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Introduction: Avanafil (AVA) is a very efficient phosphodiesterase type 5 inhibitor for the treatment of erectile dysfunction. 
However, it has limited bioavailability when taken orally and considerable first-pass metabolism. Enhancing its solubility and choosing 
an alternative delivery route may enhance its effectiveness and duration of action.
Methods: Eight complex formulations were elaborated and analyzed at various ratios using different polyethylene glycols and 
hydroxypropyl-beta-cyclodextrin (HP-β-CD). Sublingual tablets containing AVA were designed and optimized using the Quality-by- 
design approach. The tablets’ pre-compression and post-compression properties were evaluated. The in-vivo pharmacokinetic behavior 
of the optimized tablet was assessed and compared with that of the commercial oral tablets in human volunteers.
Results: The HP-β-CD–AVA inclusion complex (1:1 molar ratio) showed an optimum solubilization capacity with an amount suitable 
for incorporation into sublingual tablets. The total amounts of superdisintegrants and Plasdone XL and the percentage of starch 
significantly influenced the length of time it took for 80% of the AVA to be released from the sublingual tablets, the tablet hardness, 
and the length of time for tablet disintegration. The optimized AVA sublingual tablet exhibited a 5.98-fold increase in the AVA mean 
residence time over the commercial tablet, with greater plasma exposure over 72 hours and 1356.42% relative bioavailability.
Conclusion: The sublingual tablets of the solubility-enhanced HP-β-CD–AVA inclusion complex represent a promising strategy to 
improve AVA bioavailability and bypass the first-pass effect. Furthermore, their extended activity offers potential clinical benefits, 
particularly for ED patients, such as ease of administration and reduced side effects.
Keywords: erectile dysfunction, avanafil, inclusion complex, sublingual tablets, pharmacokinetic study

Introduction
Sexual intimacy, mental health, and physical life satisfaction are all impacted by sexual health, which is a significant 
component of overall health. According to a study, sexual dysfunction can affect up to 50% of both men and women, 
particularly as they age.1 In a global study of sexually active respondents, 49% of women and 43% of men reported 
having at least one sexual problem. Early ejaculation was the most prevalent problem among men (24%), followed by 
trouble getting or keeping an erection (17%).2 Erectile dysfunction (ED) is a male sexual impotence disorder that affects 
approximately one-third of men over 40 years of age in the USA. It is one of the most common disorders influencing 
male sexual function.3,4 Recent research in Middle Eastern and Arab nations has revealed that the incidence of ED 
exceeded 40% and was associated with many risk factors, including aging, smoking, decreased daily exercise, obesity, 
and complications resulting from diabetes mellitus.5,6 In addition, more than 70% of the subjects in a multi-clinical cross- 
sectional investigation carried out in Saudi Arabia showed intermediate acute symptoms of ED.7 Although ED is not 
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frequently thought of as a condition with a mortality rate, it is closely linked to many major health problems. It has a high 
probability of being detrimental to the psychological welfare of men and, therefore, has a significant impact on the 
quality of life of men.8

Regaining the ability to get and keep an efficient penile erection, besides reducing and monitoring risk factors for an 
organic cardiovascular disorder, are the foremost objectives of ED therapy. The condition’s underlying cause must be 
identified, addressed, and treated to effectively treat ED rather than only treating symptoms.9 According to the 
recommendations of the American Urological Association, phosphodiesterase type 5 inhibitors (PDE5-Is) are endorsed 
for ED management as a first-line treatment.10,11 Several international pharmaceutical regulatory bodies, including the 
European Medicines Agency (EMA) in 2013 and the United States Food and Drug Administration (US FDA) in 2012, 
approved the use of avanafil (AVA) as a second-generation PDE5-I for ED.12 AVA has minimal pharmacodynamic effects 
on other PDE subtypes because it has a strong selectivity for PDE5, resulting in fewer adverse effects than other PDE- 
Is.13 AVA has an action duration of up to 12 hours and a short half-life of 3 to 5 hours,14 which allows the patient to take 
AVA orally before engaging in sexual activity.11,15

Because of the convenience, simplicity, and low cost of the popular conventional oral drugs, oral delivery is the main 
administration strategy for many drugs, especially for chronic conditions such as ED. Any oral medication’s pharmaco-
logical activity depends on its solubility and permeability in vivo after administration.16 Unfortunately, the 
Biopharmaceutical Classification System categorizes AVA as a class II active agent, indicating that AVA has poor 
solubility in water and high permeability. Hence, the rate-limiting step in AVA absorption is its disintegration. It also 
undergoes an extensive first-pass metabolism, which lowers its oral bioavailability.17 AVA absorption is also influenced 
by the concomitant intake of food, which delays the time it takes to reach its maximum blood level.12 Therefore, altering 
the solubility of AVA and choosing a different delivery strategy may have a favorable effect on its bioavailability.
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Oro-mucosal delivery systems have been designed and formulated to overcome the drawbacks of the low bioavail-
ability of standard oral dosage forms.18 Sublingual drug delivery is one promising example of an oro-mucosal delivery 
system. The sublingual mucosa is a desirable channel for medication delivery since it is a richly vascularized area.19 It 
offers a needle-free method with an area of 26.5 cm2 for medication absorption and passage into the bloodstream.20 

Using the sublingual approach as a route of administration protected the administered drug significantly from the 
degrading effect of first-pass metabolism, resulting in a profile of high bioavailability.21 Additionally, it is a simple 
way to provide medication for toddlers, psychiatric and elderly patients, and those with trouble swallowing or no access 
to water.22 The higher overall permeability of the buccal and sublingual mucosa, compared with the other mucosa in the 
mouth, is another beneficial characteristic for systemic drug transfer via those routes. The oral mucosa has 10 times the 
permeability of water over the skin, which means its permeability may reach 4000 times that of the skin.23

In formulations of sublingual tablets, rapid disintegration and a short dissolution time may limit the rate at which 
drugs reach systemic circulation.21 Therefore, sublingual drugs must be stable and soluble to penetrate the mucosal 
barrier and enter the systemic circulation. Co-crystallization, nanoparticle formulations, surfactants, lipid-based nano-
carriers, and cyclodextrin (CD) inclusion complexation are only a few of the pharmaceutical strategies utilized to 
increase the solubility of poorly water-soluble drugs.24,25 By creating host‒guest inclusion complexes linked by weak 
intermolecular interactions, CD-based inclusion complexation facilitates the permeability and absorption of the guest 
lipophilic medication.16 CDs, which were discovered by Antoine Villiers in 1891, are cyclic oligosaccharides produced 
by CD-glycosyltransferase from starch or starch derivatives.26 CDs have a hydrophilic surface and a lipophilic core, and 
their molecular structures resemble a truncated cone.27 When CD drug complexation occurs, the molecules of many 
medications can be completely or partially fitted into the CD’s cavity.28 Because of the ability of CD‒drug inclusion 
complexes to significantly affect the physicochemical properties of the guests (drugs), CDs have a wide range of 
commercial and pharmaceutical benefits, including enhancing the solubility, dissolution, and stability of a drug, aiding 
in the processing of formulations; reducing the volatility of a substance; and masking the side effects of loaded drugs.29 

CD‒drug inclusion complexes can also have sophisticated controlled-release profiles.24,26 Kfoury et al found that the 
controlled release of essential oil and its therapeutic impact was prolonged when the essential oil under investigation was 
enclosed in a CD.30 A controlled-release approach with drugs that require frequent administration (as well as drugs with 
a short half-life, such as AVA) can potentially improve the drugs’ therapeutic effects and patient compliance compared 
with conventional formulations. In pharmaceutical applications, there are three categories of CDs devised according to 
their ring structures, namely, alpha-CD (α-CD), beta-CD (β-CD), and gamma-CD (γ-CD), which have 6, 7, or 8 glucose 
units, respectively.31 β-CD and its hydrophilic derivatives, such as hydroxypropyl-β-CD (HP-β-CD), are the first-choice 
candidates in pharmaceutical formulations due to their appropriate cavity sizes and inexpensive cost.32 HP-β-CD has 
higher aqueous solubility than β-CD at 25 °C, reaching approximately 600 mg/mL.27

In conclusion, it is crucial to create novel delivery systems that can deliver therapeutics with increased bioavailability 
and efficiency, decreased dosages and unwanted adverse effects, enhanced patient compliance and convenience, and 
increased commercialization potential. Consequently, a novel technique has been implemented to produce an AVA 
delivery system that can achieve high therapeutic efficiency and circumvent the first-pass effect by increasing the 
solubility of AVA, which will aid in achieving these objectives. Hence, we intended in this research to design an 
optimized sublingual tablet of an AVA complex with an appropriate solubility enhancer (HP-β-CD) to increase the drug’s 
solubility, circumvent the hepatic first-pass effect, and improve the drug’s bioavailability and effectiveness.

Materials and Methods
Materials
AVA was purchased from Jinlan Pharm-Drugs Technology Co., Ltd. (Hangzhou, China), while the Spectrum Chemical 
Manufacturing Corporation (Gardena, CA, USA) was the source of polyethylene glycol 4000 (PEG 4000). HP-β-CD, 
mannitol, PEG 2000, PEG 6000, and starch were purchased from Sigma-Aldrich (St. Louis, MO, USA). Explotab 
(sodium starch glycolate) was obtained from JRS Pharma (Rosenberg, Germany). Plasdone XL (homopolymer of 
N-vinylpyrrolidone) was provided by ISP (Baar, Switzerland). Whittaker Clark and Daniels (South Plainfield, NJ, 
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USA) and Winlab Laboratory Chemical Reagents (Leicestershire, UK) were the sources of talc powder and magnesium 
stearate. Acetonitrile, ethanol, and methanol were obtained from Merck (Darmstadt, Germany). Honeywell Riedel-de 
Haën AG (Seelze, Germany) supplied the other solvents used in this work.

Solubility of Various AVA Solid Dispersions
Various solubility enhancers were used in this investigation to increase AVA’s solubility. PEG 2000, PEG 4000, PEG 6000, 
and HP-β-CD were used to create various solid dispersions in a 1:1 or 2:1 molar ratio with AVA. AVA (25 mg) was dissolved 
in 5 mL of dimethyl sulfoxide (DMSO). Another 5 mL of DMSO was used to dissolve each solubility enhancer separately 
in the required quantity. The two portions were vortexed after mixing for 30 minutes, and the resultant dispersion was 
placed in a Büchi-M/HB-140 rotary evaporator (Flawil, St. Gallen, Switzerland), where it was vacuum-dried at 47.5 ± 2.5 
°C at 22 rpm. Despite the fact that using DMSO as a solvent was quite challenging, we implemented an extended drying 
process after the initial round of evaporation in the rotary vacuum. Initially, the rotary evaporator was set to 50 °C with 
a deep vacuum to remove the bulk of the DMSO for 6 hours. Following this, the samples were further dried under high 
vacuum conditions at 40 °C for an additional 24 hours. This two-step process ensured that any residual DMSO was 
eliminated. A loss-on-drying confirmatory test was performed for each AVA dispersion preparation, and each test revealed 
that residual DMSO did not exceed 0.5% in all of the AVA dispersions. This confirmed the validity of this drying process 
and its compliance with the ICH guidelines for residual solvents of class 3.33 The dry mass for each solid dispersion of an 
AVA complex was removed from the round flask of the rotary evaporator, and the resulting solid dispersion of each AVA 
complex was kept in a desiccator overnight for characterization.34

As previously mentioned, a solubility analysis for the generated solid dispersions was carried out separately in 
distilled water (the full details are provided in earlier research studies).35,36 In screw-capped vials, distilled water (10 mL) 
and an excess of AVA (either the pure form or a newly created AVA complex) were added. For 48 hours, the screw- 
capped vials were shaken constantly in a shaking water bath with a thermostat (Model 1031; GFL Corporation, 
Burgwedel, Germany). At a maximum wavelength of 285 nm, samples from the vials were collected and evaluated 
spectrophotometrically in triplicate. The AVA complex with the greatest solubilization capacity in water was identified 
and chosen for additional research.

Powder X-Ray Diffraction
Powder X-ray diffraction (PXRD) was employed to analyze the crystalline structure of the pure AVA form and the AVA 
complex with the highest solubility in water. This technique helps identify the material’s physical state (crystalline or 
amorphous), which is crucial for understanding solubility and bioavailability. The diffractograms were obtained using the 
Ultima IV diffractometer (Rigaku Inc., Tokyo, Japan).37 For the measurements, the samples were placed in a holder and 
analyzed under standard operating conditions of 40 kV voltage and 35 A current, which ensure consistent and reliable 
data. A copper x-ray source (Cu Kα radiation with a wavelength of 1.54050 Å) was used to generate the diffraction 
patterns. The samples were scanned over a small angle increment of 0.1 degrees with a 1-second dwell time at each angle 
(2θ), providing high-resolution data to characterize the crystalline phases accurately.

Box–Behnken Design for AVA Sublingual Tablets
The AVA sublingual tablet formulations were created using the chosen AVA complex. The Box-Behnken design (BBD) 
assessed the impact of the total percentage of superdisintegrant as X1, the percentage of Plasdone XL in the disintegrant 
mixture as X2, and the percentage of starch in the diluent mixture as X3 on the quality attributes of the AVA sublingual 
tablets.38–40 Three center points were included in the 15 trial runs. The total percentage of superdisintegrant (X1) was 8% 
to 12%; the X2 was 25% to 50%, and the X3 was 20% to 40% (Table 1). Three designated quality attributes (responses) 
were considered when employing the three-level, three-factor BBD model. The tablet hardness (N) was Y1, the 
disintegration time (in seconds) was Y2, and the time for 80% of the AVA to be released from the sublingual tablets 
(in minutes) was Y3. As stated in Table 1, the objectives of the BBD were to minimize all other examined responses and 
to achieve 29.5 N for Y1 (ie, the minimum acceptable hardness for sublingual tablets). Table 2 displays the precise levels 
of the formulation’s components and the identified results of the responses.
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The statistical analysis was conducted using the Statgraphics Centurion 18 program from Statgraphics Technologies, Inc. 
(The Plains, VA, USA) to ascertain the effects of these independent variables/factors on the dependent variables/responses. 
A lack-of-fit test was also performed to confirm the model’s suitability for reflecting the responses’ data.35,41–43

Formulation of AVA Sublingual Tablets
Fifteen formulations of sublingual tablets were generated with various types and amounts of ingredients, as shown in 
Table 3. The chosen well-dried AVA inclusion complex was in a predetermined quantity (equivalent to 25 mg AVA) in each 
AVA sublingual tablet. Taking into consideration the amounts of factors X1, X2, and X3, as specified in Table 2 by the BBD, 
predetermined quantities of Explotab, Plasdone XL, and starch were added to each AVA sublingual tablet, along with 30 mg 
mannitol. After being completely mixed and constantly triturated for 10 minutes using a mortar and pestle, the mixture was 

Table 1 Box-Behnken Design Independent Levels/Variables With the Designated Dependent 
Variables and Chosen Goals of AVA Sublingual Tablet Formulations

Independent Variables (Factors) Levels Units

Low Medium High

(A) X1: Total superdisintegrant percentage 8 10 12 (%)
(B) X2: Plasdone XL percentage in disintegrant mixture 25 37.5 50 (%)

(C) X3: Starch percentage in diluent mixture 20 30 40 (%)

Dependent variables (Responses) Units Goal

Y1: Tablet hardness N 29.5
Y2: Disintegration time sec Minimize

Y3: Time for 80% of AVA release min Minimize

Table 2 Levels of Factors for AVA Sublingual Tablets and 
Observed Values of the Studied Responses Using Box- 
Behnken Design

Formulations Factors Responses *

X1 

(%)
X2 

(%)
X3 

(%)
Y1 

N
Y2 

sec
Y3 

min

F1 8 37.5 40 55.67 91.7 45.5

F2 12 37.5 20 19 26.3 23.5

F3 12 25 30 27.5 30.3 16.5
F4 10 50 40 51.67 76.7 42

F5 12 50 30 23.67 35 31.5
F6 8 25 30 39 79 55.5

F7 8 50 30 36.67 94.3 60

F8 10 50 20 43.67 80.7 44.3
F9 10 25 20 44 72.7 35.5

F10 10 25 40 46.33 65.33 36

F11 12 37.5 40 39 33 26
F12 8 37.5 20 25.5 95.3 45

F13 10 37.5 30 33.67 54.7 39.5

F14 10 37.5 30 28 52 37.5
F15 10 37.5 30 32 54.3 38

Notes: *Response values are the averages of three measurements taken in 
triplicate for each response, and SD values did not go over 5% of the 
reported values.
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dried in an Isotherm forced convection laboratory oven (Esco Lifesciences, Singapore) for 2 hours at 60 °C and put through 
a 20-mesh sieve. Each powder excipient was de-lumped using a 40-mesh sieve. The de-lumped powders were added and 
vigorously blended for 15 minutes using a capacity Philips electric mixer (Amsterdam, Netherlands). Talc powder and 
magnesium stearate (0.5% w/w for each) were added to the mixture and mixed for 3 minutes after being de-lumped in a 40- 
mesh sieve. AVA sublingual tablets were created using an Erweka double-punch tablet press (Heusenstamm, Germany) 
equipped with 9-mm flat-face round punches with a compression force of 10 KN.37

Characterization of BBD-Elaborated AVA Sublingual Tablets
The prepared AVA sublingual tablets were inspected for the quality of their attributes, including thickness, weight 
uniformity, AVA content, and friability, along with the hardness of the tablet, its disintegration time, and the in-vitro 
dissolution/release pattern of AVA, following USP specifications, after being visually inspected for any flaws that had 
surfaced during the compression process.44

The drug content of the manufactured BBD AVA sublingual tablets was assessed three separate times using 
a spectrophotometric assay at λmax 285 nm. The average weight of 20 tablets (ie, the starting/pre-test weight) of each 
sublingual formulation was measured using an electronic balance. The tablets were then taken to the friabilator, placed in 
the drum, and rotated. The tablets were removed after 100 revolutions, cleaned of dust, and weighed again (ie, the post- 
test weight), and the percentage of friability (%) was thus computed (Eq. 1).

Hardness of Tablets
Each tablet’s breaking point and any changes noted in its structural integrity when packed, transported, stored, and 
handled before use were tested using a hardness tester. Twenty sublingual tablets from each formulation were placed one 
at a time between the hardness tester’s moving and stationary probes. The reading recorded by the tester was the force 
required for tablet breakdown, and that value was used to determine the tablet’s hardness.37

Disintegration Time
Employing a disintegration test apparatus (PharmaTest PTZ3, Hainburg, Germany), the disintegration time for each 
produced AVA sublingual tablet was measured. Each formulation’s six tablets (n = 6) were added one at a time to the 

Table 3 Composition and Amounts of Ingredients (Mg) of AVA Sublingual Tablet Formulations

# AVA HP-β-CD Mannitol Starch Explotab Plasdone XL Talc Magnesium Stearate Total wt

F1 25 75 30 12.00 7.10 4.26 0.77 0.77 154.89
F2 25 75 30 6.00 10.20 6.12 0.76 0.76 153.84

F3 25 75 30 9.00 12.51 4.17 0.78 0.78 157.24

F4 25 75 30 12.00 7.10 7.10 0.78 0.78 157.76
F5 25 75 30 9.00 8.34 8.34 0.78 0.78 157.24

F6 25 75 30 9.00 8.34 2.78 0.75 0.75 151.62

F7 25 75 30 9.00 5.56 5.56 0.75 0.75 151.62
F8 25 75 30 6.00 6.80 6.80 0.75 0.75 151.10

F9 25 75 30 6.00 10.20 3.40 0.75 0.75 151.10
F10 25 75 30 12.00 10.65 3.55 0.78 0.78 157.76

F11 25 75 30 12.00 10.65 6.39 0.80 0.80 160.63

F12 25 75 30 6.00 6.80 4.08 0.73 0.73 148.35
F13 25 75 30 9.00 8.69 5.21 0.76 0.76 154.43

F14 25 75 30 9.00 8.69 5.21 0.76 0.76 154.43

F15 25 75 30 9.00 8.69 5.21 0.76 0.76 154.43
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apparatus, which contained a phosphate buffer of 6.8 pH containing 1% sodium lauryl sulfate at 37 ± 0.5 °C. The 
sublingual tablet’s total fragmentation point was the time at which disintegration was recorded.45

In-Vitro Dissolution Study
The USP Dissolution Test Apparatus Type II (Paddle Type), DT 700 LH equipment (Erweka GmbH, Heusenstamm, 
Germany) was used to examine the release of AVA from the manufactured sublingual tablets. Six replicates were made 
for each sublingual tablet formulation. To ensure the sink conditions, each tablet was placed in 900 mL of a dissolution 
medium of phosphate buffer of 6.8 pH containing 1% sodium lauryl sulfate.46 The test was run at a paddle speed of 
50 rpm at a temperature of 37 ± 0.5 °C. Using a Jenway UV-Vis spectrophotometer (Staffordshire, UK), the withdrawn 
samples were diluted with a buffer and thoroughly filtered via a 0.45-µm Millipore filter; then, they were assessed using 
the same spectrophotometric assay used for the drug content test. At 5, 10, 15, 20, 30, 45, and 60 minutes, samples of 
5 mL were removed from the medium and replaced with the same volume of fresh medium. The point at which 80% of 
the AVA (Y3) in the sublingual tablets had been released was determined.

Prediction and Characterization of the Optimized AVA Sublingual Tablets
The variance and multiple response optimization were analyzed to forecast the optimized AVA sublingual tablet using 
Statgraphics Centurion XVIII Software, with a license purchased from StatPoint, Inc. (Warrenton, VA, USA). The AVA 
release profile from the optimized sublingual tablet’s in-vitro dissolution study, the tablet hardness, and the tablet 
disintegration time were examined. This optimized formulation was also assessed using differential scanning calorimetry 
(DSC) and Fourier transform infrared spectroscopy (FT-IR). It was further evaluated in vivo with human volunteers to 
determine its pharmacokinetic behavior compared with a commercial AVA oral tablet.

FT-IR and DSC of The Optimized AVA Sublingual Tablets
FT-IR spectroscopy was utilized to investigate potential molecular interactions between AVA and the solubility enhancer 
used in the inclusion complex, as well as the individual additives and ingredients incorporated into the optimized 
sublingual tablet. This technique helps identify specific functional groups and bonding changes that may occur during 
formulation, providing insights into compatibility and interaction between components. The spectra were recorded using 
a Nicolet iS10 FT-IR spectrometer (Thermo Scientific Inc., Waltham, MA, USA), enabling a detailed assessment of the 
molecular structure and chemical stability of the formulation.47

DSC was employed to evaluate the AVA thermal profile, as well as the selected inclusion complex of AVA and the 
optimized AVA sublingual tablet and the individual additives/ingredients used for elaborating the optimized AVA 
sublingual tablet, via DSC 8000 (PerkinElmer, Inc., Waltham, MA, USA). In aluminum pans, the sample (5 mg) was 
heated at a rate of 10 °C/min while under the influence of nitrogen flowing at 100 mL/min. The temperature range was 
set up from 25 °C to 400 °C.48,49

In-Vivo Pharmacokinetic Evaluation with Healthy Volunteers
This study compared the optimized AVA sublingual tablet (test) with the commercial AVA oral tablet (reference) via an 
in-vivo pharmacokinetic assessment in 12 healthy human volunteers.

Study Design and Ethical Considerations
The study used a randomized parallel design (open-label, one-period, single-dose, one-treatment) while fasting. The 72-hour 
study periods were preceded by 14 days of screening. Two 25-mg optimized AVA sublingual tablets were administered 
sublingually to the individuals (test). Along with water, the same dosage of a single commercial oral tablet (50 mg) was 
administered orally and used as the reference drug. The Code of Ethics of the World Medical Association (Declaration of 
Helsinki) and the International Conference on Harmonization (ICH) of Good Clinical Practices (GCP) were both followed when 
conducting the study. Regulations set forth by the Food and Drug Administration (FDA) and the European Medicines Agency 
(EMA) were followed throughout the study. The experiment was conducted in Cairo, Egypt, at a certified research and 
development facility (International Centre for Bioavailability, Pharmaceutical, and Clinical Research; ICBR). The Institutional 
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Review Board (IRB) of the Independent Ethics Committee (IEC) of the ICBR officially assessed the intended study’s goal, 
design, conduct, and analysis and accorded the Ethical Approval Code (RESH-007) for the proposed study protocol.

Twelve healthy Egyptian male volunteers were assigned to two groups, with six in each group. Signed informed 
consent forms were obtained from the volunteers before they took part in this investigation. The inclusion of represen-
tative human populations was made according to the Recommendations for the Conduct, Reporting, Editing, and 
Publication of Scholarly Work in Medical Journals. The selected subjects were deemed healthy based on their vital 
signs, physical examinations, complete medical histories, and extensive laboratory assessments (eg, urinalysis and 
hematological and biochemical tests). The sample size was determined using a power analysis to ensure adequate 
statistical power for detecting significant differences in Cmax, AUC, and MRT between the optimized sublingual 
formulation and the reference oral tablet. The calculation was based on previously published pharmacokinetic variability 
data for Avanafil, targeting an 80% power (1–β) and a significance level of 0.05. A total of 12 healthy volunteers (6 per 
group) were enrolled. This parallel-group design adhered to regulatory recommendations for bioequivalence studies, 
which advise a minimum of 12 subjects per treatment group for a parallel design.50,51 Although parallel designs generally 
require more subjects than crossovers due to higher inter-subject variability, the chosen sample size was considered 
adequate based on the large expected formulation effect and practical considerations, achieving approximately 80% 
power at α = 0.05. They were thoroughly followed by doctors before, during, and after the study period, and they also 
had tests for viral infections. Any participant in the trial had to have fasted for at least 12 hours before receiving the 
study’s tablets. Volunteers were kept in-house for 72 hours before and after drug administration so that routine blood 
samples could be taken at a scheduled time (as detailed under the Blood Sampling section).

Selection Criteria of Subjects
The study enrolled healthy adult volunteers aged 21–30 years with a body mass index (BMI) within the normal range 
(20–30 kg/m²), and their average height was 172 ± 5.3 cm to minimize variability in pharmacokinetic outcomes due to 
age, body composition, or underlying health conditions. Participants were nonsmokers with no history of chronic illness, 
drug allergies, or recent medication use that could interfere with the study results. Additional exclusion criteria included 
pregnancy, lactation, and participation in another clinical trial within the past 30 days.

The participants were divided into two groups: the first group received the commercial AVA oral tablet Spedra 
manufactured by Menarini International Operations Luxembourg S.A. (Luxembourg), and the second group received the 
optimized AVA sublingual tablet.

Sampling Procedure
Before and at 0.08, 0.17, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3, 4, 6, 8, 10, 12, 24, 48, and 72 hours after administration of the 
oral tablet or the sublingual tablets, 5-mL blood samples were drawn into heparinized tubes. After being centrifuged at 
3000 rpm for 5 minutes, plasma samples were separated and stored at –20 °C pending analysis.

High-Performance Liquid Chromatography
In the Egyptian Research and Development Company labs, a high-performance liquid chromatography (HPLC) method 
was developed to measure amounts of AVA in the plasma samples. The technique was validated following the FDA Bio- 
analytical Method Validation Guidelines 2003.52 The method’s linearity was examined for a concentration range of 10 to 
600 ng/mL of AVA, with a regression coefficient (R2) of 0.998. The internal standard that was used was azithromycin. 
According to the established guidelines, the technique validation findings were acceptable The proposed method was 
demonstrated to have acceptable reproducibility, sensitivity, and precision. The HPLC-MS/MS system utilized the 
Agilent Series 1200 from Agilent Technologies, Inc. (Santa Clara, CA, USA). The system consisted of an autosampler 
(G1329A), a quaternary pump (G1311A), a vacuum degasser (G1322), and an ESI electrospray ionization ion source 
with Mass Hunter software. The mobile phase comprised 1:1 acetonitrile:ammonium formate (10 mol) and had a flow 
rate of 1 mL/min. An Intersil ODS-3 reverse phase column from GL Sciences (Tokyo, Japan) was used at 25 °C.
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Assessment of Pharmacokinetic Data
An add-in tool (PKSolver) was used to evaluate the pharmacokinetic data and analyze the pharmacokinetic character-
istics of AVA using a noncompartmental model. The area under the plasma concentration–time curve (AUC0–t) and the 
plasma AVA maximum concentration (Cmax) and time (Tmax) were computed. Separate computations were carried out to 
determine the mean residence time (MRT), the terminal elimination rate constant (Kel), and the elimination half-life (t½). 
The drug’s apparent volume of distribution during the terminal phase (Vd) and apparent whole-body clearance (Cl) were 
also calculated. Finally, the relative bioavailability of the improved AVA sublingual tablet (AUCsublingual/AUCoral × 100) 
was determined.53 Plasma samples were collected from 12 volunteers at 18 time points post-administration (5 minutes to 
72 hours), allowing for a robust assessment of drug absorption, distribution, and elimination.

Statistical Assessment
GraphPad Prism (version 8.4; San Diego, CA, USA) was used for all statistical analyses. The solubility study data were 
assessed via one-way ANOVA with Tukey–Kramer post-hoc test (significance level p < 0.05). Regression analysis was 
performed to model the impact of independent formulation factors on response variables. For the in vivo study, a Holm– 
Sidak multiple-comparisons two-way ANOVA was employed to compare AVA plasma concentrations at each time point 
between the two groups. An unpaired two-tailed t-test was used to evaluate differences in pharmacokinetic parameters 
between the sublingual and oral groups (significance set at p < 0.05). Before statistical comparisons, all pharmacokinetic 
parameters (Cmax, AUC, etc) were log-transformed, in line with EMA guidelines requiring parametric analysis on log- 
transformed data.50 Normality of the log-transformed values was assessed using the Shapiro–Wilk test and visual Q–Q 
plot inspection, given the small sample size (n = 6 per group). Homogeneity of variances was evaluated with Levene’s 
test. If unequal variances were detected, a Welch’s adjusted t-test was planned in place of the standard Student’s t-test to 
ensure robust comparison.

Results and Discussion
We have employed two different approaches in this research work. The first involved the enhancement of AVA’s 
solubility by complexing it with a solubility enhancer such as HP-β-CD. The second step was choosing a delivery 
method, such as the sublingual route, that would circumvent AVA degradation by high levels of gastric acid or by the 
hepatic first-pass metabolism.

Explotab/Plasdone XL superdisintegrants were combined in the sublingual tablet formulation to help the AVA 
inclusion complex and cause the ultimate rapid release of AVA beneath the tongue, enhancing absorption. All the 
previously mentioned variables contributed to improving AVA’s bioavailability.

Solubilization Capacity and Suitable Amount of The Elaborated AVA Complexes
The solubility enhancers HP-β-CD and PEGs were chosen in accordance with previously verified studies on the quality 
of solubilization they produced, which would enhance AVA’s solubility.54 Besides their influences on solubility, their 
applicability in the utilized amount of each solubility enhancer was considered. The total weight of a sublingual tablet 
should not exceed 150 to 160 mg, so the weight of the solubility enhancer:AVA complex had to be 90 to 110 mg 
(including the 25-mg target dose of AVA in the sublingual tablets); this weight would allow for the incorporation of the 
other ingredients essential for the manufacture of the sublingual tablets containing this complex.

The solubility of pure AVA in distilled water was found to be 0.003 mg/mL. This value indicated that AVA was nearly 
practically insoluble based on the USP definition of practically insoluble substances (ie, more than 10,000 mL was 
needed to dissolve 1 g). Figure 1 shows the solubility of AVA in distilled water after complexation with PEG 2000, PEG 
4000, PEG 6000, or HP-β-CD in a 1:1 or 2:1 molar ratio. An HP-β-CD:AVA (2:1) inclusion complex had the greatest 
capacity for the solubilization of AVA, at 0.058 mg/mL. However, utilizing such an amount of HP-β-CD (approximately 
150 mg) in an HP-β-CD:AVA (2:1) inclusion complex in a sublingual tablet with the 25-mg target dose of AVA would be 
impossible. The HP-β-CD:AVA (1:1) inclusion complex exhibited the second highest capacity of solubilization of AVA, 
at 0.043 mg/mL, with no significant difference from the HP-β-CD:AVA (2:1) inclusion complex (p = 0.24). In addition, 
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75 mg of the HP-β-CD was considered more suitable than its corresponding amount in the HP-β-CD:AVA (2:1) inclusion 
complex for incorporation into sublingual tablets.

It was also noticed that the PEG 4000:AVA (2:1) solid dispersion had significantly enhanced solubility of the AVA 
(0.03 mg/mL), with no significant difference from the HP-β-CD:AVA (1:1) inclusion complex (p = 0.3337). However, the 

Figure 1 Top panel; Solubility evaluation of AVA complexes with different types and ratios of solubility enhancers in distilled water, ns indicates non-significance, while *, **, and 
*** indicate significant differences at P < 0.05, P < 0.01, and P < 0.001, respectively. Bottom panel; PXRD patterns of pure AVA, its inclusion complex with HP-β-CD (1:1 ratio), 
and pure HP-β-CD.
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amount of PEG 4000 needed (360 to 410 mg) made its incorporation into a PEG 4000:AVA (2:1) solid dispersion for the 
sublingual tablets unfeasible.

The utilization of HP-β-CD for enhancing AVA aqueous solubility was proven superior to other types of CDs and 
solubility enhancers. Many earlier research works focused on various AVA preparations for different pharmaceutical and 
preclinical/clinical applications that displayed significant loading capacities and entrapment efficiencies for 
AVA.7,9,17,52,54–59 Only two of them had been investigated for the solubility of AVA.

Fahmy et al studied the solubility of AVA in various oils, surfactants, and cosurfactants to design a nano-emulsifying 
drug delivery system with a rapid onset of action and enhanced bioavailability, but the aqueous solubility of AVA was not 
studied in that research.17 In another research work, Soliman et al investigated the effect of AVA inclusion with β-CD (at 
an equimolar ratio) on its aqueous solubility, along with other polymers. Their studies revealed that the AVA-β- 
cyclodextrin polyvinyl pyrrolidone K-30 (7% w/w) inclusion complex exhibited the highest level of AVA aqueous 
solubility (36.29 µg/mL ± 0.88, n = 2) compared with other ternary AVA-β-cyclodextrin-polymer inclusion complexes.54 

Interestingly, after we had performed an unpaired t-test with Welch’s correction (SDs not equal), our HP-β-CD:AVA (1:1) 
inclusion complex was found to exhibit a significantly higher solubilization capacity of AVA (0.043 mg/mL ± 0.007, 
n = 3) than the β-CD:AVA (1:1) inclusion complex reported by Soliman et al (p = 0.0109).

Therefore, because the solubilization capacity of the HP-β-CD:AVA (1:1) inclusion complex significantly exceeded 
the capacities of other solubility enhancers (Figure 1) and also because the amount needed for inclusion was suitable, this 
inclusion complex was selected for further investigation.

PXRD with Confirmed Solubilization/Amorphization of The HP-Β-CD AVA Inclusion 
Complex
Using PXRD, which identified the retention of the solubility enhancer’s peaks as well as the disappearance of specific 
AVA peaks in the inclusion complex, the crystalline states of both the HP-β-CD:AVA (1:1) inclusion complex and pure 
AVA were identified. The XRD pattern seen in Figure 1 representing the pure AVA shows significant, extremely intense 
diffraction peaks at 7.5, 13.5, 18, 19, and 21 degrees, demonstrating that the pure AVA had a crystalline structure.

The decrease in the number and strength of the recognizable peaks in the inclusion complex’s PXRD pattern in 
Figure 1 illustrates the transformation of AVA to the amorphous form. The decreased crystallinity in this formulation may 
have been due to AVA solubilization and/or inclusion within the HP-β-CD architecture.35,54,60 However, the presence of 
residual crystalline AVA (compared with that in the pattern displayed by an HP-β-CD diffractogram) indicates that the 
formation of the inclusion complex predominantly led to partial amorphization and enhanced solubilization rather than 
complete amorphization. As confirmed in the previous section, AVA’s observed amorphization/solubilization in the 
inclusion complex increased its apparent solubility. Therefore, the HP-β-CD:AVA (1:1) inclusion complex was chosen 
for inclusion in the design of the sublingual tablet formulations.

Elaboration and Assessment of The BBD AVA Sublingual Tablets
Fifteen AVA sublingual tablets were made using the HP-β-CD:AVA inclusion complex and the suggested formulations 
from the BBD (Table 2). Figure 2 presents the in-vitro research on the dissolution of the prepared BBD formulations.

The AVA content of all formulations tested for quality assurance in the production of AVA sublingual tablets ranged 
from 87.9% in F5 to 99.2% in F7. These results, produced using the standard USP criteria, demonstrated weight 
uniformity across all formulations.44 Furthermore, no discernible variation in formulation thickness was discovered. 
With friability and hardness varying from 0.021% to 0.804% and 19 to 55.67 N, respectively, all sublingual formulations 
met the BP friability test restrictions (< 1%). The results of the friability and hardness tests confirmed that the mechanical 
properties were satisfactory and the breaking strengths were good in the manufactured sublingual tablets.

In addition, the disintegration times ranged from 26.3 seconds for F2 to 95.3 seconds for F12. The initial release 
percentages (at 5 minutes) from the in-vitro dissolution research (Figure 2) ranged from 22.013% for F1 to 43.42% for 
F15, while the cumulative release percentages (at 60 minutes) ranged from 80.05% for F7 to 98.473% for F3. The time 
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for 80% of the AVA to be released from the sublingual tablets was measured graphically from the in-vitro dissolution 
profiles of the AVA sublingual tablets (Figure 2); they ranged from 16.5 minutes for F3 to 60 minutes for F7.

The following sections describe how we predicted the optimized formulation following a comprehensive examination 
and justification of the selected quality factors.

Optimization of BBD AVA Sublingual Tablets
Efforts to adapt existing products and invent updated formulation architectures have substantially used response surface 
methodology. It interprets the dependent variables over a formulation’s independent factors from the produced poly-
nomial equations to forecast an optimized formulation to meet the specified goals.41 This study used response surface 
methods combined with BBD to ascertain how the selected parameters (X1, X2, and X3) affected the variables of the 
analyzed responses (Y1, Y2, and Y3). Table 2 lists the independent variables (factors) for all suggested formulations, 
accompanied by the observed values of the dependent responses.

Explotab, Plasdone XL, and starch were chosen to contribute to scheming the selected factors for optimizing the BBD 
responses (regarding hardness, disintegration point, and drug release patterns of the AVA sublingual tablet formulations). 
Because mannitol dissolves easily in water and has a pleasant, cool feeling in the mouth, it was employed as a diluent in 
our sublingual tablets. Unfortunately, mannitol is a sugar alcohol and often has issues of having low compactability and 
being difficult to form into a tablet, with capping and sticking.61 Besides, variations in the level of mannitol can influence 
the disintegration time.62

Figure 2 In vitro study of AVA’s release/dissolution pattern from BBD sublingual tablets.
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Likewise, certain talc and magnesium stearate amounts can affect tablet disintegration and drug release profiles.63,64 

Therefore, and because we did not want to lessen our focus by studying too many factors simultaneously, we fixed the 
levels of mannitol, talc, and magnesium stearate and the HP-β-CD:AVA (1:1) inclusion complex ratio. This helped us 
focus only on the effects of the chosen factors on the selected responses for this research. Future investigations of the 
levels/ratios of these ingredients are crucial.

The next sections use a three-level/three-factor model of BBD to elucidate the tablet hardness, disintegration time, 
and time for 80% of AVA release from the sublingual tablets (ie, these are the chosen dependent variables). This model 
was applied to investigate, enhance, and evaluate the interactions and quadratic impacts of the selected factors on the 
investigated dependent variables. The generated polynomial equations and a summary of the lack-of-fit test data are 
discussed in the following sections.

Lack-of-Fit Test
This test demonstrates how accurate the facts of the selected model are. The model appeared to have a 95% confidence 
level when the p-value for the lack-of-fit test was greater than or equal to 0.05.65,66 The summary of statistics for the 
lack-of-fit test (Table 4) showed that the Y1 and Y2 variables lacked a minimal fit (p ˃ 0.05). Despite a p-value of 0.0338 
of the lack-of-fit test for Y3, the employed model maximized the desirability function for an overall optimum desirability 
value of 0.9493. These findings supported the assertion that the quadratic model could be considered valid for displaying 
the observed data of all the examined responses in this study.

Quantification of The Estimated Effects of Factors
The ANOVA was utilized to clarify the polynomial equations that signified the detected dependent variables and the 
relevance-focused mathematical modeling of the designated factors. Table 5 displays the estimated effects of variables 
alongside the corresponding p-values from the ANOVA for each tested response of the AVA sublingual tablets. A factor 
was considered significant if its influence was greater than zero and the corresponding p-value was equal to or less than 
0.05. A positive sign indicated a factor’s synergistic effect, while a negative sign indicated its antagonistic effect. 
Figure 3 shows the Pareto charts of responses and the contour response surface plots. Table 5 shows the estimated effects 
of the variables and the corresponding p-values.

The findings showed that the total superdisintegrant percentage utilized to formulate the sublingual tablets (X1) had 
a significant antagonistic influence on the tablet hardness (Y1), the disintegration time (Y2), and the time needed for 80% 
of the AVA to be released (Y3); the corresponding p-values were 0.0286, 0.0003, and 0.0007, respectively. The amount of 
Plasdone XL in the disintegrant mixture (X2) was found to have a significant synergistic effect on both Y2 and Y3 at 
p-values of 0.0108 and 0.0073, respectively. The same significant positive effect was found with the quadratic term of X2 

(X2
2) for Y2 and Y3, at p-values of 0.0068 and 0.0232, respectively. Furthermore, the percentage of starch in the diluent 

mixture (X3) significantly influenced Y1 via a positive effect, with a p-value of 0.018. The quadratic term of X3 (X3
2) had 

a significant positive impact on Y1 and Y2 (at p-values of 0.0264 and 0.0047, respectively), while it had a significant 
negative influence on Y3 (at a p-value of 0.0481). Moreover, Y3 was synergistically affected (at a p-value of 0.0371) by 
the interaction term between X1 and X2 (X1X2).

On the other hand, it was noticed that the quadratic term of X1 (X1
2), the interaction term between X1 and X3 (X1X3), 

and the interaction term between X2 and X3 (X2X3) did not significantly influence any of the detected responses (Table 5).

Table 4 Lack of Fit Test Summary Statistics for BBD Responses

Responses Lack-of-Fit Parameters

Sum of Squares Degree of Freedom Mean Square F-ratio Lack of Fit p-value

Y1 214.22 3 71.4068 8.41 0.1081
Y2 74.7335 3 24.9112 11.73 0.0796

Y3 93.4225 3 31.1408 28.75 0.0338
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Table 5 Estimated Effects of Factors Alongside Related P-values for the Responses of AVA Sublingual Tablets, Along With Equations (Eqs. 2–4) Describing the Analytical Results of the 
Multiple Linear Regression

Responses Factors

X1 X2 X3 X1
2 X1X2 X1X3 X2² X2X3 X3²

Y1 Factor effect −11.9175 −0.2875 15.125 −11.1383 −0.75 −5.085 12.1117 2.835 18.2767

p-values 0.0286* 0.9018 0.018* 0.0668 0.8209 0.2231 0.0574 0.4332 0.0264*

Y2 Factor effect −58.925 9.8425 −2.0675 −6.29917 −5.3 5.15 18.2658 1.685 22.1158

p-values 0.0003* 0.0108* 0.1826 0.0534 0.068 0.0716 0.0068* 0.367 0.0047*

Y3 Factor effect −27.125 8.575 0.3 −1.90833 5.25 1 6.99167 −1.4 −4.75833

p-values 0.0007* 0.0073* 0.723 0.2202 0.0371* 0.438 0.0232* 0.3108 0.0481*

Notes: X1 is the Total supedisintegrant percentage (%), X2 is the Plasdone® XL percentage in disintegrant mixture (%), X3 is the Starch percentage in diluent mixture (%), X1X2, X1X3, X2X3 are the interaction terms between the factors, 
X1

2, X2
2, X2

3 are the quadratic terms of the factors, Y1 is the Tablet hardness (N), Y2 is the Disintegration time (sec), and Y3 is the Time for 80% of AVA release (min). * Significance of factors’ effects on responses.
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After investigating and evaluating the effects of the independent variables studied on the selected dependent 
variables, mathematical modeling was performed for each response. Equations 2 to 4 were developed to describe the 
analytical results of the multiple linear regression (Table 5).

Quantified Effects on The Tablet Hardness (Y1)
The hardness test is crucial for determining the mechanical strength of tablet formulations. The hardness data for the HP-β- 
CD–AVA inclusion complex sublingual tablets are shown in Table 2. For F2 and F1, the findings varied from 19 to 55.67 N.

Data displayed in the Pareto chart and 3-D contour response surface graph for Y1 (see Figure 3), alongside the 
ANOVA results from Table 5, reveal that the tablet hardness (Y1) was significantly influenced by the synergistic effect of 
the percentage of starch in the diluent mixture (X3) and the quadratic term of X3 (X3

2), with p-values of 0.018 and 

Figure 3 Top panel; Pareto charts representing the significant effects of all factors on tablet hardness, disintegration time, and time for 80% of AVA release from sublingual 
tablets. Bottom panel; 3-D contour-response surface graphs for the influence of the studied factors on tablet hardness, disintegration time, and time for 80% of AVA release 
from sublingual tablets.
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0.0264, respectively. As the level of X3 increased from 20% to 40% at 12% for X1 and 37.5% for X2, Y1 also increased 
from 19 N for F2 to 39 N for F11. This trend was also confirmed by a decrease in tablet hardness from 51.67 N for F4 to 
43.67 N for F8, as X3 declined from 40% to 20% at 10% for X1 and 50% for X2.

To some extent, the increased hardness of tablets with an increasing percentage of starch was expected and in 
accordance with earlier studies.67,68 Since starch can be used as a binder and diluent, increasing its percentage in the 
diluent mixture would potentially increase the diluent’s binding capacity and, thus, the tablet’s hardness. However, the 
explanation of this effect is not as simple as one might think because many other intercorrelated factors are also present 
in a diluent mixture. Some of these include the source of the starch itself, the relative amount/percentage of the 
disintegrants, and the physicochemical properties of all the additives other than starch, such as mannitol, Explotab, 
and Plasdone XL.67–70 To conclude, the major observed trend was that an increasing concentration of starch increased the 
hardness of the elaborated tablets.

In contrast, Y1 was significantly affected by the antagonistic effect of the total percentage of superdisintegrant (X1), 
with a p-value of 0.0286 (Table 5 and Figure 3). The data displayed for F1 and F11 in Table 2 show that the increase in 
this percentage from 8% to 12% was accompanied by a decline in the tablet hardness from 55.67 N to 39 N, respectively, 
at fixed levels of X2 and X3. In addition, a reduction in the X1 level from 12% to 8% was accompanied by an increase in 
the tablet hardness from 27.5 N to 39 N in F3 and F6, respectively, at constant levels of X2 and X3.

The decreased tablet hardness with an increase in the total percentage of the superdisintegrant (which mainly occurred 
for the Explotab) agreed with similar findings in earlier studies.71,72

Quantified Effects on The Disintegration Time (Y2) and Time for 80% of AVA to Be Released (Y3)
The times of disintegration and dissolution are critical factors for drugs delivered sublingually. A short disintegration and 
fast dissolution time are essential to ensure that a drug reaches the systemic circulation from the sublingual vasculature 
rather than the unintended swallowed parts of insufficient disintegrated tablets.73

Table 2 shows that the disintegration time (Y2) ranged from 26.3 seconds for F2 to 95.3 seconds for F12, while the time 
for 80% of the AVA to be released (Y3) ranged from 16.5 minutes for F3 to 60 minutes for F7. Figure 3 and Table 5 show 
that Y2 and Y3 were greatly affected by the significant antagonistic influence of the total percentage of the superdisintegrant 
(X1), with p-values of 0.0003 and 0.0007, respectively. From the data shown for F1 and F11 in Table 2, it is apparent that the 
increase in X1 from 8% to 12% was associated with a decrease in Y2 from 91.7 to 33 seconds, respectively, as well as 
a concomitant decrease in Y3 from 45.5 to 26 minutes, respectively, at constant levels of X2 and X3. Furthermore, the 
decrease in the X1 level from 12% for F3 to 8% for F6 was accompanied by an elevation in Y2 from 30.3 to 79 seconds, 
respectively, along with an increase of Y3 from 16.5 to 55.5 minutes, respectively, at constant X2 and X3 levels.

These findings indicated that increasing the total percentage of superdisintegrant (Explotab/Plasdone XL mixture) 
yielded sublingual tablets with a short disintegration/dissolution time and a rapid release of AVA from the tablets; this 
was in accordance with a previous study confirming their superiority as superdisintegrants.74

Unexpectedly, the percentage of the Plasdone XL disintegrant mixture (X2) had a significant synergistic effect on Y2 

and Y3 (see Table 5 and Figure 3), with p-values of 0.0108 and 0.0073, respectively. This effect was confirmed by the 
significant synergistic effect of the quadratic term of X2 (X2

2) on Y2 and Y3, at p-values of 0.0068 and 0.0232, 
respectively. Table 2 shows that the increase in X2 from 25% for F10 to 50% for F4 was accompanied by an increase in 
Y2 from 65.33 to 76.7 seconds, respectively, and an increase in Y3 from 36 to 42 minutes, respectively, at a 10% level of 
X1 and a 40% level of X3. Furthermore, the decrease in the X2 level from 50% for F7 to 25% for F6 was accompanied by 
a decrease in Y2 from 94.3 to 79 seconds, respectively, along with a decrease in Y3 from 60 to 55.5 minutes, respectively, 
at fixed levels of X1 and X3 levels (8% and 30%, respectively).

These outcomes could be due to an interruptive incident that resulted from utilizing both the Explotab and Plasdone XL 
superdisintegrants. It was most likely due to the difference in the physicochemical natures of the polymeric Plasdone XL and the 
starch-based Explotab and the disintegration mechanism for each. Plasdone XL is characterized by high compactability and low 
density, which increase the probability of a more even distribution in the matrix of the formulated tablet and higher capillary 
action besides its swelling ability.75 Explotab mainly exerts its disintegrative activity via its swelling ability.76 In addition, 
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increasing levels of either Explotab or Plasdone XL in certain combinations may reverse their activity, leading to a longer 
disintegration time and higher hardness values,77,78 leading to a longer time for drug release from the tablets.79

All these outcomes may emphasize the importance of implementing quality-by-design approaches to set the design’s 
selected goals and obtain an optimized formulation with the targeted outcomes. The predicted result would be that the 
optimized AVA sublingual tablet would have the highest percentage of total superdisintegrant, with the lowest level of 
Plasdone XL and the optimal level of starch in the diluent mixture.

Formulation and Characterization of The Predicted Optimized AVA Sublingual Tablet
The study’s desired outcome was met when an AVA sublingual tablet had undergone multiple response optimization. The 
parameters that would result in the best outcomes were first predicted and then confirmed. The hope was that a tablet 
could be formulated in which each factor would improve the desirability function relative to the design objectives.80 The 
optimized levels of factors were determined. The optimized sublingual tablet had a level of X1 of 12%, X2 of 25.1%, and 
X3 of 34.34%. The optimized AVA sublingual tablet had a desirability value of 0.9493, and it was developed and assessed 
to determine the best corresponding dependent variables, as described in the preceding sections. The values for Y1, Y2, 
and Y3 were found to be 31.33 N, 33.5 seconds, and 20.7 minutes, respectively, with minimal residuals from their 
corresponding forecasted values from the design, which were 29.5 N, 30.23 seconds, and 20.54 minutes, respectively.

FTIR and DSC of The Optimized AVA Sublingual Tablets, Confirming AVA 
Solubilization and the Absence of Interchemical Reactions
The FT-IR spectra of the materials used to formulate the optimized AVA sublingual tablet, as well as the HP-β-CD:AVA 
(1:1) inclusion complex and pure AVA powder, are shown in Figure 4. Identification of an AVA analogue was made when 
the absorption-specific peaks of the pure AVA were detected in the range of 1660 to 440 cm‒1. The carbonyl group of the 
amide bond (HN-C=O) became evident when the AVA absorption band was 1656.53 cm‒1. Another drug peak was found 
at 1426.76 cm‒1, associated with the C-N stretching vibration; another band at 743.35 cm‒1 indicated the benzene ring.81 

The absorption bands of both the HP-β-CD:AVA (1:1) inclusion complex and the optimized AVA sublingual tablet did 
not interfere with many of the distinctive peaks of the pure AVA or the absorption bands of each ingredient used in the 
sublingual tablet (Figure 4), indicating that there were no chemical interactions (ie, no new covalent bonds) between the 
drug and the ingredients used to make the optimized AVA sublingual tablets,35 particularly the peaks representing the 
carbonyl group of the amide bond and the C-N stretching vibration. However, notable changes were seen in the bands 
corresponding to the O-H stretching vibrations (3200 to 3600 cm‒1), as well as the C-H stretching vibrations of AVA 
(2930 and 2862 cm‒1) in the absorption bands of the HP-β-CD:AVA (1:1) inclusion complex and the optimized AVA 
sublingual tablets, respectively. Because the formation of an inclusion complex typically involves non-covalent interac-
tions such as hydrogen bonding, van der Waals forces, and hydrophobic interactions, the shifts in IR band positions could 
be attributed to these intermolecular interactions.82 For example, hydrogen bonding between the hydroxyl groups of HP- 
β-CD and the functional groups of AVA could cause changes in the bonds’ vibrational frequencies. Although the presence 
of multiple components could have diluted the signal of the AVA, the inclusion complex formation and corresponding 
shifts were still discernible.

The DSC thermograms of additives utilized in the optimized sublingual tablet and the raw AVA powder, the HP-β-CD 
:AVA (1:1) inclusion complex, and the optimized AVA sublingual tablet are shown in Figure 5. The thermogram of the 
pure AVA had a clear endothermic peak at 162 °C, which corresponded to the substance’s melting temperature and 
showed that the AVA was crystalline. The characteristic peak of the pure AVA vanished from the DSC thermograms of 
the HP-β-CD:AVA (1:1) inclusion complex before reappearing at 161 °C in the thermograms of the optimized AVA 
sublingual tablet; this was referred to as the characteristic peak of the mannitol at the same temperature (Figure 5).

The partial amorphization/solubilization of AVA in the inclusion complex (described earlier by PXRD) caused us to 
expect a peak for AVA in the DSC thermograms. Its absence can be interpreted in several ways. The amount of 
crystalline AVA detected by PXRD might have been so small that it fell below the level of detection of the DSC. In 
addition, the amount of crystalline AVA could have been so well dispersed in the inclusion complex that it reduced the 
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sensitivity of the DSC in detecting its melting point. Moreover, the interaction with HP-β-CD and other excipients of the 
sublingual tablet (especially mannitol) might have led to the suppression or broadening of the melting point signal, 
making it undetectable by the DSC analysis parameters used; this is most likely what happened.35,37

Upsurge of Bioavailability and Pharmacokinetic Parameters with Prolonged Activity of 
The Optimized AVA Sublingual Tablet in Healthy Human Volunteers
The pharmacokinetic parameters of the clinical study are shown in Table 6. Figure 6 depicts the plasma concentration– 
time profiles for the optimized AVA sublingual tablet versus the commercial AVA oral tablet.

The results showed that the optimized AVA sublingual tablet’s maximum plasma concentration (Cmax) was 337.69 ± 
94.29 ng/mL. The peak plasma concentration was attained at 4.67 ± 3.06 hours (Tmax). In contrast, the commercial oral 
tablet had a Cmax of 295 ± 65.38 ng/mL after 0.67 ± 0.29 hours. Although the optimized AVA sublingual tablet’s Cmax did 
not differ significantly from that of the commercial oral tablet (p > 0.05), it did take 3 hours longer for the optimized 
sublingual tablet to achieve peak plasma concentration. The optimized AVA sublingual tablet generated noticeably 
greater AVA plasma concentrations than the commercial oral tablet from 3 hours up to 48 hours after administration, 
verifying its extended therapeutic effect duration. Surprisingly, the optimized AVA sublingual tablet had a greater AUC 
than the commercial AVA oral tablet; its relative AVA exposure (AUC) was 1356.42% of that of the commercial oral 

Figure 4 Left panel; FTIR Spectra of the ingredients utilized in formulating the optimized sublingual tablet. Right panel; FTIR Spectra of pure AVA, AVA inclusion complex 
with HP-β-CD (1:1 ratio), and the optimized sublingual tablet.
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tablet. These Cmax and AUC results indicate substantial differences between the formulations. For Cmax, Cohen’s d was 
0.53 (95% confidence interval: –0.76 to 1.81), suggesting a moderate effect size with considerable uncertainty due to the 
small sample. For AUC, the difference corresponds to an extremely large effect (Cohen’s d = 4.85, 95% CI: 3.57–6.14; 
Hedges’ g = 4.48), far exceeding conventional bioequivalence limits. The clearance of the optimized AVA sublingual 
tablet was 12.94 times lower than that of the commercial AVA tablet, according to the unpaired t-test (p = 0.0002). This 
showed that the MRT0–∞ of the optimized AVA sublingual tablet was 5.98-fold greater than the MRT0–∞ of the 
commercial AVA oral tablet (p = 0.025). In regulatory terms, such a large increase in systemic exposure lies outside 
the typical 80–125% bioequivalence acceptance range,50 confirming that the sublingual and oral products are not 
bioequivalent. This outcome was expected given that the sublingual formulation was designed to enhance AVA 
bioavailability rather than match the reference product markedly.

Figure 5 Left panel; DSC Thermograms of the ingredients utilized in formulating the optimized sublingual tablet. Right panel; DSC Thermograms of pure AVA, AVA inclusion 
complex with HP-β-CD (1:1 ratio), and the optimized sublingual tablet.

Table 6 In-Vivo PK Parameters of the Optimized AVA Sublingual Tablet and Commercial AVA Oral Tablet (n = 6). 
The Dose of AVA in Both Groups Was 50 mg

PK Parameters (unit) Optimized AVA Sublingual Tablet Commercial AVA Oral Tablet P-values

Value (± SD) Value (± SD)

Kel(h−1) 0.03 0.01 0.17 0.11 0.087

t1/2(h) 27.79 11.72 7.05 7.18 0.059
Tmax(h) 4.67 3.06 0.67 0.29 0.087

Cmax(ng/mL) 337.69 94.29 295 65.38 0.55

AUC0–t(ng/mL×h) 12727.5 3641.87 1026.21 41.16 0.005
AUC0–∞(ng/mL×h) 15436.03 4165.42 1138.002 143.12 0.004

AUMC0–∞(ng/mL×h2) 661,031.14 327,162.66 8485.468 7528.12 0.026

MRT0–∞(h) 41.895 16.51 7.012 5.39 0.025
Vd[(mg)/(ng/mL)] 0.13 0.05 0.42 0.38 0.267

Cl([(mg)/(ng/mL)]/h) 0.0034 0.001 0.044 0.005 0.0002
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Two theories could explain the optimized AVA sublingual tablet’s enhanced absorption, bioavailability, and duration. 
The first involved using an HP-β-CD inclusion complex to increase the drug’s solubilization, which is the amount of AVA 
that could be absorbed. A drug’s solubility is known to be the primary rate-limiting step for the absorption of 
Biopharmaceutical Classification System (BCS) class II medicines.83,84 Therefore, enhancing the drug’s solubility 
would increase its absorption. The second theory relies on the oro-mucosal route for administration, which has 
a comparatively small surface area for absorption compared with the oral route.85 This benefit would be intentionally 
employed to control the amount of drug absorbed and lessen the likelihood that high plasma concentrations of AVA 
would occur rapidly, besides avoiding the extensive hepatic first-pass effect.

Nevertheless, a short disintegration and rapid dissolution time ensure that drugs entering the sublingual vasculature reach 
the systemic circulation rather than the portions of the tablet that are insufficiently disintegrated and end up being swallowed. 
In light of this, using sublingual tablets with a modified release pattern might be considered a second rate-limiting step for 
absorption.86 Thus, a 20-minute release time for 80% of AVA from the optimized sublingual tablet (achieved with the 
optimized Explotab/Plasdone XL content) would allow the AVA–HP-β-CD inclusion complex to provide a 72-hour duration 
of AVA action. This outcome would be in accordance with earlier studies on the effect of HP-β-CD drug complexes in 
prolonging the duration of action.87,88 These outcomes could be anticipated to maximize the benefits of administering AVA via 
the sublingual route, particularly by enhancing AVA’s solubility and avoiding its hepatic metabolism.

In general, the use of HP-β-CD complexation drastically enhanced drug bioavailability.89,90 In the oral route of 
administration, the high solubility and rapid dissolution of the drug–HP-β-CD complex likely enhanced its absorption in 
the gastrointestinal tract, potentially leading to higher bioavailability for BCS class II drugs such as AVA.91 However, this 
does not fully explain the extended half-life. In our case, the sublingual administration of the AVA–HP-β-CD inclusion 
complex effectively caused AVA to be absorbed directly into the systemic circulation and then to have a slower rate of 
clearance/elimination, thereby circumventing the first-pass effect of the oral route and improving bioavailability further. 
Nikolić et al confirmed this by reporting that sublingual/buccal administration of tablets based on β-CD complexes led to 
effective absorption of the active moieties into the systemic circulation, followed by gradual elimination (thus avoiding 
a rapid first-pass loss).92

Figure 6 The mean-plasma concentration-time profiles of AVA after a single administration of two 25 mg optimized AVA sublingual tablets and one 50 mg commercial AVA 
oral tablet, *, **, ***, and **** indicate significant differences at P < 0.05, P < 0.01, P < 0.001, and P < 0.0001, respectively.
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Once the AVA–HP-β-CD complex is absorbed, its distribution can be influenced by its interaction with plasma 
proteins and tissue binding. The inclusion complex with HP-β-CD may enhance the protein binding of AVA. Increased 
protein binding can reduce the concentration of free (unbound) drug, leading to a slower elimination rate and prolonged 
half-life. This concept aligns with the observed extended half-life in our study.93 It has also been reported that CDs can 
alter the distribution profile by forming inclusion complexes, which may result in a more extensive distribution phase and 
prolonged presence in tissues.94 For example, intravenous dexamethasone and baicalein were found to have relative 
bioavailabilities of 1.22 and 1.25, respectively, and dexamethasone showed a lower clearance when administered as HP- 
β-CD complex formulations.95,96

A modified/prolonged release time for the drug–HP-β-CD inclusion complex can also affect a drug’s metabolism. 
CDs protect the drug from premature degradation, potentially leading to a slower metabolic rate, prolonged drug delivery, 
and higher efficacy.93,97,98 An earlier study reported that reducing camptothecin’s lactone ring hydrolysis from 40% to 
6.7%, due to stabilizing the compound in HP-β-CD cavities, led to a notable upsurge in antitumor activity in many tumor 
cell lines.99 The drug’s excretion rate may also be influenced by complexation with CDs, as the complex can alter renal 
or biliary excretion patterns, resulting in a prolonged half-life.91

The optimized AVA sublingual tablet’s ~4-hour lag in Tmax (time to peak) compared to the commercial oral tablet’s 
quick onset suggests that the sublingual formulation can provide substantially better long-term pharmacological control 
of AVA. This feature is especially advantageous for conditions that require a long duration of drug action. ED is 
a chronic/persistent disorder that may involve 3 to 12 months of treatment.100,101 Because of the novel approach’s 
upsurge in bioavailability and prolonged action, patient adherence, convenience, and compliance in ED therapy are 
expected to improve. The current study demonstrates the effectiveness of the sublingual formulation at a laboratory scale. 
However, challenges such as batch uniformity, process reproducibility, and regulatory compliance will need to be 
addressed for large-scale manufacturing. Additionally, long-term stability under various storage conditions has not 
been fully evaluated; future research should include stability testing to ensure the formulation maintains its efficacy 
and shelf life over time.

In light of these findings, several important considerations and future research directions are recommended. First, 
the extended mean residence time observed in this study may lead to drug accumulation with repeated dosing, 
particularly in populations with compromised drug clearance. Therefore, pharmacokinetic monitoring and appropriate 
dose adjustments will be crucial in clinical practice to avoid potential safety risks. The study’s limitations should also 
be acknowledged, including the small sample size (which impacts statistical power and generalizability) and the need 
for larger-scale studies to validate these findings. Given the single-dose nature of the study, future research should 
explore multiple-dose regimens to reflect steady-state pharmacokinetics better. Moreover, the controlled experimental 
conditions (eg, a 12-hour fast before drug administration) differ from real-life scenarios where drug absorption and 
metabolism may vary. Future studies should account for these variables by including diverse patient populations and 
evaluating drug performance under more representative conditions. These steps will help refine the formulation and 
improve its clinical applicability.

It is important to note that our optimized AVA sublingual tablet is the first AVA dosage form to utilize the sublingual 
route. To date, six patents102–107 and nine research studies7,9,17,52,55–59 have focused on various AVA preparations for 
different pharmaceutical and preclinical/clinical applications. Still, none has provided a dosage form for the sublingual 
delivery route. However, a buccal formulation of AVA patented in 2023 achieved an enhancement in bioavailability over 
its reference oral tablet, with a Cmax of 314.14 ng/mL and an AUC0–72 of 11,044.78 ng·h/mL.102 By comparison, our 
optimized AVA sublingual tablet showed an even greater enhancement in AVA bioavailability, with an AUC0–72 of 
12,727.5 ng·h/mL and a Cmax of 337.69 ng/mL, as well as 123.73% relative bioavailability, compared with the patented 
buccal tablet. Furthermore, our optimized AVA sublingual tablet reached its Cmax after 4.67 hours versus 8.67 hours for 
the buccal tablet, indicating a longer duration of action via the more convenient sublingual route. Additionally, no earlier 
research has demonstrated the remarkable upsurge in bioavailability and 72-hour prolonged activity that our optimized 
AVA sublingual tablet achieved.
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Conclusions
Based on the results of this investigation, we conclude that the inclusion complex with HP-β-CD successfully increased 
the solubility of AVA, and that combining this inclusion complex with a sublingual formulation yielded tablets with 
desirable qualities such as acceptable hardness, rapid disintegration and dissolution, and improved pharmacokinetic 
properties, as confirmed by the Box–Behnken design. Although AVA has low oral bioavailability and a short half-life, the 
optimized sublingual tablet demonstrated a prolonged half-life (27.79 ± 11.72 hours) and mean residence time (41.895 ± 
16.51 hours). The Tmax and AUC0–72 values for this sublingual tablet were also significantly extended, at 4.667 ± 
3.06 hours and 12,727.5 ± 3641.87 ng·h/mL, respectively. There was no discernible increase in Cmax compared to the 
commercial oral tablets. These pharmacokinetic results indicate the enhanced bioavailability, extended duration of action, 
and improved safety profile of the sublingual tablets. As a result, this sublingual delivery method may be considered 
a therapeutically appropriate platform for treating erectile dysfunction in the future. However, rigorous experimental 
validation is essential to confirm that the 1:1 hP-β-CD:AVA inclusion complex is indeed optimal for complex formation 
and solubility enhancement. Therefore, we suggest additional experiments be performed to optimize the HP-β-CD:AVA 
ratio for complex formation (using spectroscopic analyses such as UV-Vis, FT-IR, NMR, as well as phase solubility and 
thermodynamic studies). We strongly believe that further investigations will support the optimal HP-β-CD:AVA ratio for 
developing effective inclusion complexes and that further pharmacokinetic/toxicokinetic studies will lead to more 
effective and safer sublingual tablets or even alternative dosage forms.
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