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ABSTRACT
Background: Sildenafil citrate is a drug used in the treatment of pulmo-
nary hypertension. The development of sildenafil citrate complexed with 
α-cyclodextrin as dry powder inhaler (DPI) should enhance its solubility in 
the lung. Methods: Sildenafil citrate was dissolved with α-cyclodextrin so-
lution at pH 4.5 to obtain inclusion complexes. The complex solution was 
spray-dried to make spheroidal powder. The sildenafil DPI formulations 
were mixed with coarse lactose and fine lactose as carriers and then filled 
in capsule no. 2. Three different ratios of course to fine lactose were used 
(1:1 (#1), 2:1 (#2) and 3:1 (#3)) to optimize the performance and aerosol 
properties. The fine particle fraction (FPF), mass median aerodynamic di-
ameter (MMAD) and geometric standard deviation (GSD) were used to 
evaluate the in vitro drug delivery performance in the lung by in vitro.  
Results: The proportion of sildenafil in formulations #1, #2, #3 was 100.2% 
± 0.1%, 100.1% ± 0.2% and 98.9% ± 0.1%, respectively. The aerosol 
properties of the best formulation (#2) were as follows: an ED of 85.5 ± 

0.5%, an FPF of 56.6 ± 2.3%, an MMAD of 3.2 ± 0.6 µm and a GSD 
of 1.02±0.01. Conclusion: Sildenafil citrate complexed with α-cyclodextrin 
was successfully developed for a DPI by using coarse and fine lactose 
monohydrate in a 2:1 ratio.
Key words: Sildenafil citrate, Dry powder inhaler, Alpha-cyclodextrin, Com-
plexed, Fine particle fraction, MMAD.
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INTRODUCTION
Sildenafil or sildenafil citrate is a drug used in the treatment of erectile 
dysfunction and pulmonary hypertension.1,2 The typical dosage forms 
of sildenafil are oral tablets or intravenous administration.3-5 Currently, 
sildenafil has been developed as an inhaler to treat pulmonary hyper-
tension for delivered to the lung included of dry powder inhaler (DPI), 
metered-dose inhaler and nebulizer for avoiding unwanted systemic 
side-effects and rapid drug action.6-11 There are previously report silde-
nafil citrate complexed with α-cyclodextrin to enhance the solubility 
of sildenafil as a linear function of cyclodextrin concentration.12 The 
complex of sildenafil citrate and α-cyclodextrin is one-to-one complex 
formation.7,12 Currently, there are no reports regarding the formulation 
of sildenafil complexed with α-cyclodextrin for use in a DPI. Develop-
ment of sildenafil citrate complexed with α-cyclodextrin is beneficial 
due to its enhanced solubility in the lung. The objective of this study is 
to investigate the aerosolized properties of spray-dried sildenafil citrate 
complexed with α-cyclodextrin and determine the feasibility of devel-
oping and optimizing this formulation in the future studies.

MATERIALS AND METHODS
Materials
Sildenafil citrate and a reference standard (potency = 99.4%) were 
obtained from Smilax Laboratories Limited (Hyderabad, India). The 
α-cyclodextrin (CAVAMAX® W6 Pharma) was purchased from ISP 
Pharmaceuticals (Wayne, NJ, USA). Lactose monohydrate was obtained 
from Ajax Finechem Pty Ltd. (Australia).

Preparation of spray-dried sildenafil citrate complexed 
with α-cyclodextrin
Sildenafil citrate (20 g) was dissolved in 1000 mL of α-cyclodextrin 
solution at pH 4.5 until a clear solution was obtained. This solution was 
immediately sprayed at a flow rate of 10 mL/min utilizing a spray dryer 
system (Anhydro, Copenhagen, Denmark) equipped with a nozzle (0.2 
mm diameter) for atomization. Spray-dried powder formulations were 
collected via cyclone. The spray conditions were optimized beforehand 
to obtain a particle size < 5 μm. The spray-dried formulation of sildenafil 
citrate with α-cyclodextrin complexed powder was stored over silica gel 
in a desiccator at 25°C ±2°C.

Preparation of sildenafil citrate dry powder inhaler
Dosing of sildenafil for pulmonary administration was performed ac-
cording to Sawatdee and co-authors with 20 µg sildenafil per puff.6,7 
Lactose monohydrate, which was used as a carrier, was reduced by a 
grinding mill (Fritsch, Germany) for 3 h to obtain micronized particles 
(particle size ranged from 1–5 μm for use as a fine carrier). The coarse 
lactose monohydrate particles (50–100 μm) were used from the original 
material. Sildenafil citrate and α-cyclodextrin complexed with lactose 
monohydrate (fine and coarse particles) were dried at 37°C for 12 h in 
a vacuum oven (Precision Scientific, Inc., Chicago, USA). Three differ-
ent DPI formulations varied based on the ratio of fine to coarse carrier 
particles (1:1, 2:1 and 3:1 by weight) to optimize the suitable aerosol 
properties (Table 1). A thousand doses (20 mg total weight per dose) of 
each formulation were weighed, transferred to a glass bottle, sealed with 
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cellophane tape and mixed for 20 min. Each dose (total weight: 20 mg) 
was weighed and used to fill gelatin capsule #2 for future studies. 

Analysis of sildenafil citrate by high-performance liquid 
chromatography
Sildenafil citrate was analyzed by high-performance liquid chroma-
tography (HPLC) according to the method described by previous re-
ports.6,7,13 The HPLC system (Waters, Milford MA, USA) consisted of a 
solvent delivery pump equipped with an in-line degasser (Waters 1525 
binary HPLC pump), a sample loop with an injection volume of 20 µL 
and a Waters 2707 auto sampler. Data was recorded using Empower 
2 software. Separations were performed on a reversed-phase stainless 
steel column (ACE 5 C18-AR; Advanced Chromatography Technolo-
gies, Aberdeen, Scotland) (250 mm long × 4.6 mm internal diameter) 
filled with 5 µm octadecylsilane and maintained at 25°C. The mobile 
phase consisted of a degassed mixture of 0.2 M ammonium acetate buf-
fer and acetonitrile in a ratio of 40:60 by volume at ambient temperature; 
the pH was adjusted to 7.0 with 0.1 N NaOH prior to use. The flow rate 
was maintained at 1.0 mL/min and the separation was monitored by UV 
detection (Waters 2998 photodiode array detector) at a wavelength of 
240 nm.

Content of sildenafil
Sildenafil citrate DPIs were analyzed by HPLC as described in the previ-
ous section. Ten randomly selected capsules of each formulation (#1, #2, 
#3) were analyzed to measure the content of sildenafil. The formulations 
were removed from the capsule shell, dissolved with the mobile phase 
and analyzed with HPLC.

Aerosol property evaluation
All three formulations were analyzed to determine aerosol properties by 
using an Andersen Cascade Impactor (Copley Scientific, Nottingham, 
United Kingdom). Each formulation was kept in capsule #1 and then 
loaded into the Rotahaler (GlaxoSmithKline, Germany) for evaluation. 
The Rotahaler mouthpiece was connected and attached with the mouth-
piece adaptor to produce an airtight seal between the inhaler mouthpiece 
and the induction port. A vacuum pump was used to draw air through 
the cascade impactor and to calibrate the airflow rate (28.5 L/min).14 
The valve was kept depressed for a sufficient duration to ensure that the 
dose was completely discharged. This step was repeated until five doses 
had been discharged. After the last dose was discharged, the inhaler was 
removed from the mouthpiece adaptor. The mouthpiece adaptor and the 
induction port were rinsed with the mobile phase and diluted to 10 mL 
in a volumetric flask. The cascade impact or was dissembled and the 
drug from each stage and its collection plate or filter were rinsed in a 
separate volumetric flask. Each fraction was adjusted to a specified vol-
ume and the amount of drug deposited on each plate was determined by 
HPLC. The emitted dose (ED) is the dose emission from the device was 
evaluated. The fine particle fraction (FPF), mass median aerodynamic 
diameter (MMAD) and geometric standard deviation (GSD) values 
were calculated.

RESULTS
This preliminary experiment was performed to evaluate a complex of 
sildenafil citrate with α-cyclodextrin delivered as DPI. The assay con-
tent of sildenafil in each formulation is shown in Table 2. These in vitro 
studies also evaluated the aerosol performance of DPI formulation based 
on the ED, FPF, MMAD and GSD (Table 2).

DISCUSSION
As reported in previous studies, sildenafil citrate can form inclusion 
complexes with α-cyclodextrin via a 1:1 stoichiometric ratio.6,12,15,16 
The solubility of sildenafil increased by raising the concentration of 
α-cyclodextrin. To obtain 20 µg of sildenafil per inhalation dose, we 
used 28 µg of a sildenafil citrate salt. To promote the 1:1 complex forma-
tion of sildenafil and α-cyclodextrin, we used 41 µg of α-cyclodextrin w 
to complete the inclusion complex with 28 µ with sildenafil citrate6,12,15,16 
The spray-dried complex of sildenafil citrate with α-cyclodextrin was 
free-flowing and had a spheroidal shape (observed by light microscope) 
that was suitable for use in DPIs.17 We chose the Rotahaler® in this ex-
periment to deliver the dry powder due to its ease of use and high-per-
formance delivery of drugs to the lung.18 The EDs of spray-dried silde-
nafil citrate with α-cyclodextrin complexes ranged from 55.6 to 85.5% 
and the FPFs were in the range of 29.5%–56.6%. The formulations used 
coarse and fine lactose carrier in a ratio of 2:1 resulting in highest value 
of ED and FPF. Fine carrier particles are used to improve DPI perfor-
mance.19 Although the mechanism through which fine carrier particles 
improve drug delivery is unclear, the literature suggests that fine carriers 
with similar geometric sizes to the drug should be used.19-21 The 2:1 ratio 
of fine to coarse lactose monohydrate carrier particles may be suitable 
for weak interactions and may decrease the aggregation of sildenafil ci-
trate with α-cyclodextrin complexed particles and lactose monohydrate 
to better deliver the drug deep into the lung. All three formulations show 
MMAD values between 3-4 µm, which are suitable for drug deposi-
tion in the lung. These results showed that spray-dried sildenafil citrate 
complexed with α-cyclodextrin has strong potential for future drug de-
velopment. For the next steps, novel techniques will be applied to the 
optimization of this drug formulation. Studies regarding sildenafil com-
plexed with carriers, the solubility of the drug in each formulation and 
the efficiency/toxicity of DPI need to be determined in future reports. 

Table 1: Composition of sildenafil dry powder formulations.

Formulation Composition (mg)

Sildenafil 
complexed with 
α-cyclodextrin*

Coarse 
lactose

Fine lactose Total dose 
(mg)

#1 0.069 10.0 10.0 20

#2 0.069 13.3 6.7 20

#3 0.069 15.0 5.0 20

*Sildenafil citrate complexed with α-cyclodextrin equivalent to 20 µg 
sildenafil 

Table 2: The assay content and aerosol properties of sildenafil citrate 
α-cyclodextrin complexes formulations.

Test (n=10) Formulation no.

#1 #2 #3

Content of sildenafil (% LA) 100.2 ± 0.1 100.1 ± 0.2 98.9 ± 0.1

Emitted dose (ED, %) 64.7 ± 2.1 85.5 ± 0.5 55.6 ± 1.1

Fine particle fraction (FPF, %) 33.7 ± 1.2 56.6 ± 2.3 29.5 ± 1.5

MMAD (µm) 3.0 ± 0.7 3.2 ± 0.6 4.2 ± 2.1

GSD 1.25 ± 0.5 1.02 ± 0.01 1.55 ± 0.24
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CONCLUSION
Sildenafil citrate complexed with α-cyclodextrin and formulated for a 
DPI using coarse and fine lactose monohydrate particles (2:1) as carriers 
is suitable for in vitro delivery to the lung.
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ABBREVIATIONS
DPI: Dry powder inhaler; FPF: Fine particle fraction; MMAD: Mass 
median aerodynamic diameter; GSD: Geometric standard deviation; 
ED: Emitted dose; HPLC: High-performance liquid chromatography; 
UV: Ultraviolet.
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