should be considered for further in vitro dissolution studies.

The dissolution of DT-TCM was compared with ECH 4 to
assess the impact of compaction on the bioadhesive micro-
particles. Ideally, we expect the dissolution of the dispersible
tablets to be comparable to that of the constituent bioadhesive
microparticles. The USP IV Flow through cell dissolution
apparatus was employed to perform the dissolution studies.
The closed-loop technique was followed as it allows
disaggregation of the particles, thereby enhancing the
dissolution. The glass beads used ensured laminar and more
homogeneous flow of the dissolution medium from the bottom
of the sample cell. Once the tablet disintegrates in a flow
through cell, the glass beads present in the lower cone of the
cell prevent the particles from descending into the inlet tubing.
The circulation of SVF in a closed loop helps the strain rate to
be more controlled."”** Formulation F3 produced with TCM
(ECH-4) displayed a progressively slower drug release until a
steady state was attained. Formulation F4 produced with pure
TDEF displayed a burst release of drug within the first hour
(59.42 + 1.61%) followed by a slow release in the second hour
and finally a burst release of approximately 100% drug within 6
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h. It was observed that about 50% of TDF was released from
F3 by the end of 6 h. The sustained drug release of 85.98 +
1.61% from F3 could be related to the hydrodynamics
presented in the flow through dissolution apparatus.”” On
comparing the dissolution profiles of the TDF microparticles
were compared with those of the TDF vaginal tablets
containing chitosan microparticles (Figure 10), it was observed
that 70.77 + 6.03% of the drug was released from the latter by
the end of 12 h, which was approximately similar to that of the
microparticles (68.91 + 10.23%). The graph depicts that the
drug released in a controlled manner from the formulated
vaginal tablets similar to that of the constituent chitosan
microparticles, which indicates that DT-TCM being a more
complex system than TCM does not alter the release profile of
TDF when incorporated into a rapidly dispersible tablet.
Therefore, it can be inferred that administration of drug in
microparticulate form retarded the drug release up to a period
of 24 h, indicating it to be patient-compliant with reduced
frequency of drug administration in the vagina.

Difference and similarity factors are efficient model-
independent tools for reliable comparison of dissolution
profiles. The dissolution profiles of TCM (ECH-4) and DT-
TCM (F3) were compared to check the bioequivalence of the
prepared TCM after being incorporated into a tablet dosage
form, which could aid in understanding and comparing the
effect of administration of a dispersible tablet in the vagina
from that of the microparticulate system. The formulated
tablets were considered to be bioequivalent to the micro-
particles with f, value of 78.02 and f, value of 1.51.°°
Therefore, the similarity value indicates that the preparation
process does not affect the dissolution profile of the TCM.

The data obtained from the drug release study were used to
evaluate release mechanisms and kinetics. The criteria for
selecting the most appropriate model for drug release was
based on the linearity value, i.e., the value of correlation
coefficient, R%. The higher R value indicated that the release of
TDF from the vaginal tablet was independent of its
concentration. By virtue of the polymer properties, the
mechanism of drug release from the tablets containing
bioadhesive microparticles was found to be swelling and
diffusion controlled, thereby indicating that the formulation
was in accordance with the zero-order kinetics (R* = 0.95 +
0.02) and Higuchi model (R* = 0.98 + 0.01). From the
Korsmeyer—Peppas model, the diffusion coefficient value was
found to be n = 0.414 + 0.081 < 0.50, indicating drug diffusion
out of the matrix tablet via pure Fickian diffusion.’*>""!
Therefore, the formulated vaginal tablet inherently exhibited a
sustained drug release. From the commercial perspective,
tablets can be considered as vaginal inserts for antiretroviral
drug delivery, as it is one of the major source regions for HIV
transmission.

4. CONCLUSION

Novel pre-exposure prophylactic bioadhesive formulations
containing TDF offer a promising new strategy for protecting
HIV-uninfected individuals against HIV acquisition. The use of
bioadhesive polymers in vaginal drug delivery enhances
mucoadhesive strength, prolongs drug release, and increases
the residence time. The small size and high surface-to-volume
ratio of bioadhesive particulate systems promote regional
concentration and biodistribution, making them well-suited for
retention on the vaginal mucosa. As these particles are
delivered directly to the site of action, they are effective in

5016

preventing HIV transmission during sexual intercourse. While
the trend in HIV prevention is toward the development of
long-acting systemic formulations, intravaginal dispersible
tablets offer a novel on-demand option for HIV-negative
men and women.
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ARTICLE INFO ABSTRACT

Keywords: The research aimed to develop novel bioadhesive sodium alginate (Na-Alg) microspheres laden pessaries for
Intravaginal intravaginal delivery of tenofovir disoproxil fumarate (TDF), to overcome limitations of conventional dosage
Sodium :‘llgiﬂﬂfe forms. Twelve batches of microspheres formulated by emulsification gelation method indicated that drug-
::‘:::i:: polymer ratios and polymer type affected particle size, drug release, and entrapment efficiency (%EE). Micro-
Mucoadhesion spheres of batch EH-8 with drug: polymer ratio of 1:4 containing equal amounts of Na-Alg and HPMC K100M

displayed optimal %EE (62.09 + 1.34 %) and controlled drug release (97.02 + 4.54 % in 12 h). Particle size
analysis in Matersizer indicated that microspheres (EH-8) displayed a surface-mean diameter of 11.06 + 0.18
pm. Ex-vivo mucoadhesion studies on rabbit mucosa indicated that microspheres (EH-8) adhered well for 12 h.
Microspheres integrated into pessaries displayed a sustained release profile (95.31 + 1.37 % in 12 h) in simu-
lated vaginal fluid. In vivo studies in rabbits indicated that pessaries displayed a significantly higher Cpox (41.18
+ 3.57 ng/mL) (P < 0.005) and reduced Tpmax (1.00 + 0.01 h) (P < 0.0001) of TDF concentrations in vaginal fluid
compared to oral tablets. The microparticulate pessaries with the ability to elicit higher vaginal fluid levels in the
crucial initial hours of insertion demonstrates a potential novel platform to offer better self-protection to HIV-
negative women against HIV during sexual intercourse.

Sustained release

1. Introduction

HIV and AIDS have been major global issues that have affected the
health, society, and economies around the world [1]. The World Health
Organisation (WHO) estimates indicate that around 39 million people
had HIV in 2022, with 1.5 million new infections, and about 650,000
deaths due to HIV/AIDS, emphasizing its severe consequences [2]. Ac-
cording to Centers for Disease Control and Prevention (CDC), HIV
spreads mainly through sexual intercourse involving vagina/anus. In
developed countries, Highly Active Antiretroviral Therapy (HAART) has
lowered HIV-related illness and death rates [3]. However, many drugs
used in HAART have low oral bioavailability due to issues like poor
solubility or limited permeability preventing drugs from reaching
infection sites thereby raising the risk of relapse [4,5].

In this context, preventive measures like pre-exposure prophylaxis
(PrEP) are vital to cut down on HIV transmission. PrEP involves the

* Corresponding author.
E-mail address: shivalkumarhn@gmail.com (H.N. Shivakumar).

https://doi.org/10.1016/j.ijbiomac.2023.128816

administration of antiretroviral drugs to HIV-negative individuals daily
to decrease their risk of acquiring the virus. Currently, USFDA has
approved two antiretroviral formulations, Truvada® and Descovy®, for
daily oral use as PrEP. Truvada® is not widely used in the US due to its
high cost, potential kidney toxicity, and low patient adherence [6]. In
2019, the approval of Descovy® as an alternative option for HIV PrEP
provided a better safety profile compared to Truvada®. However, the
safety and effectiveness of the formulation as well as participant
adherence are critical for achieving positive therapeutic outcomes, as
demonstrated by clinical studies [7-11].

Topical vaginal PIEP is a novel HIV prevention method for HIV-
negative women, using antiretrovirals at the vaginal mucosal surfaces
to block viral entry [4]. It involves applying medications like vaginal
tablets, vaginal gels, pessaries, or vaginal rings to create a protective
barrier against HIV exposure. Products such as gels, douches inserts, or
suppositories are reported to be promising dosage forms for on-demand
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pre-exposure prophylaxis (PrEP) [12-16]. Topical vaginal inserts offer
site-specific drug delivery and convenience over oral methods.
Compared to oral administration, topical PrEP bypasses gastrointestinal
and hepatic first-pass effects, reducing the required dose and incidence
of side effects [4,14]. These formulations maintain effective local con-
centrations, limiting systemic exposure and making them preferable for
avoiding viral transmission and ensuring effective treatment [15].

Conventional vaginal inserts, such as tablets, films, creams, gels, and
rings, are being commonly explored as a promising approach for PrEP
[4,5]. However, most of these dosage forms exhibit several limitations
like poor retention, need for an applicator, potential irritation, leakage,
and instability, thereby reducing the effectiveness. Thus, the effective-
ness of the tenofovir 1 % gel, which initially showed promise in the
CAPRISA 004 trial, was not confirmed in subsequent Phase IIb/I1 trials,
likely due to inconsistent and insufficient use by young, at-risk women in
different dosing regimens. Thus, most of the conventional formulations
used for PrEP demonstrated poor adherence and compliance issues
[12,15,16].

Considering the limitations of conventional intravaginal PrEP for-
mulations our group was the first to develop an instantaneously
dispersible tablet comprising of bioadhesive microspheres to improve
drug retention and drug delivery [17]. In continuation, the current
project aims to develop novel pessaries containing tenofovir disoproxil
fumarate (TDF) loaded bioadhesive sodium alginate (Na-Alg) micro-
spheres for intravaginal administration. Pessaries are ideal intravaginal
dosage forms that can incorporate materials of diverse polarity [16].
TDF by virtue of its longer half-life (12-15 h), and lower ICso, makes ita
promising topical microbicide for development of prophylactic pessaries
[18-20]. Sodium alginate (Na-Alg) would be employed as a bioadhesive
polymer to fabricate the microspheres. Cocoa butter were specifically
preferred as the base material to develop the pessaries to prevent the
dissipation of water soluble TDF into pessary base. The novel, first of its
kind microspheres laden pessaries unlike the conventional single unit

1 .

1 Journal of Biol les 258 (2024) 128816

intravaginal dosage forms are less prone to expulsion as they melt to
readily disperse the constituent drug loaded bioadhesive microspheres.
The dispersed bioadhesive microspheres in turn would be well retained
on the vaginal mucosa and release the drug in a controlled fashion as
represented in Fig. 1.

TDF inhibits reverse transcription by terminating the DNA chain by
HIV Reverse Transcriptase [12,21]. TDF, which belongs to BCS Class I1I,
exhibits low oral bioavailability (~25 %) due to intestinal and efflux
transport [22]. Alginate is a natural biomacromolecule that is biocom-
patible, biodegradable, that is used for delivery of microencapsulated
actives [23,24]. Alginate can be combined with hydrophilic polymers
like chitosan, hydroxypropyl methylcellulose (HPMC), and sodium
carboxymethyl cellulose (Na-CMC), to enhance drug delivery by
improving absorption [24]. Na-Alg is a monovalent, water-soluble
polysaccharide that hardens into a gel when exposed to divalent ions
like calcium [25]. Alginate exhibits robust mucoadhesion when in a
solid state, primarily by mechanisms involving hydrogen bonding, hy-
dration, and polymer gelation [26].

2. Materials and methods
2.1. Materials

TDF was received as a gift sample from Aurobindo Pharma, Hyder-
abad, India. Na-Alg (Protanal LFR 5/60 USP NF; M/G = 30/70 %) was
received as a gift sample from FMC BioPolymers, USA. HPMC K4M
(Methocel) and K-100 M (Benecel) were received as a gift sample from
The Dow Chemical Company, USA. Cocoa butter was purchased from SK
Organics, Anand, Gujarat, India. Na-CMG, light liquid paraffin, span 80,
calcium chloride, petroleum ether, beeswax, and tween 60 were pur-
chased from S.D. Fine Chemicals Ltd. (India). All reagents and chemicals
used were of analytical grade.
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Fig. 1. Intravaginal drug delivery from pessaries containing drug loaded bioadhesive microspheres.
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2.2. Preparation of TDF loaded Na-Alg microspheres

Emulsification internal gelation technique as depicted in Fig. 2 was
employed for the preparation of TDF loaded Na-Alg microspheres (TAM)
using Na-Alg as a bioadhesive polymer alone and in combination with
various polymers (Table 1) [27]. A homogeneous aqueous dispersion
(2%w/v) of TDF and polymers was added to the continuous phase which
comprised 60 mL light liquid paraffin and 1.5%v/v Span 80, under
constant mechanical stirring at 500 rpm [23]. The homogeneous water-
in-oil emulsion was homogenized at 5000 rpm for 15 mins (T18 digital
Ultra Turrax®, IKA®). Under continuous stirring, 10%w/v calcium
chloride (CaCly) solution was added to obtain rigid discrete particles
[28]. The microspheres obtained were isolated through centrifugation at
4000 xg for 30 mins, rinsed multiple times with petroleum ether to
eliminate any residual oil remnants in the microspheres, and air-dried at
ambient room temperature [29,30].

2.3. Characterization of microspheres

2.3.1. Practical yield and drug entrapment efficiency (%EE)

The mass balance was evaluated by determining the yield of every
batch of microsphere, based on the proportions of the raw materials
utilized in their preparation using Eq. (1). An accurately measured
amount of TAM was pulverized and digested in 5 mL of simulated
vaginal fluid (pH 4.5) (SVF) [31] using an ultrasonic bath to release the
entrapped drug for a period of one night. The resulting dispersion was
subjected to centrifugation at a speed of 10,000 rpm for 5 mins. The
quantity of TDF present in the supernatant was determined spectro-
photometrically (Shimadzu UV-Vis Spectrophotometer 1900i, Shi-
madzu Corporation, Japan) at 259 nm after appropriate dilution. The %
EE was determined in triplicate for all batches and calculated using the
Egs. (2), (3), and (4) [29,32].

Weight of microspheres « 100
Weight of drug + Weight of polymers

%Practical Yield = (6]

Weight of drug taken

les 258 (2024) 128816
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diffraction technique using Malvern Mastersizer -v3.62 (Malvern In-
struments Ltd., UK). The microspheres were subjected to sonication in
propanol using a 600 W probe for a span of 10 min. This technique helps
to disperse the cluster of microspheres and de-aggregate any aggregates
to achieve a uniform distribution of the microspheres, ensuring clear
detection during measurement [34].

2.3.4. Fourier transform infra-red (FTIR) spectroscopic analysis

FTIR spectroscopy is a commonly employed analytical method for
characterizing drugs, polymers, physical mixture, and optimized
formulation. To minimize infrared (IR) scattering on the particle surface,
the samples were prepared by uniformly mixing with potassium bro-
mide. The resulting mixture was loaded into the diffuse reflectance
sample holder and analyzed using an FTIR spectrometer (Jasco, 460
Plus, Jasco Inc., United States) within the wavelength range of 4000

em ! t0 1000 em ! ata scanning speed of 2 mm/s [33,35,36].

2.3.5. Differential scanning calorimetry (DSC) analysis

DSC has been widely employed as a calorimetric technique to
analyze the solid state of drugs in various polymers. The thermal
behavior of the drug, polymers, physical mixture, and the optimized
formulation was examined using a DSC system (NETZSCH, STA 449 F5
Jupiter thermal analyzer, Germany). The samples were subjected to a
heating rate of 30 °C/min, covering a temperature range of 20 to 300 °C,
to collect data for analysis [33,35,37]. The degree of crystallinity (X.) of
TAM was calculated using Eq. (5).

4H,,

X(:(l—w)xAH(,:1

x 100 O]
where AH,, is the measured heat of fusion, AHY, is the heat of fusion of
100 % crystalline sample, and w is the weight fraction of TDF in the
polymer matrix [38].

2.3.6. Powder X-ray diffraction (PXRD) analysis
PXRD techniques have been extensively utilized for characterizing
the solid state of the drugs in various polymers. In this study, the

%Theoretical Drug Loading (TDL) =

Weight of drug loaded into microspheres

*Practical Drug Loading!(FDL) = Weight of microspheres

x 100
3)

%PDL

GEE —
s %TDL

x 100 @

2.3.2. Surface morphology

The surface morphology and topography of the TAM were investi-
gated by scanning electron microscope (SEM) (Scanning Electron Mi-
croscope, TESCAN-VEGA3 LMU) The samples were mounted on SEM
stab with double-sided sticking tape and gold coated (—~200 pm) using
an ion sputtering device under reduced pressure (0.001 Torr) for 5 min.
The gold coated (~200 nm) samples were scanned under suitable
magnification to acquire photomicrographs of TAM [33].

2.3.3. Particle size analysis
The size of the TAM was determined in triplicate employing the laser

Weight of drug taken + Weight of polymers taken 2

100 (2

diffraction patterns of the drug, polymers, physical mixture, and opti-
mized formulation were obtained using Bruker D8 ADVANCE X-ray
Diffractometer, United States. The instrument was equipped with a 2.2
kW X-ray source utilizing a Cu anode and a fine focus ceramic X-ray tube
operated at 40 kV voltage and 40 mA current, resulting in a power
output of 1.6 kW. Data collection was performed within the 5 to 40° 20
range using a LYNXEYE high-speed SSD160-2 detector with a 500 pm
sensor [33,35,39,40]. The relative degree of crystallinity (RDC) was
determined by comparing some representative peak heights in the
diffraction patterns of the formulation with those of the drug, using Eq.
(6) [411].

RDC = 2o ©

Lieference
where, Isampie is the characteristic peak height of the optimized formu-

lation and Leference is the characteristic peak height at the same angle for
the drug with the highest intensity.

2.3.7. Invitro drug release studies
The in vitro dissolution studies were performed in triplicate for a
period of 12 h using USP IV flow-through cell dissolution apparatus
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Fig. 2. Preparation of TDF loaded Na-Alg microspheres employing emulsification internal gelation technique.

(Electrolab, Model No. EFT-01) taking into account the standard intra-
vaginal retention time as per the literature [42]. Glass beads were
introduced into the flow-through cell to ensure a consistent laminar flow
of SVF at a temperature of 37 + 0.5 °C through the sample. A definite
weighed amount of TAM was positioned appropriately in the sample
holder. A flow rate of 16 mL/min of SVF was maintained throughout the
study in a closed loop system [43-45]. At specific time points, aliquots
were collected and subjected to spectrophotometric analysis at a
wavelength of 259 nm to determine the extent of drug release.

The dissolution profiles of various batches of microspheres were
compared on the basis of statistical methods or model-dependent ap-
proaches to understand the kinetics and mechanism of the drug release.
The in vitro release data obtained in the present study were fitted to four
different kinetic mathematical model-dependent methods — zero order,
first order, Higuchi and Korsmeyer-Peppas release equations as pre-
sented in Table 2 that can explain the release behavior of TDF from the
microspheres [46-48].

2.3.8. Ex vivo mucoadhesion studies

The mucoadhesive properties of optimized microspheres were
assessed for a period of 12 h using a modified USP disintegration
apparatus (Electrolab, ED-2 L) [17]. A freshly excised piece of rabbit
vagina (5x1cm) was used as a substrate and affixed to a glass slide with
glue. Around 200 microspheres were evenly distributed on the substrate,
and the glass slide was attached to the disintegration apparatus. The
apparatus was then operated, causing the tissue to undergo slow, regular
up and down movements in SVF at 37 + 0.5 °C. At pre-defined time

Table 1

Formulation of different batches of TAM.
Formulation Drug Na- Na- HPMC HPMC CaCly
code (FC) (%bw/ Alg CMC K4M (% K100M (%w/

v) (%bw/ (%w/ w/v) (%bw/v) v)
v) v)

EH-1 1.0 2.0 - - - 10.0
EH-2 1.0 1.0 1.0 - - 10.0
EH-3 1.0 1.0 - 1.0 - 10.0
EH -4 1.0 1.0 - - 1.0 10.0
EH-5 1.0 4.0 - - - 10.0
EH-6 1.0 2.0 2.0 - - 10.0
EH-7 1.0 2.0 - 2.0 - 10.0
EH-8 1.0 2.0 - - 2.0 10.0
EH-9 1.0 9.0 - - - 10.0
EH-10 1.0 4.5 4.5 - - 10.0
EH-11 1.0 4.5 - 4.5 - 10.0
EH-12 1.0 4.5 - - 4.5 10.0

intervals, the apparatus was stopped, and the microspheres adhering to
the mucosal tissue were counted under an optical microscope (Labomed,
LB-200). The percentage of mucoadhesion was determined in triplicate
using Eq. (7) [49].

No. of microspheres adhered

Initial no. of microspheres %100 @)

%Mucoadhesion =

2.4. Preparation of pessaries

The optimized TAM formulation was incorporated into pessaries
employing the conventional fusion moulding technique using pessary
moulds as represented in Fig. 3. Drug loaded pessaries were produced
using cocoa butter, beeswax and tween 60 employing the formula rep-
resented in Table 3. Cocoa butter was used as the pessary base and
melted in a porcelain dish placed on a heated water bath (~40 °C).
Beeswax, tween 60 and TAM were added to the melt in small portions to
avoid the formation of aggregates. The base-microsphere mixture was
thoroughly dispersed and once uniformity was achieved; the molten
mass was poured into previously calibrated stainless steel pessaries
moulds (0.9-1.0 g). The pessaries were allowed to cool in a refrigerator
maintained at 2-8 °C until they were completely solidified [50,51].

2.5. Characterization of pessaries

The formulated pessaries of each batch were subjected to quality
control checks following the official procedures as mentioned in the
Indian Pharmacopoeia 2018 (IP).

Table 2
Mathematical models used to describe the release behavior of TDF from the
microspheres.

Model Eqiidtion

Zero Order Kinetic Model Q= Qo + Kot

First Order Kinetic Model Log Qt = Log Qo + Kit
Higuchi Release Model Q=Ky*t

Korsmeyer-Peppas Release Model F=(QvQ) =Kg* "

Where, t = Time in hours, Q, = Initial amount of drug, Q, = Cumulative amount
of drug release at time (t), Ko, K;, Ky, Ky = Zero order, First order, Higuchi and
Korsmeyer-Peppas release constant respectively, F = Fraction of drug released at
time (t), Q, = Amount of drug released at time (t), Q = Total amount of drug in
dosage form, n = Diffusion or release exponent which explains different mech-
anisms of drug transport from polymeric drug delivery systems.
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Fig. 3. Diagrammatic representation of the preparation of pessaries employing fusion moulding technique.
point at which the fat-soluble-based pessaries melted to release the
Table 3 . i
e . constituent TAM was recorded as the DT [52].
Composition of pessaries.
Sl No. Ingredients Quantity (%) 2.5.6. Invitro dissolution studies
F1 F2 F3 The in vitro release of drug from the pessaries was studied using USP
1 Drug (TAM EH-8) 17 7 17 1V flow-through cell dissolution apparatus (Electrolab, Model No. EFT-
2 Cocoa Butter 65 62 60 01). The study was performed in a flow-through method in SVF main-
3 Beeswax 10 15 17 tained at 37 + 0.5 °C for a period of 12 h, following closed loop method.
4 Tween 60 8 6 6

2.5.1. Physical appearance

Ten randomly selected pessaries from each batch were visually
inspected to examine the color and surface texture of the pessaries for
possible cracks and pits that could be caused by air entrapment.

2.5.2. Weight uniformity

Twenty pessaries from each batch were randomly selected and
weighed individually in an analytical balance (Shimadzu, BL-220H).
The average weight and percentage deviation from the average weight
were calculated to assess the weight uniformity [52].

2.5.3. Melting point

The melting points of three batches of pessaries were determined
using the ascending melting point method. In this method, capillary
tubes, sealed at one end and measuring 10 cm in length, were filled with
the pessary formulation to a height of approximately 1 em. This filling
procedure was carried out while the capillaries were in an ice bath to
prevent the pessary from melting during handling. Subsequently, these
tubes were immersed in an electro-thermal thermometer with heat
gradually increasing, and the temperature at which the pessaries melted
was noted.

2.5.4. Content uniformity

Ten pessaries were randomly selected from each batch and tested for
content uniformity. Each pessary was allowed to melt in SVF maintained
at 40 °C and sonicated to extract the drug. The drug content was
quantified spectrophotometrically on suitable dilution at 259 nm
[52-54].

2.5.5. Invitro disintegration time

Disintegration time (DT) of six pessaries from each batch was
determined using Electrolab Disintegration tester apparatus (Electrolab,
Model No. ED 2 L) in SVF (500 mL) maintained to 37 + 0.5 °C. The time

The pessary was placed in the sample holder in a manner such that the
medium flow is always perpendicular to the pessary. A flow rate of 16
mL/min of the SVF was maintained for a period of 12 h. Aliquots were
withdrawn at predetermined time intervals, filtered and analyzed at
259 nm using double beam UV-VIS spectrophotometer to measure the
released TDF [43,45].

A model-dependent method was followed to compare the dissolution
profile of TAM and pessaries by determining the difference factor (f;)
and similarity factor (f,) using Eqgs. (8) and (9).

> (R =Ty
Difference Factor (f;) = =! x 100 (8)

Rl

™=

Similarity Factor (f,) = 50 x log { [l +£ Z (R, —T|)Z] X 100} (©)]
T

=

where, ‘n’ is the number of dissolution time points; R, is the dissolution
value of the reference drug product at time t; and T, is the dissolution
value of the test drug product at time t. In the range of 0 to 100, the
dissolution profile of the test sample is considered to be identical to that
of the reference sample if f, ranges from 50 < 100 and f; ranges from 0
<15 [55,56].

Table 4
Experimental design of in vivo study.
Group No. Treatment Animals allotted
Group - I Normal Control (NC) 6
Group - I Treated with Marketed TDF Oral Tablet (MT) 6
Group— Il Treated with TDF Vaginal Pessary (P-TAM) 6
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2.6. Invivo studies

The in vivo experimental protocol was approved by the Institutional
Animal Ethical Committee (No.05/HNSK/2021) and conducted at KLE
College of Pharmacy, Bengaluru. A total of three treatment groups with
six animals in each group were assigned for the animal studies. A total of
18 female adult (10-12 months) New Zealand Rabbits weighing
approximately 2.0 kg were selected as the in vivo model for the phar-
macokinetic studies and grouped as mentioned in Table 4.

To begin with the studies, the rabbits were anesthetized with Iso-
flurane (0.1-0.2 mL/kg) [57] prior to drug administration. Animals of
group I were treated with intravaginal dispersion of 1 mL of placebo
microspheres that served as the control. A dose of 7.5 mg/kg body
weight was administered orally to group II animals while group III was
treated intravaginally with the help of a catheter. The vaginal secretion/
fluids measuring 4-5 mL were withdrawn at pre-determined time in-
tervals of 1, 2, 4, 6, 12, and 24 h with the help of a catheter and syringe
using the flush technique in addition to the sample drawn at time zero
which was considered as the baseline value [58,59]. The samples were
subjected to cold centrifugation (10,000 rpm, 10 mins) and analyzed
chromatographically using Liquid Chromatography Mass spectroscopy/
Mass spectroscopy (LC-MS/MS) (Sciex, API-4000, Shimadzhu) [59-61].

2.6.1. Analytical method

The preparation of the extraction solution involved combining 200
mL of acetonitrile, 200 pL of 100 % formic acid, and 40 pl of Verapamil
used as internal standard (250 pg/mL), followed by vortexing for 2 mins.
The standard stock solution was prepared with 1 mg of TDF standard
and 1 mL of Methanol (MeOH) was introduced to achieve a concentra-
tion of 1 mg/mL. The working solutions for the calibration curve were in
the concentration range of 12.5-20,000 ng/mL. In the processing
method, 22.5 pl of vaginal fluid was taken and placed in a centrifuge
tube. Subsequently, 2.5 pL of calibrant or QC working solutions and 1
mL of internal standard extraction solutions were added to the labelled
tubes. After vigorous vortexing for 10 mins at 1200 rpm, the samples
were centrifuged for 15 mins at 15,000 rpm. Finally, 100 pL of the
resulting supernatant was collected and subjected to analysis using LC-
MS/MS.

The pharmacokinetic parameters namely maximum vaginal fluid
concentration (Cp,y) and the time to reach the maximum vaginal fluid
concentration (Tmax) and the area under the curve (AUC) of TDF con-
centration in the vaginal fluid as a function of time; were computed for
the three groups from the plot of vaginal fluid concentration versus time
profiles. The pharmacokinetic parameters were calculated using
pkSolver software.

After the 24-h study period, the animals were euthanized using an
overdose of Isoflurane to collect the vaginal tissue samples from each
rabbit. The cranial and caudal parts of the vagina were separated and
placed into cryovials. The tissues were then rapidly frozen and stored at
—80 °C until further analysis for tissue concentration studies that were
performed according to the procedure reported by Clark etal. [59]. The
tissues intended for histopathology study were preserved in formalin.
Subsequently, these tissues were stained with hematoxylin and eosin
and subjected to microscopic examination to evaluate the overall
morphological state of the cervicovaginal mucosa. To assess cervicova-
ginal tissue damage, a scoring system was followed is mentioned in
Table S1 [62].

2.6.2. Data analysis

The statistical analysis was carried out using GraphPad Prism 5.0
software. The mean values were presented with standard deviation.
Paired t-test (two-tailed) was used to statistically compare the different
groups where a P-value of <0.05 was considered to be statistically
significant.

1 Journal of Biol les 258 (2024) 128816

3. Results and discussions
3.1. Optimization of microspheres

The good aqueous solubility of TDF (13.4 mg/mL) justifies the se-
lection of emulsification internal gelation technique using liquid
paraffin as a continuous phase to produce mucoadhesive TAM [63]. The
TAM was developed using other hydrophilic bioadhesive polymers like
Na-Alg, Na-CMC, HPMC K4M, and HPMC K100M which play a crucial
role in controlling the swelling and release kinetics of the drug [24,64].
To stabilize the emulsion droplets and prevent coalescence, Span 80 was
used at a concentration of 1.5%v/v. Span 80 effectively reduces the
interfacial tension between the water and oil phases, facilitating the easy
dispersion of a viscous aqueous polymeric solution in liquid paraffin.
The properties of the microspheres produced by emulsification can be
influenced by optimizing different processing parameters, such as
agitation duration and solidifying or curing time as mentioned by
Letocha et al., 2022 [23]. In the present study, the w/o emulsion was
stirred at 500 rpm for one hour to achieve a uniform dispersion of two
immiscible phases. Following the stirring, the emulsion was homoge-
nized for another 15 mins to further reduce the size of the particles to a
micron level. This additional step aids in achieving a finer and more
consistent particle size distribution. By the end of the 15 mins, the
emulsification process reaches a steady state, indicating that the mi-
crospheres of desired physicochemical properties are formed. Cacl, is
commonly used as a cross-linking agent in the preparation of Na-Alg
microspheres. The presence of divalent calcium ions in the continuous
aqueous phase, promotes interaction with alginates, leading to the for-
mation of biodegradable microspheres with good bioadhesion and sus-
tained release properties. In the emulsification process, generally, a
curing time of 30 mins ensures uniform distribution of CaCl, within the
continuous oil phase. A similar curing time was reported to ensure
uniform cross-linking of Na-Alg using CaCl, by emulsification method
[65]. Each Na' cation in sodium alginate is bonded to a single carboxyl
group in the alginate chain, while the Ca>" cation interacts with two
carboxyl groups from different polymer chains. When sodium alginate
reacts with a calcium ion in aqueous media, the two Na' ions of sodium
alginate are substituted with Ca*" ions during the cross-linking process.
The cross-linking of copolymers (polymerization) through ionic bonding
between Ca?" cations and alginate anions as depicted in Fig. 4, results in
an evenly cross-linked product by the end of the curing period [66,67].

3.2. Characterization of microspheres

3.2.1. Practical yield and percentage entrapment efficiency

The primary goal of optimizing the formulation is to obtain a high
yield and entrapment of the desired product. By increasing the polymer
amount in the formulation, a greater amount of the drug was found to
get entrapped within the microspheres. This enhancement at higher
polymer levels cuts down on drug loss during production and boosts
overall yield [33]. The yield (%) of TAM was found to considerably
increase as the proportion of polymer increased (Fig. 5). Among the
formulations produced with the optimal ratio of 1:4, EH-8 exhibited the
significantly higher (P < 0.05) yield of microsphere (94.00 + 3.21 %)
compared to other batches. Microspheres formulated with Na CMC and
HPMC K4M, on rapid cross-linking with CaCl, resulted in the agglom-
eration of microspheres and formation of larger spheres (EH-2, EH-3,
EH-4, EH-6, and EH-11) [23,68].

Various factors, including the type/amount of polymers used, and
the concentration of the cross-linking agent, play a crucial role in
determining the successful incorporation of therapeutic actives into
alginate microspheres [69]. As the drug-to-polymer ratio increased from
1:2 to 1:9, the drug was better entrapped within the polymer, effectively
preventing drug leakage during the hardening process (Fig. 5). The %EE
for EH-8 (62.09 + 1.34 %) was significantly higher (P < 0.05) compared
to all other batches of TAM produced with the ratio of 1:4. Reports in the
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Fig. 5. Percentage yield and %EE of bioadhesive microspheres.

past indicate that the highest %EE was achieved with Na-Alg in com-
bination with HPMC [27,70]. The higher loss incurred at lower polymer
amounts could be due to the formation of smaller microspheres with
higher surface area resulting in more surface drug and eventually
reducing % EE. As the drug-to-polymer ratio increased, %EE increased
as represented in Table S2. As size increases, drug diffusion from these
microspheres is reported to slow down, leading to a higher %EE [71].
Loss of the drug in the emulsification method can be accounted by
several steps involved that including hardening, washing, and filtering
[29,32].

3.2.2. Surface morphology and particle size analysis

The SEM photomicrographs (Fig. 6(a) and (b)) of TAM (EH-8) indi-
cated the particles were spherical with smooth and dense surface
topography under 20 kx and 40 kx magnification. The larger micro-
spheres appeared to adhere to smaller microspheres indicating their
bioadhesive nature. The adhesion of the microspheres to each other is
also likely due to the polymer deposits [34,70,72]. Particle size is one of

the crucial parameters, which affects the stability, %EE, drug release
profile, drug bio-distribution, mucoadhesion, and cellular uptake [70].
The surface mean diameter and volume mean diameter of formulation
EH-8 (Fig. 6(c)) were found to be 11.06 + 0.18 pm and 33.23 + 0.46 pm,
respectively [45]. About 50 % of the microspheres in EH-8 were of 28.94
+ 0.73 pm in size whereas 90 % of the microspheres were 68.69 + 0.90
pm in size. The rapid cross-linking of alginates, due to the interaction of
calcium ions, is likely to result in the formation of microspheres of
different diameters and varied porosity [23]. The results of particle size
analysis are known to agree well with the SEM photomicrographic im-
ages indicating the reproducibility of the technique involved to produce
the TAM.

3.2.3. FTIR spectroscopic analysis

An overlay of the FTIR spectra of TDF, polymers, physical mixture,
and the kneaded product (EH-8) are displayed in Fig. 7. The FTIR
spectrum of TDF displayed the presence of a strong -OH stretching bond
(3219.58 cm™ '), aliphatic -CH stretching bond (3049.84 cm™! and
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Fig. 6. Photomicrographs of the optimized formulation under a magnification of (a) 20 kx, and (b) 40 kx, respectively, (c) Particle size distribution curve of the

optimized formulation (EH-8).

2938.98 cm ), C=0 group (1760.69 cm '), P=0 stretching (1678.73
cm 1), -C=C- stretching bond (1619.91 cm ) and an aromatic C=N
stretching bond (1421.28 ecm ') confirming the earlier reports [37]. In
the FTIR spectrum of Na-Alg, stretching vibrations of O—H bonds of
alginate appeared at 3221.5 cm ', stretching vibrations of aliphatic -CH
was observed at 2175.31 em-1, and -C=C- stretching bond was observed
at 1609.31 cm . The bands at 1026.91 cm 'were attributed to the
C—O stretching vibration of pyranosyl ring and the C—O stretching with
contributions from C-C-Hand C-O-H deformation. Similar character-
istic peaks of the Na-Alg reported by Helmiyati etal., 2017, Daemi et al.,
2012 [73,74]. In the FTIR spectrum of HPMG, the presence of hydroxyl
group was observed at 3476.06 cm ', and the presence of methyl and
hydroxypropyl group was observed at 2912.95 em . The bands at
1636.3 cm ! confirm the presence of six membered cyclic ring and the
band at 1371.14 cm ! indicates the presence of cyclic anhydrides. The
characteristic peaks of HPMC were similar to those as reported by Zafar

et al., 2020, and Sahoo et al., 2012 [75-77]. The characteristic peaks of
TDF appeared in the spectra of EH-8 though with minor shifts ruling out
any possible chemical interaction between these groups and the excip-
ients used during the process. Thus, the FTIR studies proved the chem-
ical integrity of TDF in the polymer matrix.

3.2.4. DSC andlysis

The process of developing microspheres includes dispersing the drug,
either in its crystalline or amorphous state or dissolving it within the
polymer matrix. Substantial changes in the thermal characteristics of the
drug or polymer during this process may indicate a possible interaction
between the drug and the polymer.

The DSC thermogram (Fig. 8) displayed a sharp endothermic peak of
TDF at 115.4 °C with the peak onset at 112.04 °C indicating the crys-
tallinity of TDF. The peak was found to correspond to the melting point
of the drug as reported by Gomes and co-workers [37]. The enthalpy of
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fusion (AHg) for TDF in pure state by DSC was reported to be 71.41 J/g.
The AHs value for the physical mixture was found to be 0.49 J/g indi-
cating the decrease in the crystallinity of TDF in the mixture. The X of
the physical mixture was found to be 0.86 % when compared to TDF as a
reference. The X, of TDF was found to further drop to ~0.1 % in the
formulation EH-8 indicating the drug is dispersed in an amorphous state
in the polymeric matrix. The endothermic peak of TDF was broadened
and shifted toward lower temperature in microsphere Formulation EH-
8. This could be attributed to the uniform distribution of the drug in the
polymer crust, resulting in the complete miscibility of the molten drug in
the polymer to form a solid-solid solution [33,37].

3.2.5. PXRD analysis

The Powder X-ray diffractogram of TDF, polymers, physical mixture,
and formulation EH-8 are displayed in Fig. 9 and its corresponding
interpretation of 20 values and peak intensities is portrayed in Table S3.
The crystalline nature of the drug was clearly demonstrated in the PXRD
pattern with about 10 distinct well-defined high-intensity peaks as
represented in Table S3. TDF is reported to display 10 characteristic
peaks in between 10.29° to 25.07° 20 region justifying the observation
in the present study [35]. Same number of peaks were reported in the

same region for TDF authenticating the crystalline nature of TDF by Patil
et al., 2017 [78]. The polymers including sodium alginate were found to
display diffractograms that were devoid of any characteristic peaks
indicating the amorphous nature. The PXRD pattern of the physical
mixture displayed about 7 high-intensity peaks and a number of low-
intensity peaks, indicating a substantial decrease in the drug crystal-
linity in the mixture. The number of peaks and the peak intensities
relevant to the drug were further reduced in the formulation EH-8
indicating a substantial reduction in the crystallinity of TDF in the
formulation. Considering the peak of TDF at 25.07° 20 with an intensity
of 4419 counts as the reference peak, the intensity of the same peak in
the physical mixture was found to further reduce to an intensity of 1086
counts, indicating the decrease in crystallinity to nearly 24 %. The in-
tensity of the reference peak dropped to about 11 % in formulation EH-8,
indicating the drug is reduced to nearly amorphous state in the polymer
matrix. The solid-state characterization using DSC and XRD conclusively
indicates that TDF is likely to be present in the amorphous or molecular
state as a solid-solid solution in the polymer matrix. Dispersion of polar
drug in hydrophilic controlled release polymers would improve the drug
miscibility in polymer and would control the drug release as well [79].
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Fig. 8. DSC thermograms of TDF, Na-Alg, HPMC K100M, physical mixture, and optimized formulation (EH-8).
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Fig. 9. PXRD diffractogram of TDF, Na-Alg, HPMC K100M, physical mixture,
and optimized formulation (EH-8).

3.2.6. Invitro drug release

All the studies were performed for duration of 12 h, in line with the
commonly observed vaginal retention time documented in literature.
According to Witter et al. 1998, it was that a single intravaginal appli-
cation of any product did not seem to result in cervical vaginal irritation
or ulceration for a period of 12 to 24 h. Consequently, such an

10

application would not only ensure protection from HIV and at the same
time does not disrupt the epithelial barrier [42]. The closed-loop tech-
nique was followed as TDF demonstrated no solubility issues in dis-
solving in SVF. Generally, the drug release from the microspheres was
found to depend on two factors namely the drug to polymer ratio and the
type of polymer used. The data indicates that TDF was found to dissolve
completely by the end of 2 h that can be attributed to its good aqueous
solubility. Generally, the drug release profiles of bioadhesive micro-
spheres displayed three distinct phases. There was an initial rapid
release resulting in a burst effect, which is attributed to the quick
dissolution of TDF on the surface of the microspheres. Following the
burst effect, a slower release phase was found to occur, during which
drug molecules located within the matrix of the microspheres that
gradually diffuse out, and lastly, the steady state phase, where the drug
isreleased at a steady slow rate. Notably, the intensity of the initial burst
effect diminishes as the polymer amounts used in the formulation in-
creases indicating that the burst effect can be substantially reduced
using higher polymer proportions. The good aqueous solubility of TDF is
known to responsible to certain extent for the initial burst release.
Subsequently, the longer diffusion path the drug molecules need to
traverse was found to slow down the drug release in the slow release
phase. It has to be noted that the polymers used in the present study tend
to form hydrophilic swellable matrices that tend to form torturous
pathway increasing the diffusional path length with time. Additionally,
the higher polymer concentration reduces the number of pores in the
microsphere matrix, further impeding the entry of the dissolution media
and the drug release. This sustained release mechanism enables
controlled and prolonged drug delivery, enhancing treatment efficacy
[80].

3.2.6.1. Effect of drug-to-polymer ratio. The amount of drug released
was found to increase with a decrease in the polymer amounts as
depicted in Fig. 10. The formulation EH-1, which had a drug-to-polymer
ratio of 1:2, demonstrated a biphasic mode of drug release, namely the
initial burst effect where nearly 50 % of the drug was released within 2
h. The burst phase was followed by a slow-release phase. Similar results
were observed for formulation EH-5 and EH-7, which had a drug-to-
polymer ratio of 1:4. The initial burst release of TDF from the
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Fig. 10. Cumulative in vitro drug release profile of TAM in SVF (pH 4.5) for 12 h. The data represent the mean + SD of three determinations.

microspheres was followed by the gradual diffusion of TDF from the
inner polymeric matrix. The initial burst release can be attributed to the
smaller particle size of the microspheres and the presence of surface-
bound drug [80]. On the contrary, the Formulation EH-8, composed of
TDF, Na-Alg and HPMC K100M, displayed minimal burst release
initially, followed by a decelerated drug release until a steady state
condition was attained (97.03 + 4.45 % in 12 h). The formulation was
found to display significantly lower 9P < 0.05) burst release at 2 h
compared to other formulations produced with drug to polymer ratio of
1:4.

At higher polymer concentrations (specifically, in formulations EH-
9, EH-10, and EH-12 with a drug-to-polymer ratio of 1:9), the rate of
drug release was progressively slower, with ~22.80 + 5.35 % drug
release after 1 h. This phenomenon can be attributed to the increased
interlocking of linear polymer chains, leading to the formation of a
stronger gel layer through a process known as ‘virtual crosslinking’. The
increased cross linking is likely to impede the entry of the dissolution
media and thereby slowing down the drug release [23,79].

3.2.6.2. Effect of type of polymers. The type of polymers used along with
sodium alginate affected the in vitrorelease of TDF as depicted in Fig. 10.
The incorporation of polymers with higher molecular weight was found
to impart controlled release properties to the microspheres. It has to be
noted that the molecular weight of HPMC K100M, HPMC K4M, sodium
CMC, and Na-Alg were reported to be 1150, 500, 262.19, and 216.12 g/
mol, respectively [81-83]. The formulations, EH-1 and EH-5 composed
of sodium alginate alone as a hydrophilic polymer, failed to control the
drug release. On the contrary, about 63.99 = 1.26 % of TDF was released
in 12h from EH-9 that was formulated at high drug: alginate levels (1:9).
In order to ensure a controlled but complete drug release from TAM at
nominal polymer levels (1: 4), attempts were made to replace 50 % of
sodium alginate with other hydrophilic polymers. Replacing about 50 %
of sodium alginate with HPMC K100M in formulation EH-4 (99.05 +
1.10 %), EH-8 97.03 + 4.54 %), and EH-12 (50.89 + 4.76 %) effectively
controlled the release at lower polymer levels for 12 h. The drug release
from microspheres was found to decrease with increase in the molecular
weight of hydrophilic polymers. [70,79].

Depending on the molecular weight of the polymers used, the
amount of drug release was found decrease in the order: HPMC K100M
< HPMC K4M < sodium CMC indicating the molecular weight was

found to have a considerable effect on the release of drug. The in vitro
drug dissolution studies indicated that, formulations EH-9, EH-10, and
EH-12 developed with the drug to polymer ratio of 1:9 displayed
incomplete release ranging from 50.89 + 4.76 % to 63.99 + 5.16 % by
the end of 12 h. Based on the results EH-8 was considered as an ideal
formulation as it was found to display minimal burst release and at the
same time releases most of TDF in a controlled manner in SVFin 12 h
that can be considered to be a realistic standard intra vaginal retention
time [43,44].

The release of drug is predominantly regulated by hydration process
of the polymer chains. For hydrophilic polymer-based controlled release
formulations, the drug release kinetics typically involves a three-stage
process; firstly, the medium should penetrate the matrix (hydration),
secondly, the matrix should swell with ensuring dissolution or erosion,
and thirdly, the dissolved drug should be transported either through the
hydrated matrix or from the eroded sections, eventually being released
into the surrounding medium [56]. The mathematical modelling of
dissolution profiles of different batches of TAM was carried out in order
to comprehend the kinetics and mechanism of TDF release from mi-
crospheres, using model-dependent approaches. The results of curve
fitting into different mathematical models are tabulated in Table S4.

The R? values close to 1.0 indicated that majority of the formulation
followed zero order kinetics wherein the drug release was not influenced
by the amount of drug present in the microspheres. The mechanism of
drug release was found to be primarily governed by swelling and
diffusion, which is based on the disentanglement rate of the polymer at
the swollen front. This suggests that the drug release from the formu-
lations followed the Higuchi model, which describes the release of drugs
from polymeric matrices based on diffusion. These findings indicate the
release behavior of the formulations and help in understanding and
optimizing their drug delivery characteristics [46]. The drug release
mechanism was further confirmed from the Korsmeyer-Peppas model,
where the ‘n’ value is used to characterize different release mechanisms.
Formulation EH-5 and EH-8 indicate anomalous or non-Fickian trans-
port that involves diffusion as well as the swelling and relaxation of the
drug from the matrix are both responsible for the drug delivery. On the
contrary, Formulation EH-9 and EH-10 (n < 0.45) indicated hindered
Fickian diffusion which infers that it is characterised by diffusive
regimen with hampered release [47,48,84].

Therefore, among all the formulations studied, formulation EH-8
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demonstrated a desirable drug entrapment efficiency of 62.09 + 1.34 %
and a controlled and complete drug release of 97.03 + 4.54 % over a
period of 12 h [42]. These results indicate that EH-8 exhibited a
favourable sustained drug release profile, making it a promising candi-
date for further investigations and studies.

3.2.7. Ex vivo mucoadhesion studies

Formulation EH-8 was considered for further studies based on its
good percentage yield, %EE and drug release. Formulation EH-8
demonstrated good bioadhesivity where, approximately 7.17 + 2.02
% of the microspheres remained still adhered to the mucosa after 12 h,
while 92.83 =+ 2.02 % of the microspheres were washed off by the SVF.
The ex vivo studies with the mucosal tissue substrate suggests that the
microspheres are likely to be well retained in vivo too. Approximately 50
% of the microspheres were washed off from the mucosa by the end of 4
h, corresponding to a 60.04 + 1.72 % in vitro drug release [34,46]. This
indicates that microspheres of the batch EH-8 demonstrated both strong
adhesion to rabbit vaginal mucosa by virtue of their bioadhesive prop-
erties and ensured nearly complete drug release by 12 h.

On comparing the ex vivo adhesion with the in vitro drug release, an
excellent correlation was observed between the percentage of micro-
spheres retained on the mucosa and the in vitro drug release, with a
correlation coefficient value of 0.996 as indicated in Fig. 11. The drug
release was found to decrease linearly as the percentage of adhered
microspheres decreased over time. The ex vivo studies clearly indicates
the mucoadhesive potential of the EH-8 microspheres and therefore the
suitability of the bioadhesive microspheres for intravaginal delivery of
TDF.

Vaginal inserts using microparticulate-based drug delivery technol-
ogies offer several advantages for topical PrEP. These advantages
include regional drug delivery to specific sites, enhanced drug pene-
tration in mucous and tissues, better retention, low chances of expulsion
and prolonged drug delivery following intravaginal administration.

3.3. Characterization of pessaries

To ensure consistent and reproducible batches of pessaries, the
moulding method was chosen as it is a simple, robust, and cost-effective
approach with minimal processing steps. This method produces less-
friable inserts with high mechanical strength, making them easier to
handle and package [4]. The prepared pessaries were in the shape of a
bullet having a smooth surface. They appeared to be pale yellow in
color. Table 5 enlists the results of the physical evaluation of the pes-
saries of batches F1 to F3.

All the formulations were found to demonstrate good content
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Fig. 11. Correlation between ex vivo microspheres retained (%) on the mucosa
and the in vitro drug release (%) from the optimized formulation (EH-8).
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Table 5
Physical characterization of pessaries.
Parameters F1 F2 F3
Weight uniformity 901.27 £ 0.26 901,50 + 0.10 901.37 £ 0.10
(mg) (n = 20)
Melting point
30.33 + 2.52 35.33 £ 0.58 4233 £ 2.08
Q) (n=3)
Content uniformity
7.42 £ 0, .00 + 1.4 88+ 1.
) (109 97.42 = 0.86 99,09 + 1.42 96.88 = 1.30
Disinte geation thi 233+ 031 3.63 £ 0.15 4,00 + 0.20
(s) (n=6)

uniformity, weight uniformity and sufficient mechanical strength to
withstand abrasives forces which causes disintegration of prepared
pessaries. The width and length of randomly selected pessaries were
found to vary from 0.82 cm to 0.90 cm and 2.11 to 2.14 em for different
formulation with good homogeneity and the impact of additional ex-
cipients was minimal. The weight uniformity test indicated that for all
pessaries were within the acceptable range of <5 %, indicating precision
of the moulding technique. Disintegration time increased with higher
concentrations of beeswax, which served both as a stabilizer and a
controlled-release agent. The melting point of the pessaries was also
found to be within the acceptable limit of 37 + 0.5 °C that corresponded
to the body temperature. From the results of the physical characteriza-
tion of the pessaries, formulation F2 was ideal to be considered for
further in vitro dissolution studies [50,51,85].

The dissolution of F2 was compared with the constituent batch of
TAM (EH-8) to assess the impact of moulding on the dissolution of
bioadhesive microspheres. Ideally, we expect the dissolution of the
pessaries to be comparable to that of the constituent bioadhesive
microspheres.

On comparing the dissolution profiles of TAM with P-TAM (Fig. 12),
the pessaries released 95.31 + 1.38 % of TDF within 12 h similar to that
of TAM (EH-8), i.e., 97.02 + 4.54 %. From the graph it was clear that the
drug released in a controlled manner from the formulated pessaries
similar to that of EH-8. The results indicate that the release from the P-
TAM is no way hampered on incorporation into the cocoa butter base
[50]. This confirmed that the TAM are most likely to remain intact in the
lipophilic base that would readily melt to release the constituent TAM on
contact with the dissolution media maintained at 37 + 0.4 °C [85]. The
graph depicts that TDF released in a controlled manner from the
formulated vaginal pessaries similar to that of the constituent micro-
spheres, which indicates that P-TAM being a more complex system than
TAM does not alter the release profile of EH-8 when incorporated into a
pessary.

Difference and similarity factors serve as effective model-
independent tools for reliably comparing dissolution profiles. In this
study, the dissolution profiles of TAM (EH-8) and P-TAM (F2) were
compared to assess the similarity in dissolution profiles of the TAM after
being incorporated into a pessary dosage form. The formulated pessaries
were found to display a dissolution profile similar to the constituent EH-
8, with an f value of 72.09 and an f, value of 2.50 [55]. These similarity
values indicate that the moulding technique employed for the produc-
tion of pessaries did not affect the dissolution profile of the TAM. From a
commercial standpoint, pessaries can be considered as ideal platform of
vaginal inserts for delivery of antiretrovirals, given that the vagina is a
major portal for HIV transmission during sexual intercourse.

3.4. In vivo studies

The intravaginal concentrations elicited by P-TAM were compared to
that elicited by an oral marketed formulation in rabbits to determine the
bio-distribution of TDF in the vagina which is the latent site of infection
of HIV. The vaginal fluid concentration versus profiles for the marketed
formulation and intravaginal P-TAM are represented in Fig. 13.
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Fig. 13. Vaginal fluid concentration of TDF over time following oral administration of marketed formulation and vaginal administration of pessaries.

The calculated pharmacokinetic parameters of two formulations, P-
TAM and MT, were compared. The novel P-TAM displayed a signifi-
cantly higher (P < 0.005) Cpy of 41.18 + 3.57 ng/mL at 1 h after
administration when compared to the MT group. These findings
demonstrated the potential of P-TAM to elicit a higher local concen-
tration compared to conventional oral MT in the crucial initial hours of
insertion. The higher regional concentrations that exceeded the ICso
value of TDF can be ascribed to the better distribution and retention of
the microparticulate system in the vaginal mucosa. An ICs, of 11.5 ng/
mL of TDF has been reported against HIV in the reports available in the
literature [86]. Likewise, the Tpqy observed with the P-TAM (1.00 +
0.01 h) was found to be significantly short (P < 0.0001) compared to
that observed with the conventional MT (6 + 0.02 h). The quicker Tyqy
observed with the P-TAM is likely to arrest the viral transmission during
intercourse and ensure adequate protection against the transmission of
HIV. The prolonged Ty, and lower Cp,, with the MT can be attributed
to poor drug distribution to the vaginal tissue and the fluid following
oral administration and systemic distribution. However, the peak
vaginal fluid concentrations with the P-TAM group were found to

quickly drop following Ty, indicating the rapid clearance from the
vagina. The likely reason would be drug dissipation due to frequent
urination of the animals during our study. It has to be noted that TDF is
BCS class 11l molecule and therefore is prone to dissipation due to good
aqueous solubility and frequent urination of the rabbits during the ex-
periments. The drainage of urine is known to usually occur through the
caudal vagina. Good number of reports have also attributed the lower
drug levels in the caudal vaginal fluids at longer time periods to the
dilution by urine in the rabbit model following intravaginal insertion
[59,87]. There are notable physiological differences between animal
models and humans that can influence drug dissipation from intra-
vaginal devices. Unlike humans, rabbit vagina is longer and feature an
urovaginal sphincter that separates the lower urovagina from the upper
two-thirds, known as the cervicovagina. Furthermore, insertion of a
drug-loaded pessary in the urovagina would be quite challenging in
rabbits because it would be constantly perfused by urine, leading to drug
washout that is likely to impact bio-distribution studies [33].
However, after 24-h study the mean TDF concentrations elicited in
the cranial vagina were approximately 1.55 + 0.41 ng/g that failed to
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exceed the ICsg of TDF. The animal results conclusively indicate that the
novel P-TAM exhibited favourable biodistribution, which could poten-
tially offer effective protection in the initial hours following intravaginal
administration against HIV transmission. Understanding the protective
efficacy and duration of protection for both pre-exposure and post-
exposure dosing is crucial for determining appropriate dosage and
dosing regimens in future clinical trials [37].

The histopathological evaluation of the vaginal tissue is depicted in
Fig. 14. The consistent thickness of the vaginal epithelium suggests that
the pessaries did not cause any damage or shedding of epithelial cells in
the vaginal tissue. On insertion, the pessaries are likely to melt instan-
taneously dispersing into the constituent microspheres that are likely to
adhere to the vaginal mucosa for prolonged time periods. This finding
indicates that the P-TAM can be smoothly and safely incorporated into
the vagina without causing any damage to the vaginal layer. The lack of
adverse effects on the vaginal epithelium also suggests that the pessaries
are likely to be well-tolerated by patients, making them a patient-
compliant option for drug delivery [62].

4. Conclusion

Drug loaded Na-Alg based bioadhesive microspheres were success-
fully produced by ionotropic gelation technique employing a mixture of
cellulose polymers. The microspheres produced not only adhered well to
the mucosal surface but displayed a controlled release of TDF. These
microspheres were successfully loaded into meltable pessaries for
intravaginal delivery of TDF. The pessaries constituted of Na-Alg bio-
adhesive microsphere were able to successfully maintain inhibitory
concentration during the crucial initial hours of insertion that could
prove to be vital for ensuring adequate protection against HIV trans-
mission. The novel pessaries of TDF present a promising platform for
protecting HIV-uninfected individuals, from acquiring HIV. Timely de-
livery of TDF directly to the portal of entry of the pathogen using P-TAM
represents a novel strategy that would effectively prevent HIV trans-
mission during sexual intercourse. While the trend in HIV prevention
leans toward long-acting systemic formulations, pessaries are likely to
provide a novel promising on-demand pre-exposure prophylactic self-
protective platform for HIV-negative women. The proposed novel pes-
saries are likely to bring about paradigm shift in PrEP management of
HIV. Furthermore, the acceptability and desirability of new dosage
forms for HIV prevention are essential factors to consider. User prefer-
ences play a significant role in the successful implementation and uptake
of preventive measures. Therefore, considering the perspectives and
preferences of potential users when developing and evaluating these
novel pessary formulations is crucial for their successful adoption and
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Fig. 14. Histopathological evaluation of the vaginal tissue at (a) 10x and (b) 40 x magnification.

widespread use as an HIV prevention strategy.
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SUPPLEMENTARY DOCUMENT

Table S1.

Scoring system for assessing cervicovaginal epithelial tissue damage

Score Description of epithelial damage

0 No epithelial disturbances or sloughing of epithelial cells.

1 Light epithelial damage and disruption: localized loss of tissue

integrity and epithelial sloughing over less than 5% of the epithelial

surface, which is otherwise contiguous and intact.

2 Moderate epithelial damage and disruption: Multiple areas of epithelial

disturbance representing 5-25% of the total epithelial surface and small

regions of sloughing that expose the basal cell layer.

3 Severe epithelial damage and disruption: Sloughing over large sections

of the epithelial surface (>25%) that exposes the basal cell layer.
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ANNEXURES

Table S2.

Entrapment efficiency of all batches of TAM

Formulation Drug Content Practical Drug Entrapment
Code (mg/20mg) Content (%) Efficiency (%)
EH-1 1.85+0.01 9.27+0.07 20.61 £0.16
EH-2 1.98 +£0.02 9.89 +0.09 21.99 +£0.19
EH-3 1.99 +0.03 9.96+0.15 22.13+0.33
EH-4 2.13+0.02 10.69 +0.08 23.77+0.17
EH-5 2.12+0.02 10.59 £0.13 52.95+0.67
EH-6 1.99 +0.04 9.98 £0.25 4991 +1.23
EH-7 0.98 £0.02 493 +0.12 24.69 +0.61
EH-8 2.48 £0.05 12.41 £0.27 62.09 +1.34
EH-9 1.04 £0.002 5.22+0.03 52.15+0.08
EH-10 0.75 £ 0.005 3.75+0.03 37.57+0.26
EH-11 0.67 £0.01 3.34+0.07 33.39+0.73
EH-12 1.08 £ 0.002 5.40 £ 0.01 54.04 +0.08
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ANNEXURES

Table S3.

Interpretation of PXRD pattern of TDEF, physical mixture of EH-8, and formulation EH-8.

Peak Intensity (Counts)

S1. No. Angle (26 £2) Drug Physical Mixture of ~ Formulation

(TDF) Formulation EH-8 EH-8
1 10.29 1339 651 312
2 10.59 2540 842 304
3 13.48 1954 1161 487
4 14.17 1361 1000 535
5 18.32 3212 1049 657
6 18.80 3258 967 680
7 19.95 4172 1195 576
8 21:36 2438 1114 574
9 22.02 3077 1075 579
10 25.07 4419 1086 503

3

KLE College of Pharmacy, Bengaluru 165



ANNEXURES

Table S4.

Results of curve fitting of the dissolution data for the microspheres.

Formulation Zero Order Kinetic Model ~ First Order Kinetic Model ~ Higuchi Release Model Korsmeyer-Peppas Release Model

Code R K R’ K R K R K n
0936+ 38005+ 0892z 0380+ 0974 + 8669+ 1000+ 03748=  03114=

H 0.007 0.962 0.017 0.007 0.001 1.145 0.000 0.000 0.000
0843+ 39559+ 0769+ 0389+ 0933+ 10216+ 1000+ 0479+  0.610=

H 0.043 3.437 0.054 0.025 0.021 3.978 0.000 0.015 0.066
0.774 + 56.675 + 0.701 + 0.248 + 0.892 + 23.586 +

EH-7 = 2 .

0.017 1.897 0.021 0.013 0.012 19.799

0.905 + 30.813 = 0.794 + 0479 = 0974 = 2731 % 0.976 £ 0.567 = 0.631 =

Hs 0.031 1.728 0.032 0.010 0.014 0.626 0.021 0.004 0.069
0836+  31562=  0.728% 0.498 = 0918 + 16896+ 0911+ 0552+  0.3664+

H 0.078 0.470 0.099 0.012 0.051 0.789 0.040 0.029 0.054
0967+ 25521+ 0923 0.563 + 0984= 10855+ 0981+ 0593+ 03496+

FHEL0 0.038 4.442 0.042 0.056 0.009 6.106 0.015 0.054 0.050

4
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