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Abstract
Purpose  Spironolactone (SPL) is a mineralocorticoid receptor antagonist widely used in the management of hypertension 
and heart failure; however, its poor aqueous solubility and variable oral bioavailability limit its therapeutic performance. 
This study aimed not only to enhance the solubility and dissolution behavior of SPL through Hp-βCD complexation, but also 
to translate this approach into a scalable tablet dosage form and evaluate its in vitro and in vivo performance.
Methods  An Hp-βCD: SPL inclusion complex (1:1 molar ratio) was prepared using the kneading method. The solid-state 
characteristics and complex formation were evaluated by Fourier transform infrared spectroscopy (FTIR), powder X-ray 
diffraction (PXRD), and differential scanning calorimetry (DSC). Solubility studies were conducted in acidic medium (0.1 N 
HCl, pH 1.2, 0.1% SLS). Tablets containing either pure SPL or the Hp-βCD: SPL complex were manufactured by direct 
compression and evaluated for flow properties, mechanical strength, and disintegration. In vitro dissolution testing and in 
vivo pharmacokinetic studies in rats were performed to assess drug release and oral bioavailability.
Results  Spectroscopic and thermal analyses confirmed successful inclusion complex formation and transformation of SPL 
from a crystalline to an amorphous state. The Hp-βCD: SPL complex exhibited approximately a 6–7-fold increase in SPL 
solubility compared to pure drug. Dissolution studies demonstrated markedly enhanced drug release from Hp-βCD: SPL tab-
lets, achieving 75% release within 10 min and 95% within 30 min, compared with 35% and 76%, respectively, for conven-
tional SPL tablets. Pharmacokinetic evaluation revealed significantly higher plasma SPL concentrations, increased C_max, 
and elevated AUC₀–∞ values for Hp-βCD: SPL tablets, indicating improved absorption and relative bioavailability.
Conclusion  Inclusion complexation of spironolactone with Hp-βCD represents a simple yet effective formulation innovation 
to overcome solubility- and dissolution-related limitations of SPL. The developed Hp-βCD: SPL tablet formulation signifi-
cantly improves oral bioavailability and offers a promising approach for achieving more consistent therapeutic outcomes in 
BCS Class II drugs.

Received: 10 February 2026 / Accepted: 10 May 2026
© The Author(s) 2026

Improved Bioavailability of Spironolactone–Hydroxypropyl-β-
Cyclodextrin Complex Tablets Evaluated in Rat Model

Esra Demirturk1  · Gulsum Gundogdu2 · Meltem Cetin3 · Erem Bilensoy4

http://crossmark.crossref.org/dialog/?doi=10.1007/s12247-026-10747-z&domain=pdf&date_stamp=2026-5-20
https://doi.org/10.1007/s12247-026-10747-z
mailto:demirturkesra@hotmail.com
http://orcid.org/0000-0002-8918-0073


1 3

  541   Page 2 of 15 Journal of Pharmaceutical Innovation          (2026) 21:541 

Introduction

Spironolactone (SPL; 7α-(acetylthio)−17α-hydroxy-
3-oxopregn-4-ene-21-carboxylic acid γ-lactone) is a 
potassium-sparing diuretic with antihypertensive and anti-
androgenic properties [1, 2]. Acting primarily as an aldo-
sterone antagonist, SPL and its metabolites—canrenone and 
7-α-thiomethyl-spironolactone—bind to mineralocorticoid 
receptors in the distal renal tubules, promoting potassium 
retention and enhancing sodium and water excretion [3, 4]. 
Clinically, SPL is indicated for conditions including hyper-
tension, congestive heart failure, ascites, primary hyperal-
dosteronism, peripheral edema, and resistant hypertension, 
which is defined as uncontrolled blood pressure despite the 
use of three or more antihypertensive agents, including a 
diuretic [5, 6]. SPL has demonstrated notable efficacy in 
patients with resistant hypertension inadequately managed 
by standard therapy [6].

According to the Biopharmaceutics Classification Sys-
tem (BCS), SPL is a Class II compound, exhibiting low 
aqueous solubility (~ 27 µg/mL) and high intestinal permea-
bility [1, 7]. Consequently, its oral absorption is dissolution-
limited, leading to variable and incomplete bioavailability. 
SPL is lipophilic (logP ≈ 3), with limited pH-dependent 
solubility and susceptibility to hydrolytic degradation in 

gastrointestinal fluids, rapidly converting to active metabo-
lites, which contributes to inter-brand and batch-to-batch 
variability in systemic exposure [8]. Commercially, SPL is 
available as tablets (25–100 mg) and suspensions (25 mg/5 
mL), yet differences in dissolution and absorption among 
products underscore the need for more consistent formula-
tions [1, 7]. Following oral administration, SPL is rapidly 
absorbed but extensively metabolized via first-pass effects, 
resulting in a short elimination half-life (~ 1.3 h), whereas 
its primary metabolite, canrenone, has a longer half-life 
(16–18 h) and sustains pharmacological activity [8, 9]. Both 
SPL and its metabolites are highly protein-bound (> 90%) 
and widely distributed due to their lipophilicity [1].

To overcome solubility-limited absorption, several for-
mulation strategies—including particle size reduction, solid 
dispersions, lipid-based systems, and complexation—have 
been explored to improve SPL bioavailability [7]. Cyclo-
dextrins (CDs), cyclic oligosaccharides derived from starch, 
are particularly effective for enhancing the oral bioavail-
ability of poorly water-soluble drugs [10–13]. Because of 
their special structure, which has a hydrophilic exterior 
and a hydrophobic interior cavity, inclusion complexes that 
improve apparent solubility and dissolution can develop 
[14, 15]. Specifically, hydroxypropyl-β-cyclodextrin 
(Hp-βCD) has a well-established safety profile, enhanced 
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complexation efficiency, and excellent aqueous solubil-
ity [16, 17]. Although previous studies have reported 
cyclodextrin-mediated solubility enhancement of spirono-
lactone, including Hp-βCD-based systems, these studies 
mainly focused on solution formulations, physicochemical 
characterization, or isolated pharmacokinetic observations. 
Limited information is available regarding the preserva-
tion of inclusion complex characteristics after incorporation 
into solid tablet matrices and the mechanistic relationship 
between solid-state modification, dissolution enhancement, 
and in vivo oral absorption. Furthermore, the translational 
applicability of Hp-βCD-based spironolactone systems to 
scalable tablet formulations remains insufficiently explored.

Previous studies have demonstrated the utility of CD 
complexes in enhancing SPL solubility and bioavailabil-
ity. For instance, β-CD: SPL and γ-CD: SPL solid-state 
complexes improved water solubility up to 8- and 17-fold, 
respectively, with γ-CD: SPL exhibiting the fastest dissolu-
tion and highest plasma levels [18, 19]. Clinical pharmaco-
kinetic evaluations also confirmed that β-CD complexation 
increased SPL’s relative bioavailability to 233% com-
pared to micronized powder [18]. Despite these advances, 
Hp-βCD-based SPL complexes formulated as tablets and 
systematically compared to conventional tablets and sus-
pensions remain limited.

In the present study, SPL–Hp-βCD inclusion complexes 
were prepared and characterized in vitro, followed by for-
mulation into tablets. These tablets were compared with 
conventional SPL tablets and in-house-prepared suspen-
sions to assess the effects of Hp-βCD complexation on 
dissolution, absorption, and overall pharmacokinetic per-
formance. Accordingly, the present study was designed to 
establish a comprehensive formulation-development path-
way, integrating inclusion complexation, solid-state charac-
terization, tablet formulation, dissolution evaluation, and in 
vivo pharmacokinetic assessment. The aim of this study was 
not only to improve the solubility and dissolution behavior 
of spironolactone through Hp-βCD complexation, but also 
to translate this approach into a pharmaceutically applicable 
tablet dosage form and evaluate whether the improved in 
vitro performance leads to enhanced in vivo bioavailability 
[8, 9, 20–22].

Although cyclodextrin-based complexation approaches 
for spironolactone have previously been reported, the avail-
able studies mainly focused on physicochemical charac-
terization or solution systems, with limited emphasis on 
translating these complexes into solid oral dosage forms. 
In particular, studies investigating Hp-βCD-based spi-
ronolactone inclusion complexes formulated as tablets and 
supported by in vivo pharmacokinetic evaluation remain 
extremely limited. Therefore, the present study aimed to 

develop and characterize a scalable Hp-βCD: SPL tablet for-
mulation and evaluate its in vitro and in vivo performance.

Materials and Methods

Materials

SPL and Hp-βCD were obtained from Sigma-Aldrich 
(USA). Sodium lauryl sulfate (SLS) was purchased from 
Merck (Germany). Microcrystalline cellulose, lactose, and 
crospovidone were kindly provided as gift samples by İlko 
(Turkey). All other chemicals and reagents used in this 
study were of analytical grade and used as received without 
further purification.

Methods

Preparation of Hp-βCD: SPL Inclusion Complex

Hp-βCD: SPL inclusion complex was prepared using a 
kneading method (Salustio PJ, 2006). SPL and Hp-βCD 
(molar ratio 1:1) were transferred to a mortar and a small 
amount of warm water was added to the powder mixture to 
obtain a viscous slurry. Then, it was left to knead for 45 min 
at 45 °C. The dried matter was then ground to powder and 
sieved using sieve no. 80. Resulting complex was stored in 
airtight containers for further studies.

Although various molar ratios (e.g., 1:2 or 1:3 drug-to-
cyclodextrin) are commonly explored in cyclodextrin com-
plexation studies, a 1:1 ratio was selected in the present work 
for several reasons. First, phase-solubility studies reported 
in the literature for spironolactone and β-cyclodextrin deriv-
atives typically demonstrate an A < sub> L-type profile, 
indicating the predominant formation of a 1:1 stoichiomet-
ric inclusion complex [23, 24]. Therefore, higher Hp-βCD 
ratios are not expected to yield additional thermodynami-
cally stable complexes. For these reasons, and to maintain 
formulation efficiency and reproducibility, only the 1:1 
molar ratio was investigated in this study.

Characterization of Hp-βCD: SPL Inclusion Complex

Structural, chemical and thermal analyses of the pure SPL, 
Hp-βCD, Hp-βCD: SPL physical mixture and Hp-βCD: 
SPL inclusion complex were performed using X-ray pow-
der diffraction (XRD), Fourier-transform infrared spectros-
copy (FTIR) and Differential Scanning Calorimetry (DSC), 
respectively. XRD analysis was performed with a Rigaku 
Ultima-IV diffractometer employing Cu Kα radiation 
(λ = 1.5418 Å) in Bragg–Brentano geometry. Diffraction 
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patterns were recorded over a 2θ range of 3–50° at a scan 
rate of 0.02° (2θ)/min.

FTIR spectra were acquired using a Shimadzu IRTrac-
erTM-100 spectrometer within the wavenumber range of 
4000–400 cm⁻¹. The thermal properties of the samples were 
investigated using a differential scanning calorimeter (DSC, 
TA Instruments DSC250) under a continuous flow of nitro-
gen gas. Samples were heated from 20 °C to 350 °C at a 
controlled rate of 10 °C per minute. The instrument’s tem-
perature was calibrated to ensure an accuracy of ± 0,1  °C 
throughout the measurements.

The solubility and in vitro dissolution samples of SPL 
were quantitatively analyzed using a validated UV–visible 
spectrophotometric method. The method was optimized 
to ensure accurate and reproducible determination of SPL 
concentrations in various dissolution and solubility media. 
The absorbance measurements were performed using a 
double-beam UV–visible spectrophotometer equipped with 
1 cm quartz cells. The wavelength of maximum absorbance 
(λmax) for SPL was determined to be 238 nm, and all analy-
ses were carried out at this wavelength. Calibration curves 
were constructed by preparing a series of standard SPL 
solutions in the respective media within the concentration 
range of 2–20 µg/mL, showing good linearity with cor-
relation coefficients (R²) exceeding 0.999. For solubility 
studies, saturated solutions of pure SPL and the Hp-βCD: 
SPL inclusion complex were prepared in different media 
(0.1 N HCl pH 1.2; phosphate buffer (PB) pH 4.5; PB pH 
6.8; and 0.1 N HCl pH 1.2 containing 0.1% SLS). After 
equilibrium, the samples were filtered through 0.45 μm 
membrane filters and suitably diluted before measurement. 
The method was validated in accordance with ICH Q2(R2) 
guidelines for parameters including linearity, precision, 
accuracy, limit of detection (LOD), limit of quantification 
(LOQ), selectivity, and stability. The low LOD and LOQ 
values confirmed the method’s sensitivity, while the recov-
ery results (98–102%) indicated good accuracy and reli-
ability for quantitative analysis of SPL in dissolution and 
solubility samples [25].

 Tablets Containing SPL or Hp-βCD: SPL Inclusion Complex

The compositions of tablets containing SPL (SPL-tablets) 
or Hp-βCD: SPL inclusion complex (Hp-βCD: SPL-tablets) 
presented in Table 1. We prepared the tablets using direct 
compression method. First, SPL (25 mg) or Hp-βCD: SPL 
inclusion complex (100 mg; equivalent to 25 mg SPL) and 
the excipients (microcrystalline cellulose and lactose as 
diluents, and crospovidone as a disintegrant) were mixed. 
Next, the powder mixture was blended with magnesium 
stearate as a lubricant. Then, we evaluated its flow proper-
ties before tablet compression.

The flow properties of the powder blends were evalu-
ated by determining angle of repose, bulk density, tapped 
density, Carr’s index, and Hausner ratio in accordance with 
USP < 1174 > and European Pharmacopoeia 2.9.34. The 
angle of repose was measured using a fixed funnel method. 
The funnel was positioned at a height of 5 cm above the flat 
surface and had an orifice diameter of 10 mm. Powder was 
allowed to flow freely through the funnel to form a cone, 
and the angle of repose was calculated from the height and 
radius of the powder heap. Bulk density was determined by 
gently filling a graduated cylinder with a known mass of 
powder, while tapped density was measured after 500 taps 
using a standardized tapping apparatus. Carr’s index and 
Hausner ratio (HR= Tapped density/bulk density) were cal-
culated from bulk and tapped density values and compress-
ibility index [CI= ((tapped density-bulk density)/tapped 
density)x100] were determined. Flowability was interpreted 
according to USP < 1174 > classification criteria.

Evaluation of Tablets Containing SPL or Hp-βCD: SPL 
Inclusion Complex

For quality control of the prepared tablets, disintegration 
time, friability, crushing strength, diameter, thickness, 
weight uniformity, and dissolution were evaluated. The 
diameter and thickness of tablets (n = 10) were measured 
using a digital tablet hardness tester (Erweka TBH 125, 
Germany). The resistance to crushing (hardness) of tab-
lets (n = 10) was determined using a tablet hardness tester 
(Erweka TBH 125, Germany). The friability of the tablets 
(n = 20) was determined using a friabilator (Erweka TAR 
220, Germany) operated at 25 rpm for 4 min. For the disin-
tegration test, one tablet was placed in each of the six tubes 
of the basket, and the apparatus (Erweka ZT 220, Germany) 
was operated using 1000 mL of distilled water maintained 
at 37 ± 1 °C as the immersion medium. The complete disin-
tegration times of the tablets (n = 6) were recorded.

Table 1  The compositions of tablets containing SPL or Hp-βCD: SPL 
inclusion complex
Ingredients SPL tablets

(mg)
Hp-βCD: 
SPL 
tablets
(mg)

SPL 25 -
Hp-βCD: SPL inclusion complex - 100*
Microcrystalline cellulose 150 110
Lactose 110 75
Crospovidone 12 12
Magnesium stearate 3 3
SPL Spironolactone, Hp-βCD  Hdroxypropyl-β-cyclodextrin, SPL-
tablets Tablets containing SPL, Hp-βCD SPL-tablets: Tablets con-
taining Hp-βCD: SPL inclusion complex. *Equivalent to 25 mg SPL
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Furthermore, dissolution test for tablets was performed. 
We performed the dissolution studies for pure SPL, 
Hp-βCD: SPL inclusion complex, and the tablets in 0.1 N 
HCl pH 1.2 with 0.1% SLS (1000 mL) kept at 37 ± 0.5 °C 
using the USP paddle apparatus (at paddle speeds 75 rpm) 
[26]. 10 mL of the sample was removed at regular inter-
vals and replaced with fresh dissolution medium of the 
same temperature and volume (to maintain Sink Condition). 
These samples were filtered through a 0.45 μm pore-size 
filter and analyzed spectrophotometrically. For in vitro dis-
solution studies, aliquots withdrawn at predetermined time 
intervals were filtered and analyzed spectrophotometrically 
at 238 nm against corresponding blank dissolution media. 
The cumulative percentage of drug released was calculated 
using the calibration equation obtained for the medium.

In Vivo Studies

The pharmacokinetic investigation was approved by the 
Çukurova University Local Ethics Committee for Animal 
Experiments (permission date and number: 26.09.2024/9). 
Male albino Wistar rats (250–300 g, 10 months of age) were 
procured from the Medical Experimental Research and 
Application Center of Çukurova University. Experiments 
were conducted at the Department of Pharmacology, Fac-
ulty of Medicine, under standardized laboratory settings.

The rats were randomly assigned to three experimental 
groups (n = 8 per group). To minimize the potential effect of 
food on drug absorption, animals were fasted overnight prior to 
administration, with free access to water. All formulations were 
administered under fasting conditions, and food was returned 
30  min post-dosing. SPL suspension (prepared by dispersing 
SPL powder in 0.5% sodium carboxymethyl cellulose solution), 
SPL tablets, and Hp-βCD: SPL tablets, each dispersed in 0.5% 
sodium carboxymethyl cellulose solution prior to administration, 
were orally administered to rats via gavage at a dose of 25 mg/kg 
(based on SPL). Blood samples (~ 300 µL) were collected from 
each animal at predetermined time points (0.5, 1, 1.5, 2, 3, 4, 6, 8, 
12, and 24 h) via a polyethylene (PE-50) cannula inserted into the 
femoral vein. Samples were collected into heparinized microcen-
trifuge tubes and centrifuged at 5000 rpm for 5 min. The plasma 
was isolated and stored at − 80 °C for further examination.

HPLC Method

This study employed a modified HPLC–UV method, ini-
tially established by Chaure et al., for the quantitative 
analysis of SPL in rat plasma samples within in vivo phar-
macokinetic investigations [27]. The method underwent 
comprehensive validation in alignment with ICH Q2(R2) 
guidelines, evaluating parameters such as selectivity, linear-
ity, precision, accuracy, and sensitivity. Table 2 summarizes 

the optimized chromatographic conditions. The analysis 
utilized a Shimadzu Nexera 2 system (Japan) with a diode 
array detector (PDA/DAD) calibrated to 240 nm. Separa-
tion was performed using an ODS-4 C18 column (4.6 × 250 
mm, 5 μm; GL Sciences) at a constant temperature of 25 
°C. A sample volume of 20 µL was injected for each run. 
Under these chromatographic conditions, well-defined and 
symmetrical peaks with satisfactory retention and resolu-
tion were obtained, demonstrating high reproducibility and 
sensitivity for the quantitative determination of SPL in rat 
plasma. A working solution of SPL (1 µg/mL) was prepared 
by diluting the SPL stock solution (100 µg/mL in acetoni-
trile) with the mobile phase for sample preparation. Calibra-
tion standards were produced by spiking blank rat plasma, 
devoid of SPL, with specified volumes of the working solu-
tion to attain final concentrations between 100 and 1000 
ng/mL. Calibration curves were developed by plotting SPL 
concentrations against the corresponding peak area ratios 
of SPL, followed by linear regression analysis utilizing the 
least-squares method (n = 6). A dilution factor of 1:10 was 
utilized to guarantee that all measurements remained within 
the linear dynamic range.

The regression parameters, comprising slope, intercept, 
and coefficient of determination (R²), were established. The 
method’s selectivity was assessed by comparing chromato-
grams of blank plasma to those of plasma samples spiked 
with SPL at concentrations of 100, 120, 140, 160, and 250 
ng/mL, with six replicates for each concentration. An inter-
nal standard was unnecessary due to the consistent sample 
injection and detector response observed throughout all 
runs. This study quantified only the parent compound, SPL, 
excluding its metabolites from the analysis. This method-
ological choice was made to prioritize the bioavailability 
and plasma levels of the unchanged drug, as a comprehen-
sive metabolite analysis would necessitate further sample 
preparation and analytical techniques.

Additionally, LOD (the lowest SPL concentration detect-
able but not quantifiable in the sample) and LOQ (the 
lowest SPL concentration measurable in the sample with 
appropriate precision and accuracy) were determined 
using the following equations (σ = the standard devia-
tion (SD) of the intercept; S = the slope of the calibration 
curve) [25]:

Table 2  Optimum HPLC conditions for the analysis of SPL
Instrument:
Wavelength
Detector

Shimadzu Nexera 2 (Japan)
240 nm
Diode array detector (PDA/DAD)

Column ODS-4 C18 (4,6 × 250 mm,5 μm, GL Sciences)
Mobile Phase Methanol: Ultra pure water (70:30)
Flow rate 1 mL/min
Injection volume 20 µL
Temperature 25 °C
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LOD = 3.3x
(σ

S

)

LOQ = 10x
(σ

S

)

Additionally, the precision and accuracy for both intra-day 
and inter-day assessments were determined using standard 
SPL solutions at three concentrations within the calibration 
range: 100, 140, and 250 ng/mL. Each concentration under-
went six analyses on the same day to evaluate intra-day 
variability, and six analyses over consecutive days to assess 
inter-day variability. Accuracy was quantified using relative 
error (RE), and precision was indicated by the percentage 
relative standard deviation (RSD%).

Plasma Sample Pretreatment

The plasma sample preparation procedure was modified from 
the method described by Kaukonen et al. with minor adjust-
ments [28]. This method was chosen for its effectiveness in 
isolating the active compound from plasma and its practical-
ity concerning the necessary solvents and equipment. One 
hundred microliters of acetonitrile were combined with one 
hundred microliters of plasma, and the resulting mixture was 
vortexed for five minutes. The sample underwent centrifuga-
tion at 12,000 rpm for 10 min, after which the supernatant 
was evaporated using a nitrogen stream to obtain a residue. 
The residue was reconstituted with 100 µL of the mobile 
phase, and the concentration of SPL in the solution was 
quantified using a validated HPLC-UV method.

The Analysis of Pharmacokinetic Data

Pharmacokinetic parameters for each experimental animal 
were assessed after the oral administration of SPL suspen-
sion, SPL tablet, and Hp-βCD: SPL-tablet formulations to 
rats. Blood samples were collected at specified time inter-
vals, and plasma concentrations of SPL were measured 
using the validated HPLC method. The plasma concentra-
tion–time data were analyzed using a non-compartmental 
approach with Kinetica software (version 4.4; Thermo 
Fisher Scientific, Waltham, MA, USA). The concentra-
tion–time profiles provided essential pharmacokinetic 
parameters, such as elimination half-life (t₁/₂), time to reach 
maximum plasma concentration (tmax), maximum plasma 
concentration (Cmax), and the area under the plasma con-
centration–time curve from zero to infinity (AUC₀–∞). The 
parameters were derived from actual experimental obser-
vations, independent of any specific compartmental model 
assumptions. Mean pharmacokinetic values for each formu-
lation were obtained by averaging the results for each ani-
mal. The relative bioavailability (Frel) of the SPL-tablet and 

Hp-βCD: SPL-tablet formulations was determined in rela-
tion to the SPL suspension (reference formulation) using the 
subsequent equation.

Frel (%) = AUCSPL tablet formulations

AUCSP L suspension
x100

This evaluation allowed the comparison of the extent and 
rate of absorption among the different SPL formulations, 
providing insight into the enhancement of oral bioavailabil-
ity achieved through inclusion complexation with Hp-βCD.

Statistical Analysis

The obtained experimental data were expressed as the 
mean ± standard error (SE) or standard deviation (SD), as 
appropriate. Linear regression analysis was performed to 
evaluate the linearity and precision of the HPLC-UV analyti-
cal method used for quantification. The area under the plasma 
concentration–time curve from time zero to the last measur-
able concentration (AUC0–tlast) was calculated using the lin-
ear–log trapezoidal rule, which applies the linear trapezoidal 
method during the ascending phase and the logarithmic trap-
ezoidal method during the descending phase of the concentra-
tion–time profile. The total area under the curve from zero to 
infinity (AUC0–∞) was determined as the sum of AUC0–tlast and 
the extrapolated terminal area. The extrapolated portion was 
calculated by dividing the last measurable plasma concentra-
tion (Clast) by the terminal elimination rate constant (λz). The 
λz value was obtained from the slope of the terminal log-linear 
portion of the plasma concentration–time curve using least-
squares linear regression analysis. This approach enabled accu-
rate estimation of the pharmacokinetic parameters reflecting 
the systemic exposure and elimination characteristics of SPL.

Statistical analyses were performed using GraphPad Prism 
software (version 9.0, GraphPad Software, San Diego, CA, 
USA). Data were expressed as mean ± standard deviation (SD) 
or standard error (SE), as appropriate. Comparisons among 
multiple groups were conducted using one-way analysis of 
variance (ANOVA), followed by Tukey’s multiple-comparison 
post hoc test for pairwise group comparisons. A p value of 
less than 0.05 was considered statistically significant. Prior to 
ANOVA, data distribution and homogeneity of variance were 
evaluated using appropriate statistical tests.

Results and Discussion

Characterization of Hp-βCD: SPL Inclusion Complex

FTIR spectroscopy (Fig. 1a) and PXRD (Fig. 1b) were uti-
lized to verify the formation of an inclusion complex between 
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SPL and Hp-βCD. In the FT-IR spectrum of pure SPL, the 
characteristic C–H stretching vibration at 2949 cm⁻¹, the lac-
tone C = O stretching at 1763 cm⁻¹, and the thio-acetyl C = O 
stretching at 1681 cm⁻¹ were observed, consistent with previ-
ous literature reports [29]. The FT-IR spectrum of Hp-βCD 
exhibited a broad O–H stretching band at 3331 cm⁻¹, C–H 
valence vibrations in the 2968–2930 cm⁻¹ region, deformation 
vibrations at 1454 and 1368 cm⁻¹, and strong polysaccharide-
related bands between 1204 and 1020 cm⁻¹ corresponding to 
C–C–O, C–O and C–O–C asymmetric stretching. Additional 
bands at 943 and 856 cm⁻¹ further confirmed the presence of 
glucopyranose units, in agreement with earlier reports [30]. 
The FT-IR spectra of SPL and Hp-βCD also aligned well with 
previously published findings [31].

Although the FT-IR spectrum of the physical mixture 
(SPL + Hp-βCD) resembled that of the inclusion complex, 
subtle shifts and peak intensity changes were noticeable, indi-
cating minor interactions but insufficient to confirm complex-
ation. In contrast, the inclusion complex exhibited attenuated 
or shifted SPL-associated vibrational bands, along with broad-
ening typical of Hp-βCD, suggesting that SPL was partially or 
fully incorporated within the hydrophobic cavity of Hp-βCD. 
These spectral modifications collectively support the success-
ful formation of the Hp-βCD: SPL inclusion complex.

The XRD data further substantiated these findings. Pure 
SPL displayed numerous sharp and intense diffraction peaks, 
characteristic of its crystalline nature. In the physical mix-
ture, SPL’s crystalline reflections were still present although 
at reduced intensity, indicating a simple superimposition of 
the individual components. Hp-βCD showed a broad amor-
phous halo centered near 2θ ≈ 18.9°, consistent with lit-
erature descriptions of its non-crystalline structure [20, 32]. 
Importantly, the XRD pattern of the Hp-βCD: SPL inclusion 

complex demonstrated a marked reduction in the intensity of 
SPL’s characteristic crystalline peaks, indicating a substantial 
loss of crystallinity. This transformation suggests that SPL was 
molecularly dispersed within the amorphous Hp-βCD matrix.

Taken together, the FT-IR peak shifts and attenuation, 
along with the XRD evidence of reduced crystallinity, con-
firm the successful formation of the Hp-βCD: SPL inclu-
sion complex and support the conclusion that SPL is likely 
accommodated within the Hp-βCD cavity.

DSC was employed to investigate the thermal behavior 
and complementary evidence of the inclusion complex for-
mation between SPL and Hp-βCD. Figure 2 presents the 
DSC thermograms of pure SPL, HP-βCD, their physical 
mixture, and the Hp-βCD: SPL inclusion complex. Pure 
SPL exhibits a distinct endothermic peak at approximately 
207.9 °C, corresponding to its melting point [33, 34]. In 
contrast, the DSC thermogram of Hp-βCD does not display 
any thermal events in this region, although a broad endo-
thermic peak splitting at 157 °C and 160.4 °C and a distinct 
peak 247.6 °C are observed. The DSC thermogram of physi-
cal mixture shows endothermic peaks at 167 °C, 193 °C and 
258.4 °C. However, this thermal signal is absent in the DSC 
thermogram of the Hp-βCD: SPL inclusion complex, sug-
gesting the successful formation of the complex. Altogether, 
especially the PXRD and DSC data strongly support the for-
mation of the Hp-βCD: SPL inclusion complex, in agree-
ment with previous reports on similar systems [35].

Evaluation of Hp-βCD: SPL Inclusion Complex and 
the Tablet Formulation Containing this Complex

Solubility is a critical factor for the absorption of an active 
substance from the gastrointestinal tract. The dissolution 

Fig. 1  a FTIR spectra b PXRD Pattern of Hp-βCD: SPL inclusion complex, physical mixture (SPL + Hp-βCD), Hp-βCD, SPL
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process serves as the rate-limiting factor in the oral absorp-
tion of poorly water-soluble active substances [36].

SPL, categorized as a class II drug per the BCS, exhib-
its variable and incomplete gastrointestinal absorption [37], 
thereby impacting its therapeutic efficacy. Spironolactone 
demonstrates moderate intrinsic intestinal permeability 
attributed to its lipophilic steroidal structure; however, the 
restricted quantity of the drug dissolved in the intestinal 
lumen limits its effective membrane transport. Addition-
ally, presystemic degradation and swift conversion to active 
metabolites within the intestinal wall further reduce the pro-
portion of unchanged drug accessible for systemic circula-
tion. The interplay of solubility and permeability limitations 
leads to significant variability in oral exposure. Appropriate 
formulations, such as cyclodextrin inclusion complexes and 
nanosized carriers, can optimize the dissolution rate, intes-
tinal drug concentration gradient, and, consequently, the 
effective permeation and bioavailability of SPL.

In the solubility study performed for pure SPL and 
Hp-βCD: SPL inclusion complex, the media with different 
pH values (0.1 N HCl pH 1.2, PB pH 4.5, PB pH 6.8, and 
0.1 N HCl pH 1.2 with 0.1% SLS) were used. The results of 
the solubility study are presented in Fig. 3. According to the 
solubility study results, after the formation of the inclusion 
complex, the solubilities of SPL in HCl pH 1.2 and HCl pH 
1.2 with 0.1% SLS increased approximately six and seven-
fold, respectively. However, the solubility of SPL increased 
very slightly in PB pH 4.5 and 6.8 media.

Jarho et al. investigating the complexation of SPL with 
CDs (β-CD, Hp-β-CD, sulfobutyl ether-β-CD, γ-CD, 

sulfobutyl ether-γ-CD) and the effect of pH on the CD-cat-
alyzed deacetylation of SPL. Their study primarily focused 
on the chemical stability and degradation kinetics of SPL in 
the presence of CDs. They showed that the CD-catalyzed 
degradation of SPL decreased with low pH in the stability 
study. However, our study aims to develop and evaluate a 
solid inclusion complex formulation of SPL with Hp-β-CD, 
emphasizing improvements in aqueous solubility, disso-
lution rate, and oral bioavailability. Moreover, our work 
includes both in vitro and in vivo assessments, providing 
a comprehensive pharmaceutical evaluation that extends 
beyond the physicochemical stability aspects previously 
reported [38].

To prepare SPL-tablets or Hp-βCD: SPL-tablets by direct 
compression, we first prepared powder mixtures. After the 
addition of magnesium stearate to the powder mixtures, their 
flow properties were evaluated and the results were pre-
sented in Table 3. According to USP < 1174>, the obtained 
values indicate good flowability, supporting the suitability 
of the powder blends for direct compression without the 
need for additional flow-enhancing excipients. The angle 
of repose values of the powder mixtures prepared for SPL-
tablets and Hp-βCD: SPL-tablets were 27.34 ± 0.88° and 
24.10 ± 0.54°, respectively (Table 3). A range of 25–30° for 
the angle of repose indicates that the powder exhibits excel-
lent flow properties [39]. Cohesiveness, shape, size, surface 
area and moisture content of powder etc. influence powder 
flow properties. We calculated compressibility index and 
Hausner ratio which are fast and simple methods used to 
predict powder flow properties (Table 3). Powders with 
compressibility index and Hausner ratio of 11–15% and 
1.12–1.18, respectively show good flow properties. As a 
result, the powder mixture we prepared for SPL-tablets or 
the Hp-βCD: SPL-tablets had good flow properties (Table 
3).

The dissolution studies for pure SPL, the Hp-βCD: SPL 
inclusion complex, SPL-tablets, and Hp-βCD: SPL-tablets 
were conducted in 1000 mL of 0.1  N HCl (pH 1.2) con-
taining 0.1% SLS at 37 ± 0.5  °C using USP Apparatus II 
(paddle method, 75  rpm), in accordance with the USP 43 
“Spironolactone Tablets” monograph. The selected dissolu-
tion medium was further supported by the solubility results 
obtained in this study, which demonstrated enhanced SPL 
solubility and maintenance of sink conditions in acidic 
medium containing 0.1% SLS. Sink conditions were quan-
titatively verified for the dissolution studies. The highest 
experimentally determined solubility of spironolactone was 
approximately 3.05 mg/mL in 0.1 N HCl containing 0.1% 
SLS. Considering the tablet dose equivalent to 25 mg SPL, 

Fig. 2  DSC curves of Hp-βCD: SPL inclusion complex, physical mix-
ture (SPL + Hp-βCD), Hp-βCD, SPL
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approximately 8.2 mL of dissolution medium would be 
sufficient to dissolve the entire drug amount. According to 
compendial expectations, sink conditions require a medium 
volume at least three times greater than the saturation vol-
ume. Therefore, a minimum volume of approximately 24.6 
mL would satisfy sink conditions, whereas the present study 
employed 1000 mL dissolution medium. These results con-
firm that sink conditions were maintained throughout the 
dissolution experiments. The dissolution sampling time 
points (5, 10, 15, 20, 30, 45, 60, 90, and 120  min) were 
selected to adequately characterize the initial, intermediate, 
and late phases of drug release from both conventional and 
Hp-βCD-based tablet formulations. Early sampling points 
were particularly included to capture the rapid dissolution 
behavior expected from the Hp-βCD inclusion complex for-
mulation, while later time points enabled evaluation of the 
completeness of drug release and establishment of the dis-
solution plateau. The selected time intervals are consistent 
with compendial expectations for immediate-release dosage 

forms and allow appropriate comparison of dissolution pro-
files among formulations. According to USP 43, the dissolu-
tion conditions for SPL tablets are 1000 mL of 0.1 N HCl 
containing 0.1% SLS, 75  rpm (Apparatus 2), and a dura-
tion of 60 min, with ≥ 75% of the labeled amount of SPL 
expected to dissolve within this period. In our study, 18% of 
pure SPL and 85% of SPL in Hp-βCD: SPL inclusion com-
plex dissolved within 60  min. For Hp-βCD: SPL-tablets, 
75% and 95% of SPL were dissolved within 10 and 30 min, 
respectively. In contrast, SPL-tablets exhibited slower dis-
solution, with 35%, 54%, and 76% of SPL dissolved at 10, 
30, and 60 min, respectively. These results indicate a sig-
nificant enhancement in dissolution rate and extent for the 
Hp-βCD inclusion complex and its tablet formulation com-
pared to the pure drug and conventional SPL-tablets.

Resende et al. evaluated the impact of SPL’crystal forms 
(pure crystal form II and the form II contaminated with form 
I) obtained from different manufacturers on their aqueous 
solubility and their effect on tablet dissolution profiles. They 
performed solubility studies in different media (water; 0.01 
mol/LHCl; 0.1 mol/L HCl; 0.1 mol/L HCl with 0.1% (w/v) 
SLS; 0.1 mol/L potassium PB-pH 7.2; 0.1 mol/L potas-
sium PB-pH 6.2; 0.1 mol/L sodium acetate buffer-pH 4.5; 
0.1 mol/L sodium citrate buffer-pH 3.0). They reported that 
the solubility of form II contaminated with form I and pure 
form II in 0.1 mol/L HCl with 0.1% SLS were 150.74 ± 
3.78 µg/mL and 101.10 ± 5.20 µg/mL, respectively and 
SPL’s solubility in 0.1 mol/L HCl with 0.1% SLS increased 
approximately 3-fold compared to the other aqueous media. 
They conducted a dissolution study for tablet formulations 
(containing form II or form II contaminated with form I) 

Table 3  Flow characteristics of the powder mixtures prepared for tab-
let formulations (Mean ± SD)
Parameter The powder mixture 

for SPL-tablets
The powder 
mixture for 
Hp-βCD: 
SPL-tablets

Angle of repose 27.34 ± 0.88° 24.10 ± 0.54°
Flow time (sec) 5.00 ± 1.01 4.00 ± 1.12
Bulk density (g/mL) 0.72 ± 0.07 0.63 ± 0.05
Tapped density (g/mL) 0.84 ± 0.06 0.73 ± 0.04
Compressibility index (%) 14.29 ± 0.06 13.70 ± 0.05
Hausner ratio 1.17 ± 0.06 1.16 ± 0.05

Fig. 3  The solubility study of 
pure SPL and Hp-βCD: SPL 
inclusion complex in media with 
different pH values (0.1 N HCl 
pH 1.2, PB pH 4.5, PB pH 6.8, 
and 0.1 N HCl pH 1.2 with 0.1% 
SLS)
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in 0.1 mol/L HCl with 0.1% SLS. They determined that 
79.55% (for form II) and 89.32% (for form II contaminted 
with Form I) of SPL were dissolved at 60 min [37] (Fig. 4).

According to USP < 1174>, powders exhibiting an angle 
of repose between 25–30°, Carr’s index values between 
11 and 15%, and Hausner ratios between 1.12 and 1.18 
are considered to possess good flowability suitable for 
direct compression processes. Finished product quality 
control tests were carried out for the tablets. In this con-
text, diameter, thickness, disintegration time, weight varia-
tion, friability and hardness values of the SPL-tablets and 
Hp-βCD: SPL-tablets are given in Table 4. The shape and 
diameter of a tablet depend on the punches and chosen for 
its compression [40]. The thickness and diameter values 
of SPL-tablets and Hp-βCD: SPL-tablets are close to each 
other (Table 4). Determination of tablet thickness is sig-
nificant for the consistency in the manufacturing process, 
such as particle size and distribution, preparation of pow-
der mixture. Compressibility of the powder, die’s diameter 
and internal volume, applied force or pressure, etc. affect 
tablet thickness [41]. Tablet thickness should be controlled 
within ± 5% deviation of a standard value to facilitate 
packaging [42]. According to USP < 905 > and Ph. Eur. 
2.9.5, tablets with an average weight above 250 mg should 
not deviate by more than ± 5% from the mean weight, and 
all tested tablets complied with this criterion. Acceptable 
friability for tablets is typically less than 1% (Table 4). The 
friability values of both formulations were below 1%, indi-
cating adequate mechanical resistance according to USP 
< 1216 > recommendations for conventional tablets. The 
hardness values indicated sufficient mechanical strength 
while still allowing rapid tablet disintegration. The dis-
integration time values for of SPL-tablets and Hp-βCD: 
SPL-tablets are close to each other (Table 4). The rapid 

disintegration times (< 2 min) confirmed the suitability of 
the formulations as immediate-release tablets and were 
well within pharmacopeial limits.

HPLC Method

In this study, an HPLC-UV method for SPL analysis in rat 
plasma samples was developed and validated according to 
the ICH guideline [25]. The linearity of the method was 
evaluated within the range of SPL concentrations of 100–
1000 ng/mL. The calibration curve obtained by plotting 
the peak areas (mAu) versus the concentrations of SPL 
(ng/mL) is shown in Fig. 5. The calibration curve equa-
tion calculated using linear regression analysis was y = 
8262.2x + 20,220 (Fig. 5). A good linear relationship was 
established between the peak areas and the concentrations 
(100–1000 ng/mL) of SPL with the determination coeffi-
cient (R2) 0.9997 (Fig. 6).

The limits of detection (LOD) and quantification (LOQ) 
for the established HPLC-UV method were assessed by 
injecting low-concentration SPL standard solutions under 
the optimized chromatographic parameters. The LOD and 
LOQ values for SPL were calculated as 27.87 ng/mL and 
84.46 ng/mL, respectively.

Table 4  The quality control tests for the tablet formulations 
(Mean ± SD)
Parameter SPL-tablets Hp-βCD: SPL-tablets
Thickness (mm) 3.11 ± 0.01 3.12 ± 0.01
Diameter (mm) 12.02 ± 0.01 12.03 ± 0.01
Hardness (N) 120.00 ± 2.34 124.00 ± 2.45
Friability (%) 0.23 ± 0.05 0.24 ± 0.06
Average weight (mg) 300.00 ± 2.21 299.00 ± 2.13
Disintegration time (min) 1.10 ± 0.16 1.00±0.0.12
Assay (%) 96.23 ± 0.56 97.89 ± 0.66

Fig. 4  In vitro dissolution profiles 
of pure SPL, Hp-βCD: SPL 
inclusion complex, SPL-tablets 
and Hp-βCD: SPL-tablets. (n = 6, 
Mean ± SD)
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Method precision (expressed as %RSD) and accuracy 
(expressed as %RE) were examined at SPL concentrations 
of 100, 140, and 250 ng/mL (n = 6). The intra- and inter-day 
accuracy and precision results are presented in Table 5. All 
% RE and % RSD values were below 15% across the tested 
concentrations, confirming that the developed HPLC-UV 
method for SPL quantification in rat plasma is both accurate 
and precise [43].

Pharmacokinetic Parameters

The validated HPLC–UV method developed in this study 
was successfully applied to quantify SPL plasma concen-
trations and to evaluate its pharmacokinetic profile follow-
ing oral administration of SPL suspension, SPL-tablet, and 
Hp-βCD: SPL-tablet formulations (each at a single dose of 
25 mg/kg) in rats. The mean plasma concentration–time pro-
files for the different SPL formulations are shown in Fig. 7, 
while the pharmacokinetic parameters were calculated by 
non-compartmental analysis using Kinetica software (ver-
sion 4.4; Thermo Fisher Scientific, Waltham, MA, USA) and 
are summarized in Table  6 (data expressed as mean ± SD; 
n = 8). As shown in Table 6 the AUC₀–∞ and Cmax values of the 
Hp-βCD: SPL-tablets were significantly higher than those of 
the SPL suspension, indicating enhanced systemic exposure.

Statistical analysis (one-way ANOVA followed by 
Tukey’s post-hoc test) showed significant differences 
between the Hp-βCD: SPL-tablets and both other formu-
lations in terms of AUC0–∞ and Cmax (p < 0.05). Although 
minor variations were observed in tmax and t₁/₂, these differ-
ences were not statistically significant.

The pharmacokinetic findings indicated that the SPL 
suspension yielded the lowest AUC0–∞ and Cmax values 
compared to the other formulations. This discovery aligns 
with the established biopharmaceutical constraints of spi-
ronolactone, a BCS Class II drug noted for its inadequate 
water solubility and absorption restricted by dissolution 
rate (Lopalco et al., 2022). The rough characteristics of 
the suspension probably led to increased particle size and 
less effective surface area, thereby constraining the rate and 
degree of dissolution in the gastrointestinal tract. As spi-
ronolactone is predominantly absorbed in the upper small 
intestine, where transit time is brief, insufficient breakdown 
during this absorption period results in diminished systemic 
exposure. Conversely, the commercial SPL tablet exhibited 
elevated AUC0–∞ and Cmax values, attributable to enhanced 
dissolving characteristics resulting from reduced particle 
size, the inclusion of disintegrants and wetting agents, and 
more effective drug dispersion following administration. 
The Hp-βCD: SPL complex pill demonstrated the most 
significant improvement in bioavailability. Cyclodextrin 
complexation enhances the apparent aqueous solubility and 
dissolution rate of hydrophobic drugs by forming inclusion 
complexes, thereby preserving the drug in a molecularly 
dispersed state during passage through the absorptive areas 
of the intestine [22, 44]. The significant rise in both AUC 
and Cmax for the Hp-βCD formulation is ascribed to the 
enhanced solubilization ability of Hp-βCD and the effec-
tive delivery of dissolved medication inside the optimum 
absorption zone of the gastrointestinal tract.

Importantly, the enhanced dissolution performance 
observed in vitro was reflected in significantly increased 

Fig. 5  Calibration curve of SPL 
(Mean ± SD; n = 6)
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Fig. 6  Representative HPLC 
chromatograms for spironolactone 
(SPL): (a) SPL standard solutions 
at concentrations of 100, 120, 140, 
160, and 250 ng/mL, (b) blank rat 
plasma sample, and (c) chromato-
gram of the mobile phase (blank 
injection) under the optimized 
chromatographic conditions. Chro-
matographic conditions: detection 
at 240 nm; mobile phase methanol: 
water (70:30); flow rate 1 mL/min
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systemic exposure in vivo, supporting the translational 
relevance of the formulation strategy. Overall, the present 
findings suggest that Hp-βCD complexation improves spi-
ronolactone bioavailability through a multifactorial mecha-
nism involving reduced crystallinity, improved wettability, 
enhanced dissolution kinetics, and maintenance of the drug 
in a molecularly dispersed state. These mechanistic insights 
extend current understanding beyond conventional solubil-
ity enhancement approaches.

Conclusion

The present study demonstrates that Hp-βCD complexation 
can be successfully integrated into a scalable immediate-
release tablet formulation capable of significantly improv-
ing the dissolution behavior and oral bioavailability of 
spironolactone. The enhanced systemic exposure observed 
for the Hp-βCD tablets, together with the improved in vitro 
dissolution performance, supports the translational potential 

of this formulation strategy for poorly water-soluble BCS 
Class II drugs.

Importantly, the findings provide mechanistic insight 
into how cyclodextrin-mediated amorphization and 
improved wettability can be preserved within a solid tab-
let matrix and translated into enhanced oral absorption. 
Overall, the study extends current understanding beyond 
conventional solubility enhancement approaches and 
highlights the pharmaceutical applicability of Hp-βCD 
complexation as a practical strategy for improving spi-
ronolactone delivery.

Table 5  The results of intra- and inter-day accuracy and precision of 
the developed HPLC-UV method (mean ± SD)
Added Concentrations
(ng/mL)

Intra-day (n = 6) Inter-day (n = 6)
Accuracy
(RE, %)

Precision
(RSD, %)

Accuracy
(RE, %)

Precision
(RSD, %)

100 0.032 4.55 0.067 7.87
140 0.025 2.37 0.055 4.31
250 0.024 2.22 0.035 3.67
RE relative error, RSD relative standard error

Table 6  The pharmacokinetic parameters obtained for different SPL 
formulations (Mean ± SD, n = 8)
Parameters SPL 

suspension
SPL-tablet Hp-βCD: 

SPL-tablets
AUC0−∞(ng.h/mL) 2945.65 ± 210 3365.21 ± 230a 4554.23 ± 278 

a

Cmax(ng/mL) 280.23 ± 80 550.00 ± 85a 881.67 ± 86 a

tmax(h) 1.05 ± 0.22 1.09 ± 0.26 a 1.05 ± 0.21 a

t1/2(h) 7.24 ± 1.23 5.81 ± 1.37 a 5.15 ± 1.21 a

Frel% - 114.24 154.61
ap < 0.05 compared with coarse SPL suspension group. Statistical sig-
nificance was evaluated using one-way ANOVA followed by Tukey’s 
post-hoc test
AUC0−∞ area under the plasma concentration time curve from time 
zero to extrapolation to time infinity, Cmax maximum plasma con-
centration, tmax time to reach maximum plasma concentration, t1/2 
elimination half life, Frel relative bioavailability

Fig. 7  The mean concentration–
time profiles obtained the differ-
ent SPL formulations in rats after 
oral administration (Mean ± SD; 
n = 8)
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