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The aim of the present study was to prepare sublingual delivery systems for sildenafil and evaluate its
relative bioavailability after sublingual administration in rabbits to attain a rapid onset of action with good
efficacy at lower doses. For sublingual application, sildenafil and its citrate were formulated in 2 different
dosage forms: the first was a sublingual spray consisting of sildenafil in 2 microemulsion systems, oleic acid
or propylene glycol (PG), and the second was sublingual tablets prepared with various granulated sublingual
sprays adsorbed onto a silicate adsorbant (Florite® R), binders (Cyclocel® or EMDEX®), and disintegrants
(Ac-Di-Sol® or Kollidon® CL). Results showed that sublingual absorption of sildenafil spray prepared with PG
was fairly rapid. At a 0.5-mg dose, the mean onset of action was 1.3 + 0.6 min and lasted for about 1.5 h
according to the pharmacokinetic studies. In vivo studies also showed that for sublingual tablets formulated
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bioavailability with sildenafil in PG adsorbed onto Florite® R at a 1:1 weight ratio then mixed with Cycloel® and Ac-Di-Sol®,
the onset action was fast at 1.9 + 0.4 min and lasted for about 1 h at 0.5 mg. These findings suggest the
potential for the sublingual delivery of sildenafil instead of the conventional oral administration.
© 2016 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Introduction advantage of a drug delivery system is that it can deliver the active

Sildenafil, administered as the commercially available Viagra
formulation, was the first oral therapy to have a significant success
for men with erectile dysfunction (ED)."> However, there are
numerous drawbacks with the oral delivery of sildenafil citrate: a
long onset (i.e., it should be taken 1 h before sexual intercourse),
lower bioavailability, and a considerable first-pass effect (70% of the
oral dose). A high-fat meal will delay the onset of action of sil-
denafil>* In addition, the oral administration of sildenafil is also
accompanied by undesirable dose-responsive side effects. At dos-
ages of >50 mg, the incidences of side effects, such as abnormal
vision problems, dyspepsia, nasal congestion, blinding headaches,
diarrhea, rashes, syncope, priapism, cardiac risk, and urinary tract
infections, increase.” Thus, there is a need and desire to develop
drug delivery systems that promote the bioavailability of sildenafil
at lower doses while minimizing its side effects. In general, the
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pharmaceutical ingredient (API) in an efficient manner without
altering its chemical nature or biological activity.

Nasal and transdermal delivery systems have been examined as
alternative dosage forms.®® Among these, intranasal sildenafil
citrate formulated as a microemulsion (ME) composed of oleic acid
(OA)/Labrasol/Transcutol/H,0 (8.33%:33.33%:16.67%:41.67%) rep-
resents a safe and viable approach to achieving rapid-onset sys-
temic drug levels and higher bioavailability by bypassing liver
metabolism for the management of ED.> Furthermore, transdermal
permeation of a sildenafil citrate-loaded self-nanoemulsifying drug
delivery system and nanoemulsions was proven to improve the
therapeutic performance of sildenafil citrate via the oral route.
These formulations encompassed an oil blend of Caproyl 90° and
Maisine 35-1®, Cremophor RH40® as a surfactant, and propylene
glycol (PG) as a cosurfactant.” However, the drug possesses chal-
lenging physicochemical properties for nasal and transdermal
delivery system formulations including its amphoteric nature, pH-
dependent characteristics, scanty membrane permeability, and
poor solubility in both aqueous and oily phases. The disadvantage
of intranasal drug delivery is that a limited number of drugs can
be delivered via the nasal mucosa. Additionally, patients with
diseased or unhealthy nasal mucosa will likely have impaired
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drug absorption.'® Administering medications using transdermal
delivery systems also has disadvantages, including the potential for
skin reactions ranging from allergic contact dermatitis to irritant
contact dermatitis. Another drawback of using medication patches
is the potential for the loss of adhesive properties, which may lead
to decreased drug delivery.!!

On the other hand, sublingual delivery is well documented in the
literature.”>”"> The main use for the sublingual route of drug
administration is to provide a rapid onset of action of potent drugs.
Some researchers believe that sublingual administration would
allow men to get results at a lower dosage than when a tablet is
swallowed whole. It can also avoid first-pass metabolism by the liver
and is not affected by food. Another reason for the appeal of sub-
lingual sildenafil is the convenience of not having to take it with
water. In contrast, sublingual delivery does not have the disadvan-
tage of nasal and transdermal delivery systems. An invention by
El-Rashidy et al. provided a composition suitable for sublingual or
buccal tablets for the relatively slow release of sildenafil.> The
composition essentially consists of sildenafil, an osmotic agent, a
swellable hydrophilic carrier, and a water-dispersible polymer.
Preferably, the osmotic agent is mannitol, the hydrophilic carrier is
microcrystalline cellulose, and the water-dispersible polymer is a
gum or a cellulose derivative. The invention focused on a controlled-
release sublingual tablet for sildenafil released in a water solution
over a time period in the range of more than about 25~300 min.
However, such a time frame might not be practical in the case of
certain diseases or conditions such as ED. One study, which was
conducted at the Urology Division of Ospedale De Lellis in Italy, was a
comparison of 6 men taking Viagra as intended (swallowed whole)
for 3 months, followed by 3 months of taking Viagra that had been
crushed into a powder and placed in the mouth under the tongue.
The result was that the time it took for the drug to be effective was
basically cut in half: 62.8 min for Viagra swallowed whole vs. 29.3
min for crushed Viagra placed under the tongue.'® All patients
declared that they preferred the sublingual way because of its faster
onset. Almost all studies of sildenafil in drug delivery systems were
interested in improving the problem of late onset. However, there is
currently no commercially available dosage form for the sublingual
delivery of sildenafil. Thus, it would be valuable to develop a sub-
lingual sildenafil delivery system to increase its bioavailability,
decrease the administrated dose, and attain a rapid onset of action.

The important characteristics of tablet formulations used for
sublingual delivery are short disintegration and dissolution times."”
However, to achieve optimal sublingual delivery, properties of the
active compound and other properties of the formulation have to
be considered. The parent compound has to be soluble, stable, and
easily permeable through the mucosal barrier at the administration
site. Furthermore, the dosage form has to be rapidly dissolved at the
administration site.'® To demonstrate the feasibility of delivering a
drug via the sublingual route, suitable in vivo models must be used
to assess the delivery potential in clinical studies. A rabbit model for
investigating sublingual drug absorption was established yielding
results consistent with clinical data reported in the literature. The
sublingual mucosa of both the rabbit and human is nonkeratinized,
and delivery to the rabbit sublingual cavity presents an opportunity
to correlate intraoral absorption in man.'”

This study aimed to develop a new sublingual formula for
sildenafil consisting of a sublingual spray and sublingual tablets
and to study their relative bioavailability levels compared to con-
ventional oral tablets after sublingual administration to rabbits.

Materials

Standard sildenafil citrate was purchased from Trans American
Chemicals (San Diego, CA) and sildenafil was from ARYL S.A.

(Buenos Aires, Argentina). The following chemicals were obtained
and used as received: Florite® R (Tokuyama, Yamagata, Japan),
adsorbant, is the calcium silicate. Cyclocel® (Wei Ming, Taipei,
Taiwan), directly compressible material, is the mannitol thermal
adhesion granulation. EMDEX® (JRS Pharma, Rosenberg, Germany),
binder, is dextrate NF. Ac-Di-Sol® (FMC Biopolymer, Philadelphia,
PA), superdisintegrant agent, is croscarmellose sodium. Kollidon®
CL (BASF, Ludwigshafeh, Germany), superdisintegrant, is the cro-
spovidone. Polyethylene glycol 600 (PEG 600) and PG were pur-
chased from Riedel-de Haén (Seelze, Germany). All other reagents
used were reagent grade or better.

Methods

High-Performance Liquid Chromatographic Assay Methods for
In Vitro and Plasma Samples

An HPLC system equipped with a pump (Jasco PU-2089 qua-
ternary gradient pump; Tokyo, Japan) and an autosampler (Jasco
AS-2055 intelligent sampler) was used. The eluent was detected
with a Jasco UV-2070 UV/Vis detector at 230 nm. The column was a
reversed-phase C18 column (Inertsil 6, ODS-3, 4.6 x 150 mm;
Vercopak, Taipei, Taiwan) maintained at 40°C. For dissolution and
plasma samples, the mobile phase was a mixture of acetonitrile and
30-mM KH,PO4 (pH 6.0) at 50:50 (v/v) at a flow rate of 1.0 mL/min.
Retention times were 6.2 min for sildenafil and 7.4 min for the
analytical internal standard of butyl paraben.”’ The method was
validated as showing acceptable intraday and interday accuracy
and precision (data not shown).

Preparation and Characterization of the Sildenafil Sublingual Spray

Preparation of the Sildenafil Sublingual Spray

To prepare the sildenafil sublingual spray, components of 5
vehicles as indicated in Table 1 were examined. ME TgoPgoo and
ME TgoPGB were ME systems prepared using a phase diagram. The
pseudoternary phase diagrams of an oil (OA), surfactant (Tween
80), and cosurfactant (PEG 600 or PG) were developed using a
water titration method. After identification of the ME region in the
phase diagrams, the ME systems were selected at desired
component ratios (Table 1). An excess amount of sildenafil or its
citrate was added into about 1.0 mL of each vehicle in micro-
centrifuge tubes; the mixtures were heated to 40°C in a water bath
and thoroughly vortex-mixed to ensure that the sildenafil or its
citrate had fully dispersed in the vehicle. The mixtures were
incubated in a water bath at 37.0 + 0.5°C for 24 h to reach equi-
librium. Then, the mixtures were filtered through a Millipore
membrane filter (0.45 pm, Billerica, MA), and a sublingual spray
containing sildenafil or its citrate salt was produced from the clear
supernatant.

Table 1
Formulations of Sublingual Sildenafil Spray

Formulations Drug Vehicles Sildenafil (mg)

ME TgoP20o Sildenafil H,0/0A/Tso/PEG 47
600 (5:50:36:9)

ME TgoPG? Sildenafil H,0/0A[Tso/PG 4.1
(5:45:40:10)

OAB Sildenafil 0A 10.0

PGB Sildenafil PG 0.5

e Sildenafil citrate PG 0.7

B, sildenafil; C, sildenafil citrate; Pggo, PEG 600; Tgo, Tween 80.
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Characterization of the Sildenafil Sublingual Spray

According to our previous work,”' the stability of sildenafil
sublingual spray-incorporating MEs was studied via their clarity
and phase separation. The solubilization capacities of the sublin-
gual spray for sildenafil were investigated by HPLC as described.

Preparation and Characterization of Sildenafil Sublingual Tablets

Preparation of Sildenafil Sublingual Tablets

Sildenafil sublingual tablets containing compositions of various
granulated sildenafil sublingual sprays adsorbed onto Florite® R, a
binder (Cyclocel® or EMDEX®), and a disintegrant (Ac-Di-Sol® or
Kollidon® CL) were prepared, and the formulations are listed in
Table 2. Tablets were made with direct compression of the mixtures
with 1 ton on a tablet press (Carver Laboratory Press, Wabash, IN).

Hardness Test

A hardness tester (Pharma Test, Hainbwg, Germany) was used to
determine the tablet hardness. Three tablets were randomly chosen
from each formulation of sublingual tablets, and the average value
was determined.

Drug Dissolution

Drug release from sublingual tablets was evaluated according to
a modified USP XXXII paddle method (dissolution tester: TDT-08L;
Electrolab, India). The paddle rotation rate was 50 rpm, and the
dissolution medium was 500 mL of simulated saliva fluid (2.38 g
NayHPO4, 0.19 g KH,PO4, and 8.00 g NaCl per liter of distilled water,
adjusted to pH 6.76 with phosphoric acid)?? at a temperature of 37
+ 0.5°C. The medium (5 mL) was automatically withdrawn at
predetermined intervals (0, 2, 4, 6, 8, 10, 30, and 60 min) and
replaced with fresh medium of the same volume. The drug content
was analyzed by HPLC as described previously. Dissolution profiles
expressed as the cumulative release (%) versus time were plotted
for comparison. The value of Tspy was calculated as the time
required for 50% of the drug to dissolve from each individual release
profile, and averages were reported. Each in vitro dissolution test
was performed in triplicate.

Table 2
Formulations of Sublingual Sildenafil Tablets

Disintegration Time

The time in which a sublingual tablet disintegrated into powder
in the aforementioned dissolution studies was taken as a disinte-
gration time of the tablet.>?-4

Pharmacokinetic Studies

Animal Experiments

All experiments were performed under an institutionally
approved protocol for the use of animals in research (Taipei Medical
University, Taipei, Taiwan). New Zealand white rabbits (3.0~4.0 kg)
were used for sildenafil sublingual and intravenous (IV) adminis-
tration with a washout period of 2 weeks. Rabbits were weighed
and restrained before the experiment. For IV administration, an IV
infusion of a sildenafil citrate injection (5.6 mg/mL in normal
saline) was delivered through the marginal ear vein of a rabbit over
20 s. For per os (PO) administration, commercially available Viagra®
was given at a dose equivalent to 100 and 50 mg sildenafil,
respectively. For sublingual administration, 100 puL of a spray
formulation saturated with sildenafil or its citrate was adminis-
tered into the 1-cm position of the sublingual zone with a micro-
pipette via a polyethylene tube (PT260). The tablet formulation was
placed sublingually using small tweezers. The rabbit's head was
held in an upright position for 30 s postadministration to minimize
swallowing. Blood sampling (1 mL) began before dosing and at 2, 5,
10, 20, 30, 45, 60, 75, 90, 120, and 240 min after dosing via a mar-
ginal ear vein of the rabbit. Blood samples were prevented from
coagulating with heparin and centrifuged at 3000 rpm for 15 min.
Plasma was separated and stored at —30°C until being analyzed.

Plasma Treatment

Plasma samples (100 pL) were supplemented with 10 pL of the
internal standard of butyl paraben (40 uM) in a phosphate-buffered
solution (500-mM KHPO4, pH 6.0) and then were precipitated
with the addition of 200-pL acetonitrile. The mixture was vortex-
mixed for 30 s and centrifuged at 10* rpm and 4°C for 5 min. An
aliquot of the supernatant solution (170 pL) was analyzed by HPLC.
Under these analytical conditions, the quantitation limit for
sildenafil was found to be 10 nM.

Formulations Vehicle Adsorbant Binder Disintegrant Total Weight (mg/Tablet)
ME TgoPBoo  ME TgoPG®  OAB PGB PGS  Florite® R Cyclocel® EMDEX®  Ac-Di-Sol®  Kollidon® CL
ME TgoPBoo CA 100 50 30 27 207
ME TgoPgoo EA 100 50 30 27 207
ME TgoPgyo CK 100 50 30 18 198
ME TgoPBoo EK 100 50 30 18 198
ME TgoPGE CA 100 50 30 27 207
ME TgoPGE EA 100 50 30 27 207
ME TgoPGB CK 100 50 30 18 198
ME TgoPGB EK 100 50 30 18 198
OAB CA 100 100 40 36 276
OAB EA 100 100 40 36 276
0AB CK 100 100 40 24 264
OAB EK 100 100 40 24 264
PGB CA 100 100 40 36 276
PGB EA 100 100 40 36 276
PGB CK 100 100 40 24 264
PGB EK 100 100 40 24 264
PGE CA 100 100 40 36 276
PGC EA 100 100 40 36 276
PGC CK 100 100 40 24 264
PG® EK 100 100 40 24 264

ME TgoPsoo, microemulsion formulation H,0/OA/Tween 80/PEG 600 (5/50/36/9); ME TgoPG, microemulsion formulation H,0/OA/Tween 80/PG(5/45/40/10)C, Cyclocel®;

E, EMDEX®; A, Ac-Di-Sol®; K, Kollidon® CL; B, sildenafil base; C, sildenafil citrate.
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Calculations and Statistical Analysis

Mathematical methods can be used to evaluate the similarity of
drug dissolution profiles. Equations 1 and 2 are mathematical
models used to compare dissolution profiles.

[ R — T
n= =S )
n -0.5
f2—50><10g{ 1+1/nZ(Rt—Tt)2} x 100} (2)
t=1

where R; is the percentage of dissolved product for a reference
batch at time point t, T; is the percentage of dissolved product for
the test batch, and n is the number of time point. The factor, f1, is
the average % difference over all time points in the amount of test
brand dissolved as compared to the reference brand. The f1 value is
0 when the test and the reference profiles are identical and
increases proportionally with the dissimilarity between the 2
profiles. The f2 value is between 0 and 100. The value is 100 when
the test and the reference profiles are identical and approach zero
as the dissimilarity increases.

The area under the curve (AUCg_¢) was determined by the linear
trapezoidal method. Tmax, Cmax, and Topser Values of sublingual
administration were read directly from the concentration-time
profile. The Ty, was calculated by fitting the data of the terminal
portion of the pharmacokinetic profile by a log-linear regression
equation. The absolute bioavailability [F% = (AUCo.tsublingual X
Doseyy)/(AUCo.¢iv x DoSesublinguat) X 100] of sublingual adminis-
tration from the spray or tablet was calculated. Statistical analysis
was performed by Student t-test to calculate the significance
(p < 0.05).

Results and Discussion

High-Performance Liquid Chromatographic Assay Methods for
In Vitro and Plasma Samples

The results of intra- and inter-day validations for assaying sil-
denafil showed good precision and high accuracy. The linearity of
the calibration curve of sildenafil was well correlated (R? > 0.9999)
within a range of 10-10000 nM for intra- and inter-day assay.
The equations of calibration curve for intra- and inter-day were
y = 0.0003 x + 0.0016 and y = 0.0003 x + 0.0014, respectively. All
data showed the excellent reproducibility of the sample analysis.

Formulations and Characterization of the Sublingual Spray and
Tablets

In our previous work, the OA-based ME system using Tween 80
as the surfactant and ethanol as the cosurfactant at a ratio of 1:4 for
intranasal delivery of sildenafil was demonstrated to have a fast
enough onset to meet clinical needs.’' Therefore, a ME system, OA,
and PG were selected to develop the sublingual delivery of sil-
denafil and its citrate in this study. Based on preliminary screening
(data not shown), the ME TggP&o and ME TgoPG? ME systems were
constructed using HO as the liquid phase and OA as the oil phase
with Tween 80 (Tgp) as the surfactant and Pgpg or PG as the
cosurfactant at ratios of 5:50:36:9 and 5:45:40:10, respectively, and
sildenafil base was used as the model drug (Table 1). Sildenafil
contents in various sublingual sprays were examined, and results
are also summarized in Table 1. Results demonstrated that solubi-
lity levels of sildenafil in ME TgqPgyo, ME TgoPGE, OAB, PGB, and PGC
were 4.7, 4.1, 10.0, 0.5, and 0.7 mg, respectively. Among these, the
solubility of sildenafil in OA (10.0 mg/mL) was the highest,

including ME TgoPEoo, ME TgoPGB, and PG. This might be attributed
to the association between a weak basic drug of sildenafil (pKa 8.7)
and the acidic nature of OA.

Sublingual tablets were characterized in terms of the disinte-
gration time, hardness, and dissolution half time (Tsgg). Influences
of vehicles, binders, and disintegrants on the characteristics of
sildenafil sublingual tablets were examined, and results are given
in Table 3. Results showed that disintegration times and Tsgy
values for all 20 formulations varied from 0 to >60 min and 2.0 to
48.6 min, respectively. Comparisons of the influence of the vehicle
on the characteristics of sildenafil sublingual tablets showed that
formulations prepared with OA or PG disintegrated faster than
those with ME systems. Similarly, the value of T5py was shorter
and the drug was obviously released faster from the OA and PG
formulations. The delayed disintegration time of sublingual tab-
lets prepared with ME systems as the vehicle could be the main
reason for the lower dissolution rates of those formulations. A
comparison between Cyclocel® and EMDEX® as the binder
showed that the drug release rate and disintegration insignifi-
cantly changed in a fixed vehicle and disintegrant. For example,
disintegration times of the PGBCA and PGBEA formulations were 6
and 4 min, and T5gy% values were 3.6 and 3.5 min, respectively. For
the PGBCK and PGBEK formulations, disintegration times were 1
and 2 min, respectively, and Tspy values were both 2.3 min. A
comparison between Ac-Di-Sol® and Kollidon® CL as disintegrants
on the characteristics of sildenafil sublingual tablets showed that
most formulations prepared with Kollidon® CL disintegrated, and
drug was released faster than those with Ac-Di-Sol® in the fixed
vehicle and binder. For example, disintegration times of the PGECA
and PGBCK formulations were 6 and 1 min, and Tsox% values were
3.6 and 2.3 min, respectively. Disintegration times for the ME
TgoPGPCA and ME TgoPGBCK formulations were >60 and 2 min,
and Tsgy values were 48.6 and 7.7 min, respectively. Overall, it
indicated that the selected vehicles had strong influences on
disintegration time and drug dissolution of the sublingual tablets.

In a comparison of sildenafil and its citrate as the API on char-
acteristics of the sublingual tablets, the dissolution test revealed
that sildenafil and its citrate both dissolved almost instantly from
sublingual tablets prepared with PG as the vehicle, and the range of
disintegration times and Tsgy values was 0~7 and 2.0~4.8 min,

Table 3

Disintegration Time, Hardness, and Dissolution Half Time (Tsqy) of Sildenaﬁl Sub-
lingual Tablets Prepared by Various Vehicles, Binders (EMDEX® or Cyclocel®), and
Disintegrants (Ac-Di-Sol® or Kollidon® CL) (Mean + SD, n = 3)

Formulations Disintegration Time (min) Hardness (kP) Tso% (min)
ME TgoPEoo CA >60 1.93 £ 0.12 463 +24
ME TgoPEoo CK >60 1.07 £ 0.12 21.3 +2.00
ME TgoPBoo EA =53 1.93 + 031 -

ME TgoPEoo EK =10 1.07 £ 0.15 183 +59
ME TgoPG? CA >60 1.37 + 0.06 48.6 + 5.8
ME TgoPG® CK =2 0.83 +0.15 77 +13
ME TgoPGB EA >60 133 £ 0.15 42.8 + 234
ME TgoPG® EK =2 0.70 + 0.00 9.00 + 1.8
OAB CA =8 9.97 +0.12 83 +26
0AB CK =2 3.43 + 0.60 16.0 + 2.5
OAB EA =2 9.20 + 0.26 123 +33
OAB EK =2 293 + 137 112 +24
PGB CcA =6 2.63 +0.14 3.6 +05
PGB CK =1 227 +1.10 23 +06
PGB EA =4 1.97 + 0.07 35+05
PGB EK =2 0.93 + 0.06 23+05
PGE CA =7 5.03 + 0.31 48+ 14
PGE CK 0 1.87 £ 0.91 20+00
PGC EA =4 4.93 +0.78 3.6+1.0
PGS EK 0 1.60 + 0.95 2.0+00

—, Dissolution had not reached 50% at the dissolution time.
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Table 4

Results of the Difference (f1) and Similarity (f2) Factors for Dissolution Profiles
Comparison of Sildenafil Sublingual Tablets Prepared With Various Vehicles, Binders
(EMDEX® or Cyclocel®), and Disintegrants (Ac-Di-Sol® or Kollidon® CL)

Comparison fl 2 Description
ME TgoPE0o CA & ME TgoPEoo EA 58.10 41.90 Difference
ME TgoPBoo CK & ME TgoPEyo EK 1591 61.77 Similarity
ME TgoP80o CA & ME TgoPEoo CK 138.80 29.62 Difference
ME TgoPGP CA & ME TgoPGE EA 17.27 70.19 Similarity
ME TgoPG® CK & ME TgoPGP EK 5.73 70.26 Similarity
ME TgoPG® CA & ME TgoPG® CK 252.87 18.37 Difference
OAP CA & OAP EA 15.32 52.52 Similarity
0AB CK & OAPB EK 11.54 65.29 Similarity
OAE CA & 0AB CK 20.34 44.82 Difference
PGP CA & PGB EA 5.81 67.86 Similarity
PGB CK & PGB EK 3.10 77.52 Similarity
PGB CA & PGB CK 15.98 46.51 Difference
PGE CA & PG EA 7.77 59.37 Similarity
PG CK & PG® EK 7.02 62.07 Similarity
PGE CA & PGC CK 19.42 38.25 Difference

Tgo, Tween 80; Pgoo, PEG 600; PG, propylene glycol; &, sildenafil; <, sildenafil citrate;
C, Cyclocel®; E, EMDEX®; K, Kollidon® CL.

respectively. However, sildenafil and its citrate released from sub-
lingual tablets prepared with PG as the vehicle showed no signifi-
cant differences in disintegration times or Tspy values. Many
researchers have shown that tablets formulated with PG as the
liquid vehicle were one of the most promising methods for pro-
moting dissolution rates of poorly water-soluble drugs.>>’ PG
molecules contain 2 terminal hydroxyl groups; thus, there is also a
probability of solubilization of the drug in the vehicle. The solubility
of a drug not only determines the dissolution behavior of an API in
the formulation, but it also affects the absorption and therapeutic
efficacy of the drug.

The dissolution profiles of sildenafil from sublingual tablets
prepared with different vehicles were compared using the differ-
ence (f1) and similarity factors (£2), and results are given in Table 4.
Dissolution profile analysis is an important tool to evaluate
formulation development and finished products. Dissolution pro-
files of sublingual tablets prepared with Cyclocel® as binder are not
similar with EMDEX® at the ME TgoP8oo as vehicle because the
calculated factors do not meet the acceptance criteria (50<f2<100;
0<f1<15). However, the similarity factor f2 value was greater than
50, f1 was equal or less than 15; therefore, the dissolution profiles of
sublingual tablets prepared with Cyclocel® as binder are similar
with EMDEX® at the ME TgoPG2, OAB, PGB, and PG vehicle used. A
comparison between Ac-Di-Sol® and Kollidon® CL as disintegrants
on the dissolution profile of all sildenafil sublingual tablets showed
difference based on mathematical model because the calculated
factors do not meet the acceptance criteria.

A number of disintegrants, known as superdisintegrants mark-
edly improve tablet disintegration, but their efficiency depends on

600 1
500 4
—e— OA®
—o— ME TBOPSODB
400 4 —v— ME T, PG®
—— pG°®
300 4 —=a— pG°©

Sildenafil Plasma Concentration (nM)

0 20 40 60 80 100 120 140 160

180 200 220 240

Time (min)

Figure 1. Plasma sildenafil concentration profiles of sublingual spray formulations
composed of various vehicles in rabbits. Pgoo, PEG 600; PG, propylene glycol; Tso,
Tween 80; B, sildenafil; C, sildenafil citrate.

the method of manufacture and physicochemical characteristics of
the tablet formulation. These factors have been analyzed in
different articles. In the last years, the role of this kind of dis-
integrant in tablets prepared by direct compression had been
studied. Velasco et al. studied the effect of the addition of 3 dis-
integrants on the tabletability of calcium-phosphate—based mate-
rials for direct compression.?® The comparison of the disintegration
times showed that the lowest values were found for Ac-Di-Sol® and
Explotab®; on the opposite, Esma Espreng® was less effective as
disintegrant. These 2 superdisintegrants also show better dis-
integrating properties than different starches.?

On account of the important characteristics of sublingual
tablet used for delivery is fast dissolution. Drug release was
satisfactory for PGBCA, PGCCA, and PGCEA, because at least 80% of
sildenafil was dissolved in the medium within 15 min of the test.
Propylene glycol as the vehicle can increase sildenafil release
from sublingual tablets; it is the oral mucosal permeation en-
hancers. Ac-Di-Sol® has good bioadhesive properties for a vehicle
for buccal delivery. In tablet formulations, Ac-Di-Sol® is used in
oral pharmaceutical formulations as a disintegrant and may be
used in the direct-compression process. The Ac-Di-Sol® seemed
to be a better disintegrant of choice to prepare sildenafil
sublingual tablets in the studies. Cyclocel® is widely used in
pharmaceutical formulations. Cyclocel® may be used in direct-
compression tablet applications and is commonly used as an
excipient in the manufacture of chewable tablet formulations
because of its negative heat of solution, sweetness, and “mouth
feel.” Cyclocel® is also used as a diluent in rapidly dispersing oral

Table 5

Mean Pharmacokinetic Parameters for Intravenous Injection of Sildenafil Citrate, Oral Administration of Viagra®, and Sublingual Spray of Sildenafil in Rabbits (Mean + SD, n = 3)
Formulations Dose (mg) Tonset (Min) Duration (min) Tmax (mMin) Cmax (M) Ker (h1) Tip2 (h) AUCq.inf (nM h) F (%)
v 5.6 - 200.0 2 1589.8 0.04 0.32 1550.5 100.0
Viagra® (PO) 100.0 55+27 236.5 67.5+2.1 9027.2 + 24640 0.02 +0.00 0.66 +0.11 16,4009 + 3482.7 534 + 139
Viagra® (PO) 50.0 55+53 198.5 86.3 +£259  3596.4 + 998.1 0.02 +0.00 0.50 +0.10 5502.2 + 523.5 39.7 + 3.8
OAB 10.0 33+29 10.0 90.0 + 35.1 266.7 + 195.9 0.08 +0.08 0.25+0.16 3725+ 1553 10.7 + 5.6%
METgoPEoo 34 37+35 79.3 383 +333 351.3 £ 1221 0.13 +0.05  0.10 + 0.02 330.9 + 236.2 30.1 +24.1
METgoPGE 35 56 +34 57.9 99.3 + 68.1 228.2 +191.2 0.03 +0.04 459 +6.29 572.7 + 184.2 60.5 + 19.5
PGB 0.5 13+06 93.2 16.3 +24.8 192.8 + 57.9 0.03 +0.00 0.37 +0.03 145.9 + 33.5 78.7 + 18.6*
PGE 0.7 1.8+03 220 17.3 £ 14.2 1332+ 183 0.03 +£0.00 0.36 + 0.04 202.0 + 284 78.6 + 11.0*

" Significant at p < 0.05.
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Figure 2. Plasma sildenafil concentration profiles of sublingual tablet foymulations composed of various vehicles [(a) ME TgoP&o; (b) ME TgoPGE; (c) OA®; (d) PG®; and (e) PGS],
binders (EMDEX® or Cyclocel®), and disintegrants (Ac-Di-Sol® or Kollidon® CL) in rabbits. Tgo, Tween 80; Pgoo, PEG 600; B, sildenafil; <, sildenafil citrate; C, Cyclocel®; E, EMDEX"; A,

Ac-Di-Sol®; K, Kollidon® CL.

dosage forms. Therefore, Cyclocel® can provide sweet taste and

increase dissolution in the sildenafil sublingual tablets. Besides
that, EMDEX® is generally used in directly compressible chewable
tablets because of its sweet taste. However, drug dissolution
profiles may be distinct due to differences in formulations and
manufacturing processes, but the difference must not comprise
product bioavailability.

Sublingual Pharmacokinetics of Sildenafil

Sildenafil Sublingual Spray

Sublingual spray as summarized in Table 5 was selected to
examine the influence of various vehicles on the sublingual
absorption of sildenafil. The resultant plasma profiles and corre-
sponding pharmacokinetic parameters are illustrated in Figure 1 and
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Table 6

Mean Pharmacokinetic Parameters for Intravenous Injection of Sildenafil Citrate, Oral Administration of Viagra®, and Sublingual Tablets of Sildenafil in Rabbits (Mean + SD, n = 3)
Formulations Dose (mg)  Tonset (Min) ~ Duration (min)  Tmax (mMin) Cmax (nM) Ker (h™1) T2 (h) AUCo.inf (nM h) F (%)
v 5.6 — 200.0 2 1589.8 0.04 0.32 1550.5 100.0
Viagra“f’ (PO) 100.0 55+ 27 236.5 67.5 + 2.1 9027.2 + 24640 0.02+0.00 0.66+0.11 16,400.9 + 3482.7 534+ 139
Viagra® (PO) 50.0 55+53 198.5 86.3 +259 3596.4 + 998.1 0.02 + 0.00 0.50 +0.10 5502.2 + 523.5 397 +£38
ME TgoPBoo CA 4.7 2.0+00 775 40.7 + 36.7 221.7 + 926 0.02 + 0.02 0.66 +0.36 2394 + 444 26.67 + 4.90*
ME TgoPgoo CK 4.7 5.0+ 00 4.0 313 £508 1423 + 148 0.14 +0.10 0.15+0.15 117.7 + 126.8 12.25 + 8.03*
ME TgoPgoo EA 4.7 30+ 1.7 76.5 100.9 + 36.6 181.4 + 604 0.01 £+ 0.00 143 +0.33 388.1 +38.9 31.96 + 2.46
ME TgoPBoo EK 4.7 45.7 + 44.0 117.9 60.7 + 59.0 1853 +119.8 0.04 +0.01 032 +0.08 301.7 = 170.7 24.54 + 12.02*
ME TgoPGB CA 41 2.0+00 160.0 40.7 + 36.7 284.9 + 84.8 0.02 +0.02 0.94 +0.58 3974 + 694 59.86 + 2.79
ME TgoPGE CK 4.1 30+ 1.7 141.8 75.0 + 26.0 157.3 £ 53.6 0.04 + 0.01 0.33 +0.05 3113 +£13.2 63.36 + 8.46
ME TgoPGB EA 4.1 20+00 93.0 257 £ 21.8 204.2 + 1295 0.01 +0.00 2.19 +1.01 3523 + 389 57.13 +3.20
ME TgoPGB EK 41 29.3 + 448 146.4 120.0 + 0.0 1845 + 1194 0.04 + 0.00 0.28 + 0.00 364.5 + 36.7 57.85 + 5.80
OAB CA 10.0 114 + 16.2 123.8 65.0+17.3 158.0 = 10.9 0.01 +0.02 1.79+1.39 447.7 + 63.0 14.24 + 5.04*
0AB CK 10.0 20+00 171.8 40.7 + 36.7 167.1 + 6.3 0.01 +0.00 1.78 +0.36 4383 + 125.7 12.48 + 3.58*
OAB EA 10.0 3.0+ 1.7 152.9 80.0 +45.8 210.5 + 56.6 0.01 + 0.00 1.71 +0.20 439.3 + 68.6 1341 + 1.42*
OAB EK 10.0 6.7 +29 201.6 85.0 +37.8 168.0 + 28.2 0.01 + 0.01 1.88 + 1.39 493.7 + 127.1 14.06 + 3.62*
PGB CA 0.5 19+04 62.0 67.5 + 36.9 115.6 + 26.5 0.03 + 0.0 0.39 + 0.03 166.2 + 8.5 90.24 + 4.63*
PGB CK 0.5 123 £ 49 79.9 36.7 + 20.8 126.6 + 44.4 0.10+0.10 0.19 +0.18 165.8 £ 9.9 90.09 + 5.43*
PGB EA 0.5 30+ 1.7 64.5 23 +0.6 117.6 £ 23.3 0.03 + 0.00 0.39 + 0.05 166.8 + 23.2 91.24 + 12.60*
PGB EK 0.5 53 +3.6 84.5 41.7 £ 293 116.8 +44.3 0.13 £0.03  0.09 + 0.02 1671+ 7.0 90.73 + 4.07*
PGC CA 0.7 3522 57.4 35.0 £ 8.7 125.7 £ 40.5 0.03 £ 0.00 0.37 +0.00 235052 83.74 + 11.12*
PGC CK 0.7 26 +2.1 40.0 1233 £ 154 133.8 + 303 0.03 + 0.01 0.36 +0.07 233.8 + 209 81.06 + 15.47*
PG EA 0.7 29+ 18 834 40.0 + 8.7 157.1 £ 69.9 0.03 +0.00 0.39 +0.02 208.3 +39.8 90.95 + 8.13*
PGC EK 0.7 34+ 1.7 244 11.0 +9.0 139.1 +£33.7 0.03 +0.00 0.35+0.05 2379 +94 95.95 + 3.66*

" Significant at p < 0.05.

Table 5, respectively. Topset indicates the time to achieve a minimal
effective concentration (100 nM) as proposed by Sharabi et al.>’ The
duration indicates the period of time in which the plasma concen-
tration of drug was higher than the minimal effective concentration.
Tmax indicates the time to achieve the highest plasma concentration.
Ciax Ket, T12, AUC, and F (%) were defined as usual. Results showed
the Chax did not exceed the toxic concentration,’! and the time to
achieve a minimal effective concentration (100 nM) was smaller
than oral administration for all sublingual sprays of sildenafil in the
study, which indicated that the prepared systems were effective or
exhibited no serious toxicity with sublingual administration. The
absolute bioavailability of sildenafil sublingual spray was larger than
that by oral administration except for the OAP formulation. Results of
comparisons of the vehicle on the pharmacokinetic parameters after
sublingual administration of sildenafil spray are given in Table 5,
which clearly indicates that the use of PG as the vehicle to formulate
spray to carry a low dose (0.5 mg) of sildenafil base (Formulation
PGB) for sublingual delivery led to higher bioavailability (78.7%), a
shorter onset time (1.3 min), and a longer duration (93.2 min) than
those for OA and the ME systems. For those ME systems using PG as
the cosurfactant (ME TgoPGP), the Tynser value was not rapid enough
(5.6 min), but its average absolute bioavailability was about 60.5%
because PG enhanced the penetration of sildenafil into the rabbit
sublingual mucosa.

Sublingual Tablets

Figure 2 displays sildenafil plasma concentration-time profiles
in rabbits after sublingual administration of sildenafil tablets
prepared with different vehicles, binders, and disintegrants. Mean
pharmacokinetic parameters for intravenous injections of sil-
denafil citrate, oral administration of Viagra® and sublingual
tablets of sildenafil in rabbits are given in Table 6. Results showed
that the Cihax did not exceed the toxic concentration for any sub-
lingual tablets of sildenafil in the study, which indicates that the
prepared systems exhibited no serious toxicity with sublingual
administration.

Comparisons of the influence of the vehicles on plasma profiles
after sublingual administration of sildenafil tablets, as shown by

Figure 2a (ME TgoPEoo), 2B (ME TgoPGP), 2C (OAB), 2D (PGPB), and 2E
(PGE) at the same scale, indicate that the use of both PGP and PG® as
the vehicle led to higher bioavailability and shorter onset times
than those for ME TgoPBoo, ME TgoPGE, and OA (Table 6). Results also
showed that it was easy to achieve rapid onset, but it was difficult
to achieve high bioavailability after the sublingual administration
of sildenafil tablets. For formulations using ME TgoPEy as the
vehicle, the Topset Of ME TggPBooCA was the fastest at about 2 min,
the duration was maintained for about 77.5 min, but the absolute
bioavailability was only 26.67% at 4.7 mg. When using ME TgoPGE as
the vehicle, the onset of time for ME TggPGBCA was the fastest at
about 2 min, its duration was maintained for about 160.0 min, and
the absolute bioavailability was 59.86% at 4.1 mg. When OA® was
used as the vehicle, the onset of time for OABCK was the fastest at
about 2 min, the duration was maintained for about 171.8 min, but
the absolute bioavailability was only 12.48% at the high dose (10
mg). In the group with PGB as the vehicle, the PGECA formulation
presented optimal results. It had the fastest onset (1.9 min), the
duration was 62.0 min, and it had high bioavailability (90.24%) at
the low dose (0.5 mg). When PGS was used as the vehicle, the
fastest Tonset Was detected at about 2.6 min, the duration was only
40.0 min, and the absolute bioavailability achieved 81.06% with the
PGCCK formulation. Overall, results clearly indicated that the use of
PG as the vehicle to formulate tablets to carry a low dose (0.5 mg) of
sildenafil base for sublingual delivery led to higher bioavailability
than those for OA and the ME systems.

Influences of the binders (Cyclocel® and EMDEX®) on the
plasma profiles after the sublingual administration of sildenafil
tablets prepared with the same vehicle and disintegrant were
compared. Topser values of the PGBCA and PGBEA formulations
were about 1.9 and 3.0 min, durations were 62.0 and 64.5 min, and
absolute bioavailability levels were 90.24% and 91.24%, respec-
tively. These results indicated that most of the sublingual tablets
prepared with different binders showed insignificant differences
for Tonset, duration, and absolute bioavailability with the same
vehicle.

In comparisons of the effects of Ac-Di-Sol® and Kollidon® CL as
disintegrants with the same vehicle and binder, Typser Values of the
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PGBCA and PGBCK formulations were about 1.9 and 12.3 min,
durations were 62.0 and 79.9 min, and absolute bioavailability
levels were 90.24% and 90.09%, respectively. Tonset Values of the
PGBEA and PGBEK formulations were about 3.0 and 5.3 min, dura-
tions were 64.5.0 and 84.5 min, and absolute bioavailability levels
were 91.24% and 90.73%, respectively. When Kollidon® CL was used
as the disintegrant, although its Topser Was not rapid enough, its
duration was long and absolute bioavailability was similar when
Ac-Di-Sol® was used. These results indicated that sublingual tablets
prepared with different disintegrants showed no significant dif-
ference in absolute bioavailability with the same vehicle. Based on
these comparisons, influences of the binder, disintegrant, and
vehicle on the sublingual absorption of sildenafil were almost
consistent with results of the drug release studies. The vehicle used
plays a critical role in the in vitro evaluation and in vivo pharma-
cokinetic studies in rabbits.

The optimal formulation of PGBCA (0.5 mg) for sildenafil tablets
delivered via sublingual administration was compared with the
PO of Viagra® at a dose of 50 mg. The absolute bioavailability
of Viagra® was 39.7%, the Tonser Was about 5.5 min, and the
duration was maintained for longer than 3 h; however, the Cpax
was 3596.4 nM, which was above the toxic concentration.
Compared to Viagra®, the absolute bioavailability for PGBCA was
90.24%, the Tonset Was 1.9 min, the duration was 62 min, and most
importantly, its Cpax did not exceed the toxic concentration. This
result demonstrates that the absolute bioavailability of PGBCA
after sublingual administration was larger than that of Viagra®,
the onset was rapid enough, and the duration and the concen-
tration achieved a level suitable to overcome ED without
exceeding the toxic level.

Conclusions

The sildenafil sublingual spray (PG®) prepared with the vehicle,
PG, provided a fast enough onset and high bioavailability. Sub-
lingual tablets (PGBCA) in a composition containing granulated
PGB adsorbed onto Florite® R, with Cyclocel® as the binder and
Ac-Di-Sol® as the disintegrant, represent a safe and viable
approach to achieve rapid-onset systemic drug levels and higher
bioavailability through bypassing liver metabolism for the man-
agement of erectile dysfunction. The sublingual systems could
also be useful for substances other than sildenafil where a rapid
onset unrelated to meals is desirable.
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