
β

β

β β

β –

β

β

β

β β

β β

β β

`

β β

journal homepage: www.elsevier.com/locate/ijpharm 

mailto:vshankar@olemiss.edu
mailto:apolice@go.olemiss.edu
mailto:ppandey@olemiss.edu
mailto:zgcuny@gmail.com
mailto:marepka@olemiss.edu
mailto:rjd@olemiss.edu
mailto:murthy@olemiss.edu
www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2021.120212
https://doi.org/10.1016/j.ijpharm.2021.120212
https://doi.org/10.1016/j.ijpharm.2021.120212
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2021.120212&domain=pdf


International Journal of Pharmaceutics 596 (2021) 120212

2

1. Introduction 

Progesterone is a female sex hormone produced by the adrenal gland 
and corpus luteum (during the luteal phase) (Lignihes, 1999). Luteal 
phase deficiency (LPD) is a state of deficient progesterone levels in 
which the patient is unable to maintain and regulate a normal menstrual 
cycle, pregnancy, and embryogenesis (Mesen and Young, 2016). It is 
essential to maintain a basal level of 10–20 ng/mL of progesterone to 
treat LPD and estrogen dominance (Lignihes, 1999; Mesen and Young, 
2016). Progesterone is prescribed for assisted reproductive technology 
cycles (in vitro fertilization), to support implantation in early pregnancy, 
to control anovulatory bleeding, to prevent recurrent pregnancy loss, 
and for treatment of secondary amenorrhea (Lignihes, 1999). 

Progesterone is a BCS class II steroidal drug with a reported aqueous 
solubility of 11.9 µg/mL and low oral bioavailability (Lahiani-Skiba 
et al., 2006). Most marketed oral progesterone products are micronized 
and suspended in a peanut oil base (e.g., Prometrium®) to increase in
testinal absorption, and consequently bioavailability and efficacy (Lig
nihes, 1999; Orange Book). The clinical trials of Prometrium® showed 
high interpatient and intrapatient variability in Cmax and AUC(0-10h), 
indicating variation in oral absorption resulting in suboptimal or 
excessive plasma levels of progesterone (Zhi et al., 2010). An alternate 
approach to enhance the potential efficacy of progesterone with 
increased oral bioavailability and having low interpatient and intra
patient variability is to develop a formulation to enhance its aqueous 
solubility. 

The aqueous solubility of lipophilic drugs is increased by employing 
different techniques like particle size reduction (micronization, nano
suspension), solid dispersion, supercritical fluid processing, salt forma
tion, micellar solubilization, solubilizers, hydrotrophy and cyclodextrin 
inclusion complex preparation (Savjani et al., 2012). In recent years, 
β-cyclodextrins have been widely used for increasing aqueous solubility 
of lipophilic drugs (Carrier et al., 2007; Dahan et al., 2010). Cyclodex
trins are macrocyclic oligosaccharides which take on a well-defined 
shape containing a lipophilic cavity and hydrophilic groups on the 
outer surface. The lipophilic cavity can accommodate a lipophilic drug 
and because of the solubilizing capability of the hydrophilic groups, the 
cyclodextrin can significantly enhance the aqueous solubility of other
wise insoluble drugs (Savjani et al., 2012). The bioavailability of 
cyclodextrin upon oral administration is poor, and highly hydrophilic 
cyclodextrins have a negligible permeation across the intestinal barrier 
(Stella and He, 2008; European Medicines Agency, 2014). 

Hydroxy-2-propyl-β-cyclodextrins (HP-β-CD) and sulfobutyl-ether- 
β-cyclodextrins (SBE-β-CD, known as Captisol™) are the cyclodextrin 
derivatives most extensively evaluated for solubility enhancement of 
active pharmaceutical ingredients for oral administration. The no 
observed adverse effect levels (NOAEL) reported for HP-β-CD and SBE- 
β-CD on oral administration in rats are up to 500 and 3600 mg/kg/day, 
respectively. Upon oral administration <3% of SBE-β-CD is absorbed 
and subsequently it is cleared quickly through renal excretion, and 
hence SBE-β-CD is non-toxic and has a high safety margin (Stella and He, 
2008; European Medicines Agency, 2014). 

There are previously reported phase solubility studies of progester
one in SBE-β-CD (Lahiani-Skiba et al., 2006) and HP-β-CD (Lahiani- 
Skiba et al., 2006; Zoppetti et al., 2007), in which the solubility of 
progesterone was found to be 9.9 and ~7 mg/mL in 100 mM of SBE- 
β-CD and 60 mM of HP-β-CD, respectively (Lahiani-Skiba et al., 2006). 
The studies on evaluating the solubility/permeability interplay of pro
gesterone with cyclodextrins have shown that higher concentrations of 
HP-β-CD in the formulation decrease the permeation of progesterone 
across Caco2 cell monolayers, in PAMPA, the rat jejunal model (Dahan 
et al., 2010) and the single-pass intestinal perfusion rat model (Sun 
et al., 2018). Studies in rat intestine have shown that sodium taur
ocholate and lecithin displace progesterone from HP-β-CD–progesterone 
complexes (Sun et al., 2018). 

Various in vivo (Sun et al., 2018) and in vitro studies suggest the 

optimum concentration of cyclodextrin required to enhance perme
ability across the intestine or any biological barriers (Zuo et al., 2000; 
Stappaerts and Augustijns, 2016). Evaluation of the in vitro data implies 
that too little cyclodextrin leads to precipitation of drug and decreases 
the permeation. By contrast, too much cyclodextrin decreases the free 
fraction of drug which alters the drug permeation across the barrier. 
Thus both extremes could lead to a decrease in the permeability and 
bioavailability (Zuo et al., 2000). The present study is designed to 
evaluate the effect of excess SBE-β-CD in the formulation to prevent the 
displacement of progesterone from the SBE-β-CD–progesterone complex 
by gastrointestinal contents and to increase the oral bioavailability of 
progesterone. 

The SBE-β-CD–progesterone equilibrium complex mixtures were 
prepared and then characterized by differential scanning calorimetry 
(DSC), Fourier transforms infrared spectroscopy (FTIR), proton and 
carbon nuclear magnetic resonance (NMR) spectroscopy and computa
tional methods. The optimal levels of SBE-β-CD required to prevent 
displacement of progesterone by the contents present in fasted state 
simulated intestinal fluid (FASSIF) and fed state simulated intestinal 
fluid (FESSIF) were determined by employing a simple in vitro experi
ment. Ex vivo permeation studies were performed to evaluate the 
permeation of progesterone across rat intestine and the effect of excess 
SBE-β-CD on the permeation. The oral bioavailability of progesterone, 
the isolated SBE-β-CD–progesterone complex mixture, and the isolated 
SBE-β-CD–progesterone complex mixture with excess SBE-β-CD were 
evaluated in Sprague Dawley rats. In vitro dissolution studies were 
performed to evaluate the potential utility of SBE-β-CD–progesterone 
complex in humans. 

2. Materials and methods 

2.1. Chemicals and reagents 

Progesterone, pepsin, phosphate-buffered saline, and L-α-phospha
tidylcholine (lecithin) were purchased from Sigma Aldrich, Inc., USA. 
SBE-β-CD (Captisol®) was provided by Ligand Pharmaceuticals, Inc, 
USA,. Sodium taurocholate was purchased from Alfa Aesar, USA. 
Euthasol® (pentobarbital sodium and phenytoin sodium) solution was 
procured from Virbac, USA. Methocel E15 Premium EL (hydroxypropyl 
methylcellulose) was purchased from the Dow Chemical Company, USA. 
Brij S20-SO-(MH) (Brij) was a gift sample from Croda Inc, USA. HPLC 
grade solvents acetonitrile and methanol were procured from Fisher 
Chemicals, USA. Dibasic potassium phosphate, dibasic sodium phos
phate, glacial acetic acid, hydrochloric acid, sodium hydroxide, sodium 
chloride, sodium acetate, ortho-phosphoric acid, and Milli Q water were 
of research-grade and were used without further purification. 

2.2. Phase solubility studies 

The solubility enhancement of progesterone by complexation with 
SBE-β-CD was evaluated by adding excess amounts of progesterone to 
different concentrations of SBE-β-CD (0, 10, 20, 40, 60, 80, 100, 150, 
200, 250, 300, 350 and 400 mM) in Milli-Q® water (Higuchi and Con
nors method). Samples were kept shaking at 25 ◦C for 3 days in a bio
shaker at 1500 RPM and at equilibrium, samples were filtered using a 
Millipore (0.45 μm) syringe filter. The filtrate was analyzed using HPLC 
to evaluate the saturation solubility of progesterone in SBE-β-CD. Phase 
solubility study curves were used to calculate complexation efficiency 
(CE) and stability constants (K1:1). 

2.3. Characterization of the isolated SBE-β-CD–progesterone equilibrium 
complex mixture 

The complex was prepared by adding excess progesterone (~35 to 
40 mg/mL) to 100 mM SBE-β-CD in Milli-Q® water. Samples were kept 
shaking at 25 ◦C for 3 days and at equilibrium, samples were filtered 
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adding excess progesterone API and 25 mg of isolated SBE-β-CD–pro
gesterone complex mixture in 1 mL of water and simulated gastroin
testinal fluids in triplicate. Samples were kept shaking at 37 ◦C for 8 h at 
100 rpm in a Bio-shaker and samples were filtered using a Millipore 
(0.45 μm) syringe filter. The filtrate was analyzed using HPLC to eval
uate the solubility of progesterone. 

2.5. Effect of sodium taurocholate on SBE-β-CD–progesterone complex 

The effect of sodium taurocholate on the solubility of the isolated 
SBE-β-CD–progesterone complex mixture was evaluated by adding 25 
mg of the lyophilized complex to different concentrations (2, 4, 6, 8, 10, 
12, 14, 16, 18, 20, 30, 40 and 50 mM) of sodium taurocholate in 1 mL of 
water. Samples were studied in triplicates. The above samples were kept 
shaking at 37 ◦C for 8 h at 100 rpm in a Bio-shaker and samples were 
filtered using a Millipore (0.45 μm) syringe filter. The filtrate was 
analyzed using HPLC to evaluate the solubility of progesterone in the 
presence of sodium taurocholate. 

2.6. Effect of excess SBE-β-CD on sodium taurocholate displacement of 
progesterone from SBE-β-CD–progesterone complex 

The effect of excess SBE-β-CD on sodium taurocholate displacement 
of progesterone from the isolated SBE-β-CD–progesterone complex 
mixture was evaluated by adding 25 mg of the lyophilized complex to 
different concentrations (0, 5, 10, 20, 30, 40 and 50 mM) of SBE-β-CD in 
a solution containing 20 mM of sodium taurocholate in 1 mL of water 
(samples were studied in triplicates). The above samples were kept 
shaking at 37 ◦C for 8 h at 100 rpm in a Bio-shaker and samples were 
filtered using a Millipore (0.45 μm) syringe filter. The filtrate was 
analyzed using HPLC to evaluate the solubility of progesterone in the 
presence of excess SBE-β-CD and sodium taurocholate. 

2.7. In vitro simulation to evaluate the effect of excess SBE-β-CD on the 
displacement of progesterone from SBE-β-CD–progesterone complex in 
FASSIF and FESSIF 

The effect of excess SBE-β-CD on the solubility of the SBE- 
β-CD–progesterone complex in FASSIF and FESSIF was simulated in 
vitro. 25 mg of the lyophilized complex and different concentrations of 
excess SBE-β-CD were added to 1 mL of FESSIF (2.5, 5, 7.5, 10, 15, and 
20 mM of SBE-β-CD) and FASSIF (1, 2, 3, 4, 5, 7.5 and 10 mM of SBE- 
β-CD), studied in triplicates, respectively. The above samples were kept 
shaking at 37 ◦C for 8 h at 100 rpm in a Bio-shaker and samples were 
filtered using a Millipore (0.45 μm) syringe filter. The filtrate was 
analyzed using HPLC after appropriate dilution to evaluate quantities of 
solubilized progesterone in the samples. 

2.8. In vitro dissolution studies 

The dissolution studies were carried out for progesterone API and the 
isolated SBE-β-CD–progesterone complex mixture filled in capsules 
containing the dose equivalent to 100 mg of progesterone. The drug 
profile was evaluated using a USP dissolution apparatus-I (Hanson SR8, 
Chatsworth, CA) maintained at 37 ± 0.5 ◦C and having a shaft rotation 
speed of 100 rpm. The dissolution test was performed using 900 mL of 
water, simulated gastric fluid (pH 1.2) and simulated intestinal fluid (pH 
6.8), in triplicates. The samples were withdrawn at 5, 10, 15, 20, 30, 45, 
60, 90, and 120 min intervals, and the filtrate was analyzed using HPLC 
after appropriate dilution. The in vitro dissolution profile was used to 
calculate dissolution parameters including mean dissolution time 
(MDT), mean dissolution rate (MDR), and initial dissolution rate (IDR) 
(Manda et al., 2018). 

2.9. Stability studies 

Lyophilized powder was packed in screwcapped HDPE bottles and 
liquid equilibrium complex mixture was packed in glass vials in tripli
cates and stored in a stability chamber under two conditions, at 40 ◦C 
and 75% RH as well as at 25 ◦C and 60% RH. Approximately 25 mg of 
lyophilized powder was weighed on day 1, day 90 (after 3 months) and 
day 180 (after 6 months) and each time dissolved in 1 mL of water. 
These samples were filtered using a Millipore (0.45 μm) syringe filter, 
and the filtrate was analyzed to calculate the percentage of progesterone 
solubilized in the water on the 90th and 180th days. The liquid samples 
were filtered using a Millipore (0.45 μm) syringe filter, on days 1, 90, 
and 180, and the supernatant was analyzed for progesterone content to 
determine the percentage of progesterone soluble in water on days 90 
and 180. The stability study samples were analyzed using HPLC. 

2.10. Animal studies 

The animal studies were conducted at the University of Mississippi, 
School of Pharmacy, as per protocol approved by the Institutional Ani
mal Care and Use Committee. Animal experiments performed complied 
with National Institutes of Health guidelines for the care and use of 
Laboratory animals. On arrival, male rats were housed in cages at the 
Animal care facility in a temperature and humidity controlled room with 
a 12:12 h light:dark cycle and they were provided free access to food and 
water for one week before use in the experiments. 

2.10.1. Ex vivo rat intestinal permeation studies 
Three male rats (225–250 g) fasted overnight the day before the 

experiment but had free access to water. On the day of the experiment, 
the rats were removed from the animal care facility and brought to the 
procedure lab. The rats were euthanized using an intraperitoneal (i.p.) 
dose of Euthasol® (150 mg/kg body weight). The abdomen was cut open 
using an incision of 4–5 cm and the proximal small intestine segment 
was isolated. The isolated small intestine was slowly flushed with 
phosphate-buffered saline (PBS) at pH 7.4 to remove the intestinal 
content. The freshly harvested small intestine was cut open to expose the 
mucosal layer and cleaned by a gentle flow of PBS at pH 7.4 on the 
mucous surface. Fresh rat intestine was sandwiched between two 
chambers of a Franz diffusion cell with an active diffusion area of 0.64 
cm2, and the mucosal layer was exposed to the donor chambers. The 
resistance across rat intestine was measured using a waveform generator 
to ensure the integrity of the small intestine segment used for the 
permeation study. Rat intestine with the resistance of ≥3 KΩ⋅cm2 was 
used for permeation studies. To the donor compartment, 500 µL of 
complex dissolved in water (444 ± 6.58 µg), FASSIF (435 ± 7.89 µg), 
FESSIF (430 ± 50.7 µg), FASSIF (447 ± 7.54 µg with excess 5 mM SBE- 
β-CD), FESSIF (455 ± 11.3 µg with excess 15 mM SBE-β-CD) and the 
positive control (456 ± 6.58 µg) of progesterone dissolved in PBS con
taining 0.5% Brij were added for permeation studies, in triplicates. After 
filling with the solution for intestinal permeation studies, the donor 
chamber was sealed with parafilm. The receiver chamber was filled with 
5 mL of PBS containing 0.5% Brij, which was stirred at 600 rpm with a 3 
mm magnetic stir bar, and the temperature was maintained at 37 ◦C with 
a circulating water bath. 200 μL samples were withdrawn from the 
receiver compartment at different time intervals (0, 0.25, 0.5, 1, 2, 4, 6, 
and 8 h) and each time an equal volume of fresh receiver media was used 
to replace what was withdrawn. The above samples were transferred 
into vials and subjected to HPLC analysis. 

2.10.2. In vivo pharmacokinetic studies 
The 16 jugular vein cannulated male rats (250–270 g) were used for 

pharmacokinetic studies. These animals had free access to water and 
food on the day before the experiment. On the day of the experiment, the 
rats were removed from the animal care facility and brought to the 
procedure lab. Animals were randomly divided into four different 
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3.5. Effect of excess SBE-β-CD on sodium taurocholate displacement of 
progesterone from SBE-β-CD cavity 

The results in Fig. 5 demonstrate that the addition of excess SBE-β-CD 
prevents the precipitation of progesterone and approximately 40 mM of 
excess SBE-β-CD is required to completely counteract displacement of 
progesterone from cyclodextrin cavities in water. This indicates that an 
amount of free SBE-β-CD adequate to form inclusion complexes with bile 
salts would prevent precipitation or displacement of progesterone from 
cyclodextrin. The absorption of a drug is increased if the drug is avail
able in the solubilized form at the site of absorption (Savjani et al., 
2012). Hence, there is a need to evaluate experimentally the optimum 
concentration of cyclodextrin required to fully solubilize the drug in the 
presence of bile salts. 

3.6. In vitro simulation to evaluate the effect of excess SBE-β-CD on the 
displacement of progesterone from the SBE-β-CD–progesterone complex in 
FASSIF and FESSIF 

The results in Fig. 6A and B indicate that an increase in free SBE-β-CD 
in water, FASSIF, and FESSIF prevents displacement of progesterone 
from the cyclodextrin cavity. At 5 and 15 mM concentrations of excess 
SBE-β-CD in FASSIF and FESSIF, respectively, the displacement of pro
gesterone was minimal and further increase in the SBE-β-CD concen
tration had a slight but negligible effect of increasing progesterone loss 
from the cyclodextrin cavity. This study demonstrates that the formu
lation of the SBE-β-CD–progesterone complex administered in the fasted 
state or fed state should contain 5 mM or 15 mM of free SBE-β-CD, 
respectively, to prevent precipitation of progesterone in GI fluids. 

3.7. Dissolution studies 

The dissolution profiles for progesterone and SBE-β-CD–progester
one complex capsules in water, SGF and SIF are shown in Fig. 7. The 
SBE-β-CD–progesterone complex capsules in all three media have an 
improvement in dissolution characteristics compared to progesterone 
API capsules. Greater than 95% of progesterone was dissolved in all 
three media when testing SBE-β-CD–progesterone complex capsules for 
45 min. By contrast, at 120 min, 11.5%, 8.08%, and 16.9% of proges
terone was dissolved from progesterone API capsules for the three 
media. The dissolution parameters of progesterone are given in Sup
plementary Table SVII. The SBE-β-CD–progesterone complex capsules 
had the lowest MDT and highest IDR and MDR in SIF compared to SGF or 

water as dissolution media. Meanwhile, the progesterone API capsules 
had the highest MDR, MDT and IDR in SIF compared to other dissolution 
media (water and SGF).The dissolution study results imply that SBE- 

Fig. 5. Effect of excess SBE-β-CD on progesterone displacement from the SBE- 
β-CD–progesterone complex by sodium taurocholate. Each point represents the 
mean ± SD of triplicate values. 

Fig. 6. Excess SBE-β-CD effect in FASSIF (A) and FESSIF (B) on the solubility of 
the SBE-β-CD–progesterone complex. Each point represents the mean ± SD of 
triplicate values. 

Fig. 7. Dissolution of progesterone and of the SBE-β-CD–progesterone complex 
in water, simulated gastric fluid (pH 1.2), and simulated intestinal fluid 
(pH 6.8). 
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β-CD–progesterone complex with excess SBE-β-CD increased intestinal 
permeation and oral bioavailability of progesterone. It is of the utmost 
importance to consider drug displacement by bile salts in the intestine to 
avoid underestimation of the oral bioavailability of NCE’s. Also, it is 
essential to conduct a simple in vitro experiment in early drug discovery 
to determine the role of bile salts in the displacement of the drug from 
the cyclodextrin cavity. It can be very helpful to administer additional 
amounts of free cyclodextrin to prevent precipitation of NCE’s in the 
intestines during preclinical studies. However, the dissolution study 
results indicate that SBE-β-CD–progesterone complex capsules get dis
solved in the stomach before entering the small intestine and the addi
tion of excess SBE-β-CD may not be needed, which would decrease the 
bulk of the formulation. However, to arrive at the most robust per
forming formulation, we would recommend evaluating the bioavail
ability of multiple designs with and without excess cyclodextrin to 
determine the most advantageous composition of lipophilic drugs. 
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