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Abstract: Chronic obstructive pulmonary disease (COPD) is a life-threatening disease of the respira-
tory system, affecting many patients worldwide. Budesonide (BUD), a synthetic glucocorticosteroid
applied for the treatment of COPD patients, is a hydrophobic compound with low bioavailability. The
formation of inclusion complexes of hydrophobic compounds with β-cyclodextrin (CD) through the
solvent evaporation technique is an appealing method for the amelioration of the compounds’ in vitro
release behavior. In the present study, CD–BUD complexes were prepared through the solvent evap-
oration technique. The effect of the applied solvent was evaluated through FTIR, scanning electron
microscopy (SEM), X-ray diffraction (XRD) analysis, and in vitro release behavior measurements. It
was found that the optimum complexes with the minimum degree of crystallinity and the optimum
in vitro release behavior are prepared in the solvent ratio H2O/EtOH 80/20 v/v. In a further step, the
formation of CD–BUD complexes containing different amounts of BUD was prepared. Through XRD
measurements, the degree of crystallinity of the samples was calculated confirming the diminished
crystallinity of BUD in CD complexes. The in vitro release of the samples showed the improved
release behavior of BUD from the complexes in comparison to neat BUD while a direct correlation
between the degree of crystallinity and in vitro release behavior was demonstrated.

Keywords: budesonide; COPD treatment; cyclodextrin; drug dissolution enhancement; drug release;
inclusion complexes; sustain release

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a life-threatening chronic respi-
ratory disease and the fourth most common cause of death within the last decade [1].
According to the Global Initiative for Chronic Obstructive Lung Disease (GOLD), COPD
is defined as “a common, preventable, and treatable disease that is characterized by per-
sistent respiratory symptoms and airflow limitation that is due to airway and/or alveolar
abnormalities usually caused by significant exposure to noxious particles or gases” [2].
The disease triggers pathological processes such as hypoxia, electrolyte disturbances, and
changes in pulmonary hemodynamics and is often accompanied by extra-pulmonary man-
ifestations such as thromboembolic and hemorrhagic events [1]. According to American
Lung Association, smoking is the leading cause of COPD while a genetic condition called
alpha-1 deficiency, exposure to air pollution, breathing secondhand smoke, and working
with chemicals, dust, and fumes are the main risk factors for COPD.

Pharmacologic management of COPD aims for the reduction of the current symptoms
and future exacerbation risks [3]. Treatment of the disease is conducted with inhaled
bronchodilators, corticosteroids [4], or long-acting beta-agonists. If the patients have severe
symptoms or intense exacerbations, combination therapy has been recommended because
it lowers the incidence of exacerbations [3,5]. Budesonide (BUD) belongs to a class of
drugs known as corticosteroids. It works directly in the lungs, making breathing easier by
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reducing the irritation and swelling of the airways [6]. BUD is a highly hydrophobic com-
pound with poor absorption and minimal oral bioavailability in humans and animals [7].
Consequently, the inclusion of BUD in polymeric nanoparticles aiming in the amelioration
of its bioavailability has been examined extensively by many research groups. Our group
prepared BUD-loaded chitosan nanoparticles [8], Campos et al. prepared chitosan-coated
PLGA nanoparticles [9], while Wang et al. prepared BUD-loaded polydopamine nanoparti-
cles [10], and Monou et al. prepared spray-dried BUD-loaded microparticles composed of
dipalmitoylphospatidylcholine, chitosan, lactose, and L-leucine.

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of glucopyranosyl units
linked with α-(1,4) bonds [11]. The natural CDs α-, β-, and γ-CDs are composed of 6,
7, and 8 glucose units, respectively [12]. CDs have a unique torus structure composed
of an inner hydrophobic cavity and a hydrophilic external surface with primary and
secondary hydroxyl groups. Attributed to their structure, CDs are able to host lipophilic,
non-polar molecules in their inner cavity by forming inclusion complexes [13,14]. The
thermodynamic equilibrium between the different components of the system (CD, guest
molecule, solvent) [15] affects drastically the successful formation of inclusion complexes.
The formulated inclusion complexes are stable in aqueous environments owed to CD’s
hydrophilic external surface, and consequently, CDs are widely used in pharmaceuticals,
drug delivery systems, cosmetics, and the food and chemical industries [12].

In this study, CD inclusion complexes were prepared through the solvent evaporation
technique and BUD was entrapped in their interior (Figure 1). The effect of the solvent’s
different ratio during the formation of the inclusion complexes was examined for the
first time. Moreover, different percentages of BUD were entrapped through the optimum
conditions, and the resulted inclusion complexes were characterized. The main purpose
was the preparation of an effective carrier for BUD, aiming in the amelioration of its in vitro
release behavior and consequently its bioavailability.
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Figure 1. Schematic representation of CD–BUD inclusion complexes formation.

2. Materials and Methods
2.1. Materials and Reagents

β-Cyclodextrin (CD) (cavamax W7) was supplied by Wacker Chemie AG (Munich,
Germany). The budesonide drug (99.99% purity) was kindly donated by Medicair Bio-
science S.A. (Athens, Greece). All other materials used were of analytical grade.

2.2. Preparation of Inclusion Complexes

CD inclusion complexes were prepared according to the well-established solvent
evaporation method [16]. In brief, CD was dissolved in H2O/EtOH solution forming
a 0.8% w/v solution. The effect of the solvent ratio was measured in a constant BUD
concentration at 10%wt while the examined H2O/EtOH ratios were 50/50, 60/40, 70/30,
80/20 and 90/10 v/v. BUD was dissolved in the minimum required volume of ethanol and
was added in the CD solution. In the optimum solvent ratio, different amounts of BUD
were entrapped in CD complexes in the final concentrations at 5 wt%, 10 wt%, 20 wt%
and 30 wt% of BUD to the CD polymeric matrix. The solutions were heated in a water
bath (50 ◦C) under constant stirring until all the solvent had evaporated and a white fine
powder was obtained.
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2.3. Inclusion Complexes Characterization
2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra of the samples were obtained using an FTIR spectrometer (model FTIR-
2000, Perkin Elmer, Waltham, MA, USA). A small amount of each sample was triturated
with a proper amount of potassium bromide (KBr) and the disks were formed under
pressure. The spectra were collected in the range of 400 to 4000 cm−1 at a resolution
of 4 cm−1 using 16 co-added scans and the baseline was corrected and converted into
absorbance mode.

2.3.2. Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded in deuterated water D2O. An Agilent500 spectrometer
was utilized (Agilent Technologies, Santa Clara, CA, USA) at room temperature. Spectra
were internally referenced with tetramethylsilane (TMS) and calibrated using the residual
solvent peaks.

2.3.3. Wide-Angle X-ray Scattering (XRD)

X-ray powder diffraction (XRD) patterns were recorded using an XRD-diffractometer
(Rigaku-Miniiflex II, Chalgrove, Oxford, UK) with a CuKα radiation for crystalline phase
identification (λ = 0.15405 nm). Each sample was scanned at the range of 5 to 50◦ with a
scan speed of 1◦/min. The degree of crystallinity of the samples was calculated according
to the Equation (1) [17]

% Crystallinity = (IT − IA)/IT (1)

where IT corresponds to the total area of the diffractogram while IA corresponds only to
the amorphous phase.

2.3.4. Differential Scanning Calorimetry (DSC)

For differential scanning calorimetry analysis, a Perkin–Elmer Pyris 1 differential scan-
ning calorimeter (DSC) (Waltham, MA, USA), calibrated with indium and zinc standards,
was used. About 10 mg of each sample was used, placed in a sealed aluminum pan and
heated up from 30 to 105 ◦C with a heating rate of 20 ◦C/min in an inert atmosphere (N2,
flow rate 50 mL/min), held in 105 ◦C for 1 min in order to remove the absorbed water,
cooled to 30 ◦C with a cooling rate of 50 ◦C/min and heated up again from 30 to 285 ◦C.
The data reported in this work were acquired from the second heating scan.

2.3.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was conducted in a Perkin–Elmer Pyris 1 TGA
thermogravimetric analyzer (Waltham, MA, USA). Samples of 10 ± 0.5 mg were placed in
alumina pans. An empty alumina pan was used as a reference. Heating was conducted
from ambient temperature up to 600 ◦C in a 50 mL/min flow of N2. The heating rate was
set at 20 ◦C/min and continuous records of sample temperature, sample weight, and heat
flow were recorded.

2.3.6. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were acquired with an electron micro-
scope JEOL 2011 (Akishima, Tokyo, Japan). CD–BUD samples were placed on the holder
and covered with carbon for providing a good conductivity of the electron beam. Operating
conditions were set at accelerating voltage 20 kV, probe current 45 nA and counting time
60 s.

2.3.7. High-Pressure Liquid Chromatography (HPLC), Quantitative Analysis and
Drug Loading

Quantitative analysis and drug loading was performed using a Shimadzu HPLC
(Kyoto, Japan) prominence system consisting of a degasser (DGU-20A5, Kyoto, Japan), a
liquid chromatograph (LC-20 AD, Kyoto, Japan), an autosampler (SIL-20AC, Kyoto, Japan),
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a UV/Vis detector (SPD-20A, Kyoto, Japan) and a column oven (CTO-20AC, Kyoto, Japan).
For the analysis, the validated method of Leng et al. was used [18]. In detail, the CNW
Technologies Athena C18, 120 A, 5 µm, 250 mm × 4.6 mm at a column temperature of
25 ◦C was used. The mobile phase consisted of ACN/H2O (acidified with phosphoric acid
with final pH = 3.2) 60/40 v/v, at a flow rate of 1.0 mL/min. UV detection was performed
at 250 nm. The injection volume was 20 µL. The calibration curve was created by diluting a
stock methanol solution of 100 ppm BUD to concentrations of 0.01, 0.05, 0.1, 0.25, 0.5, 1.0,
2.5, 5.0, 10.0, 20.0 and 30.0 ppm using ultrapure water.

For the determination of the drug-loading capacity of the samples, 10 mg of each
sample were dissolved in 10 mL of H2O:methanol (50:50 v/v). The resulting solution was
stirred for 24 h and filtered (nylon filters, 0.45 nm pore size).

2.3.8. Drug-Loading Percentage

Inclusion complexes’ drug loading was evaluated by applying the following equation:

Drug loading (%) = [Weight of drug in complexes/Total weight of complexes] × 100 (2)

2.3.9. Phase-Solubility Studies

The aqueous solubility of BUD in water was determined at increasing concentrations
of the CD through the solubility method of Higuchi and Connors [19]. An excess amount of
BUD was added into vials containing aqueous solution of CD at increasing concentrations
((2.0 to 10.0 mM). All solubility measurements were performed in triplicate. The vials were
rotated at 100 rpm while being kept at 30 ◦C. After equilibrium was reached (72 h), the
solutions were filtered through a membrane filter and analyzed for drug content by high-
performance liquid chromatography (HPLC). A phase-solubility diagram was constructed
by plotting the concentration of BUD dissolved versus the CD concentration.

2.3.10. In Vitro Dissolution Studies

For the in vitro release studies, DISTEK Dissolution Apparatus I (North Brunswick,
NJ, USA) equipped with an autosampler was used. Inclusion complexes were inserted
in dialysis tubing (molecular weight cut-off 12,000–14,000, Servapor) and placed in the
baskets of the apparatus. Dissolution was performed at 37 ± 1 ◦C and the rotation speed
was set at 50 rpm. The dissolution medium was 300 mL of a phosphate buffer, pH = 7.4.
Two milliliters of aqueous solution were withdrawn from the release media and quantified.

3. Results and Discussion
3.1. The Effect of Solvent Ratio in Budesonide Cyclodextrin Inclusion Complexes

The formation of inclusion complexes between CD and various hydrophobic com-
pounds has been examined extensively since it aids in the development of stable formu-
lations with enhanced bioavailability [20]. During the formation of the complexes, it is
significant to estimate how the effective inclusion affects the properties of drugs when CD
complexes are formulated [21]. Figure 2 depicts the phase-solubility diagram of BUD with
CD. According to Higuchi and Connors, the obtained curve is characterized as an “A type”
phase-solubility profile, describing the increase of BUD solubility as the CD concentration
increases. The A-type models indicate that one drug molecule forms a complex with one
molecule of CD and a linear relationship exhibits [22].

Beta-CD is the least water soluble among the cyclodextrins and BUD is a water-
insoluble active compound. Consequently, their further effective complexation would
take place in the presence of an organic solvent. The applied solvent ratio is of crucial
importance since the organic solvent, in this work ethanol, competes with drug molecules
for their successful inclusion in the hydrophobic cavity of CD [23]. In the present study,
the utilized solvent system is H2O/EtOH. The amount of the organic solvent affects the
inclusion efficacy of the hydrophobic compound, i.e., BUD in the interior cavity of CD
as well as the crystallinity of the final samples, thereafter [14]. Consequently, different
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H2O/EtOH ratios (50/50, 60/40, 70/30, 80/20, and 90/10 v/v) were examined for obtaining
the optimum inclusion efficacy, with the minimum amount of crystallinity. For this purpose,
the inclusion of BUD in the CD cavity in a 10%wt ratio was conducted.
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Figure 2. Phase-solubility diagram of BUD with CD, at 30 ◦C.

Figure 3 depicts the FTIR spectra of CD–BUD samples for the various H2O/EtOH
ratios. The spectra on neat CD showed the characteristic peaks of the oligosaccharide
present at 3400 cm−1 attributed to O–H stretching vibration, at 2930 cm−1 to the C–H
stretching vibration, at 1640 cm−1 the O–H bending vibration, at 1155 cm−1 the C–H
vibration and at 1029 cm−1 the C–O vibration [24]. BUD characteristic peaks are present at
3499 cm−1 region of the O–H stretching vibration, at 2955 cm−1 methyl groups stretching
vibration (C–H), at 1722 cm−1 and 1670 cm−1 stretching vibration of carbonyl groups (C=O)
and at 1626 cm−1 stretching vibration of the double bond (C=C) [25]. Comparing the spectra
of neat CD, with the inclusion complexes, characteristic peaks attributed to the presence of
BUD appear (Figure 3). More specifically, the peaks present at 2956 cm−1, 1720 cm−1 and
1670 cm−1 are attributed to BUD. The peaks are slightly shifted in comparison to the neat
drug, owing to interactions among the oligosaccharide and BUD.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 15 
 

4000 3500 3000 2500 2000 1500 1000 500

A
b
s
o
rb

a
n
c
e

Wavenumber (cm-1)

CD-BUD 70-30

CD-BUD 80-20

CD-BUD 90-10

CD-BUD 60-40

CD-BUD 50-50

Cyclodextrin

Budesonide

 

Figure 3. FTIR spectra of BUD, CD and CD–BUD inclusion complexes containing 10wt% BUD after 

treatment at different H2O/EtOH ratios (50/50, 60/40, 70/30, 80/20 and 90/10 v/v). 

In a further step, the successful complexation was confirmed through 1H-NMR meas-

urements. In Figure 4, the H-3 and H-5 are the protons which are found inside the cavity 

of CD and are the ones that are generally affected by complexation. In the 1H-NMR spec-

trum of the CD–BUD complex, a slight upfield shift of the H-3 and H-5 protons is ob-

served. This shift confirms the successful complexation of BUD in the CD cavity. 

6 5 4 3 2

0

700

4.1 4.0 3.9 3.8 3.7 3.6 3.5

 (ppm)

4.1 4.0 3.9 3.8 3.7 3.6 3.5

 (ppm)

 O
ff
s
e
t 
Y

 v
a
lu

e
s

 (ppm)

b-CD

b-CD-BUD 

complex

H-1

H-3

H-5

H-6

H-2

H-4

 

Figure 4. 1H-NMR spectra of CD and CD–BUD complex containing 10wt% BUD. The peak at 4.79 

ppm is attributed to D2O. 

SEM images were used for the examination of the inclusion complexes’ morphology. 

According to the literature, CD presents an irregular block structure [26]. As depicted in 

Figure 5, in any solvent ratio, the obtained complexes were of irregular, spherical shaped, 

agglomerated particles. This observation is in accordance to the work of Musuc et al. [27] 

concerning CD inclusion complexes containing a flavonoid, cirsiliol, confirming the suc-

cessful formation of the complexes. 

Figure 3. FTIR spectra of BUD, CD and CD–BUD inclusion complexes containing 10 wt% BUD after
treatment at different H2O/EtOH ratios (50/50, 60/40, 70/30, 80/20 and 90/10 v/v).

In a further step, the successful complexation was confirmed through 1H-NMR mea-
surements. In Figure 4, the H-3 and H-5 are the protons which are found inside the cavity of
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CD and are the ones that are generally affected by complexation. In the 1H-NMR spectrum
of the CD–BUD complex, a slight upfield shift of the H-3 and H-5 protons is observed. This
shift confirms the successful complexation of BUD in the CD cavity.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 15 
 

4000 3500 3000 2500 2000 1500 1000 500

A
b
s
o
rb

a
n
c
e

Wavenumber (cm-1)

CD-BUD 70-30

CD-BUD 80-20

CD-BUD 90-10

CD-BUD 60-40

CD-BUD 50-50

Cyclodextrin

Budesonide

 

Figure 3. FTIR spectra of BUD, CD and CD–BUD inclusion complexes containing 10wt% BUD after 

treatment at different H2O/EtOH ratios (50/50, 60/40, 70/30, 80/20 and 90/10 v/v). 

In a further step, the successful complexation was confirmed through 1H-NMR meas-

urements. In Figure 4, the H-3 and H-5 are the protons which are found inside the cavity 

of CD and are the ones that are generally affected by complexation. In the 1H-NMR spec-

trum of the CD–BUD complex, a slight upfield shift of the H-3 and H-5 protons is ob-

served. This shift confirms the successful complexation of BUD in the CD cavity. 

6 5 4 3 2

0

700

4.1 4.0 3.9 3.8 3.7 3.6 3.5

 (ppm)

4.1 4.0 3.9 3.8 3.7 3.6 3.5

 (ppm)

 O
ff
s
e
t 
Y

 v
a
lu

e
s

 (ppm)

b-CD

b-CD-BUD 

complex

H-1

H-3

H-5

H-6

H-2

H-4

 

Figure 4. 1H-NMR spectra of CD and CD–BUD complex containing 10wt% BUD. The peak at 4.79 

ppm is attributed to D2O. 

SEM images were used for the examination of the inclusion complexes’ morphology. 

According to the literature, CD presents an irregular block structure [26]. As depicted in 

Figure 5, in any solvent ratio, the obtained complexes were of irregular, spherical shaped, 

agglomerated particles. This observation is in accordance to the work of Musuc et al. [27] 

concerning CD inclusion complexes containing a flavonoid, cirsiliol, confirming the suc-

cessful formation of the complexes. 

Figure 4. 1H-NMR spectra of CD and CD–BUD complex containing 10 wt% BUD. The peak at
4.79 ppm is attributed to D2O.

SEM images were used for the examination of the inclusion complexes’ morphology.
According to the literature, CD presents an irregular block structure [26]. As depicted in
Figure 5, in any solvent ratio, the obtained complexes were of irregular, spherical shaped,
agglomerated particles. This observation is in accordance to the work of Musuc et al. [27]
concerning CD inclusion complexes containing a flavonoid, cirsiliol, confirming the suc-
cessful formation of the complexes.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 15 
 

   

(a) (b) (c) 

  

(d) (e) 

Figure 5. SEM images of CD–BUD inclusion complexes in H2O/EtOH ratios (a) 50/50, (b) 60/40, (c) 70/30, (d) 80/20, (e) 

90/10. 

In a subsequent stage, through the X-ray diffraction analysis, the physical state of the 

inclusion complexes was assessed (Figure 6) and the degree of crystallinity was calculated 

according to Eq 1. CD is a crystalline oligosaccharide with many characteristic peaks in its 

diffractogram in 12.66°, 15.96°, 16.12°, 18.24°, 19.00°, 21.14°, 23.00°, 24.22°, 25.7° and 27.10° 

[28]. BUD is a crystalline pharmaceutical compound with a main sharp peak at 15.8°, sec-

ondary peaks at 12.2°, 23.2°, and many smaller peaks as well [29]. Concerning the inclu-

sion complexes, the assessment of their crystalline structure is hard to be observed in the 

diffractograms in Figure 4. The degree of crystallinity is calculated through Equation (1) 

(Table 1). The degree of crystallinity of neat BUD is equal to 70.4%, while for neat CD, it 

is equal to 72.2%. All the CD–BUD samples reveal lower crystallinity values owed to the 

complexation between the oligosaccharide and the drug molecules. Maximum complexa-

tion is conducted in sample CD–BUD-10 with the H2O/EtOH 80–20 ratio, since the lower 

degree of crystallinity is calculated, i.e., at 45.5%. The ratio of the organic solvent has an 

impact on the complexation of BUD and CD. The increasing ratio of EtOH proportionally 

affects the crystallinity of the CD–BUD samples while the ability for the successful for-

mation of inclusion complexes decreases. This is according to the literature since the mol-

ecules of the organic solvent compete with the active compound’s molecules for inclusion 

in the interior cavity of CD [15]. However, concerning the H2O/EtOH 90/10 ratio, the crys-

tallinity of the sample is increasing again, attributed to the highly hydrophobic nature of 

BUD. In the aforementioned ratio, the amount of organic solvent is insufficient for solu-

bilizing the drug, which remains insoluble. 

Table 1. Degree of crystallinity of BUD, CD and CD–BUD inclusion complexes in various H2O/EtOH 

ratios. 

Sample % of Crystallinity 

Budesonide 70.4 

Cyclodextrin 72.2 

CD–BUD-10_50-50 68.6 

CD–BUD-10_60-40 64.8 

CD–BUD-10_70-30 59.1 

Figure 5. SEM images of CD–BUD inclusion complexes in H2O/EtOH ratios (a) 50/50, (b) 60/40, (c) 70/30, (d) 80/20,
(e) 90/10.
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In a subsequent stage, through the X-ray diffraction analysis, the physical state of the
inclusion complexes was assessed (Figure 6) and the degree of crystallinity was calculated
according to Equation (1). CD is a crystalline oligosaccharide with many characteristic
peaks in its diffractogram in 12.66◦, 15.96◦, 16.12◦, 18.24◦, 19.00◦, 21.14◦, 23.00◦, 24.22◦, 25.7◦

and 27.10◦ [28]. BUD is a crystalline pharmaceutical compound with a main sharp peak at
15.8◦, secondary peaks at 12.2◦, 23.2◦, and many smaller peaks as well [29]. Concerning the
inclusion complexes, the assessment of their crystalline structure is hard to be observed in
the diffractograms in Figure 4. The degree of crystallinity is calculated through Equation (1)
(Table 1). The degree of crystallinity of neat BUD is equal to 70.4%, while for neat CD,
it is equal to 72.2%. All the CD–BUD samples reveal lower crystallinity values owed
to the complexation between the oligosaccharide and the drug molecules. Maximum
complexation is conducted in sample CD–BUD-10 with the H2O/EtOH 80–20 ratio, since
the lower degree of crystallinity is calculated, i.e., at 45.5%. The ratio of the organic
solvent has an impact on the complexation of BUD and CD. The increasing ratio of EtOH
proportionally affects the crystallinity of the CD–BUD samples while the ability for the
successful formation of inclusion complexes decreases. This is according to the literature
since the molecules of the organic solvent compete with the active compound’s molecules
for inclusion in the interior cavity of CD [15]. However, concerning the H2O/EtOH 90/10
ratio, the crystallinity of the sample is increasing again, attributed to the highly hydrophobic
nature of BUD. In the aforementioned ratio, the amount of organic solvent is insufficient
for solubilizing the drug, which remains insoluble.
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Table 1. Degree of crystallinity of BUD, CD and CD–BUD inclusion complexes in various H2O/
EtOH ratios.

Sample % of Crystallinity

Budesonide 70.4
Cyclodextrin 72.2

CD–BUD-10_50-50 68.6
CD–BUD-10_60-40 64.8
CD–BUD-10_70-30 59.1
CD–BUD-10_80-20 45.4
CD–BUD-10-90-10 68.4
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3.2. Budesonide Inclusion in Cyclodextrin Complexes

In a subsequent stage, different amounts of BUD were entrapped in CD complexes
with the optimum ratio, H2O/EtOH 80/20. BUD was entrapped in 5 wt%, 10 wt%, 20 wt%,
and 30 wt% forming the samples CD–BUD 5 wt%, CD–BUD 10 wt%, CD–BUD 20%wt,
and CD–BUD 30 wt%. FTIR measurements were performed for the evaluation of the ionic
interactions between BUD and CD (Figure 7). In the FTIR spectra of the CD–BUD inclusion
complexes, characteristic peaks of CD and BUD are present. Moreover, it is evident that by
increasing the amount of the added BUD in the complexes, the peaks present in the regions
1565–1760 cm−1 and 2850–3000 cm−1 attributed to the drug are intensified [30].
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In a subsequent level, the degree of crystallinity of the samples was calculated from
the XRD spectra of Figure 8. The results in Table 2, as well as in Figure 8, reveal that by
increasing the drug content, the peak intensities along with the degree of crystallinity
increasing as a result, which is in accordance with previous data from our group when
BUD was entrapped in chitosan nanoparticles [8].
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Table 2. Degree of crystallinity of BUD, CD and CD–BUD 5 wt%, 10 wt%, 20 wt% and 30 wt%.

Sample Degree of Crystallinity (%)

CD–BUD-5% 43.9
CD–BUD-10% 45.4
CD–BUD-20% 53.6
CD–BUD-30% 56.6

The inclusion complexes were observed through SEM images, as shown in Figure 8,
and their morphological characterizations remained unaffected. Neat BUD is a crystalline
compound with columnar crystalline smooth surfaced rods; [31] whereas, the inclusion
complexes in Figure 9 are depicted as irregular spherical shaped agglomerated particles.
The XRD results established that by increasing the BUD content, the degree of crystallinity
rises. Consequently, unentrapped crystalline rods were expected to be present in SEM im-
ages. However, the morphological image of the samples for the various BUD concentrations
is similar. DSC analysis confirms the aforementioned statement.
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Figure 9. SEM images of (a) CD–BUD 5% (b) CD–BUD 10% (c) CD–BUD 20% (d) CD–BUD 30%.

The DSC thermograms of neat BUD and CD–BUD samples are presented in Figure 10a,b,
respectively. Neat BUD has a melting peak at 257 ◦C [32] and a prior exothermic peak at
233 ◦C. The exothermic peak is attributed to the energy produced during the transition
of BUD’s less stable crystals to a more stable crystal phase (exothermic process). Further
heating leads to the melting point [33]. DSC curves of the CD–BUD samples indicate that
when forming inclusion complexes with CD, BUD is entrapped in the internal cavity in
the amorphous phase [34]. The melting point of BUD is diminished and shifted to lower
temperatures. Moreover, the presence of melting peaks at CD–BUD complexes is attributed
to the non-included amount of BUD while the melting point shifting to 218–225 ◦C is
ascribed to the interactions of BUD with CD.
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Furthermore, the thermal stability of the inclusion complexes was evaluated through
TGA measurements (Figure 11). Neat BUD demonstrates a one-step mass loss between
250–370 ◦C, while at 600 ◦C the mass residue is at about 5%. In contrast, neat CD has
two main decomposition steps. The first is at 50–100 ◦C and is attributed to the samples’
moisture, while during the second step at 317 ◦C, the degradation of the oligosaccharide
initiates [35]. The inclusion complexes reveal a comparable to neat CD degradation profile,
with two decomposition steps. For the samples CD–BUD 5%, CD–BUD 10%, and CD–BUD
20%, their decomposition initiates at 274 ◦C, while the sample CD–BUD 30% initiates
its degradation at 249 ◦C. The formation of inclusion complexes changed the thermal
degradation properties of neat BUD and CD, diminishing the thermal stability of CD and
enhancing the thermal stability of BUD.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 11 of 15 
 

100 200 300 400 500 600

0

20

40

60

80

100

W
e

ig
h

t 
%

 (
%

)

Temperature (oC)

 Budesonide

 CD

 CD-BUD-5%

 CD-BUD-10%

 CD-BUD-20%

 CD-BUD-30%

 

Figure 11. TGA curves of BUD, CD and CD–BUD 5%, CD–BUD 10%, CD–BUD 20% and CD–BUD 

30%. 

3.3. In Vitro Drug Release Analysis 

The drug-loading percentage of BUD in the interior cavity of CD is a significant pa-

rameter directly affecting the release profile with a major impact on the systemic absorp-

tion inducing higher bioavailability [36]. In the present study, the effect of different sol-

vent ratios was examined. Table 3 summarizes the drug-loading efficiency in the CD–

BUD-10% for H2O/EtOH ratios varying from 50/50 to 90/10. It is evident that, by dimin-

ishing the amount of the organic solvent from 50/50 to 80/20 ratio, the drug loading in-

creases. The organic solvent competes with the hydrophobic BUD molecules to enter the 

hydrophobic CD cavity. Consequently, with a lower ratio of EtOH, BUD can be more eas-

ily entrapped in CD complexes. However, in the ratio 90/10, the drug-loading percentage 

decreases, which is attributed to the inability of BUD to be completely dissolved under 

these conditions, forming inclusion complexes with a lower drug loading percentage. 

Table 3. Drug loading percentage of CD–BUD-10_50-50, CD–BUD-10_60-40, CD–BUD-10_70-30, 

CD–BUD-10_80-20 and CD–BUD-10_90-10. 

Sample Drug Loading (%) 

CD–BUD-10_50-50 8.8 

CD–BUD-10_60-40 8.9 

CD–BUD-10_70-30 8.8 

CD–BUD-10_80-20 9.1 

CD–BUD-10-90-10 7.8 

In a further step, the dissolution profile of the inclusion complexes was conducted 

(Figure 12). The in vitro release profile of BUD from the CD–BUD complexes is highly 

associated with the degree of crystallinity of the samples. Active compounds entrapped 

in the amorphous phase are estimated to have an enhanced dissolution profile since the 

amorphous state of the drugs is characterized by a disordered structure in comparison to 

the crystalline state with higher free energy [37]. BUD as a crystalline, hydrophobic com-

pound presents an in vitro dissolution ability of up to 13%. The inclusion of BUD in CD 

complexes leads to the amelioration of the active compound’s release behavior. As ex-

pected, the optimum release behavior was measured in the sample with H2O/EtOH ratio 

80/20, releasing up to 65% of the embedded drug. The samples with higher degrees of 

crystallinity presented inferior in vitro release. However, all the inclusion complexes 

Figure 11. TGA curves of BUD, CD and CD–BUD 5%, CD–BUD 10%, CD–BUD 20% and CD–BUD 30%.

3.3. In Vitro Drug Release Analysis

The drug-loading percentage of BUD in the interior cavity of CD is a significant pa-
rameter directly affecting the release profile with a major impact on the systemic absorption
inducing higher bioavailability [36]. In the present study, the effect of different solvent
ratios was examined. Table 3 summarizes the drug-loading efficiency in the CD–BUD-10%
for H2O/EtOH ratios varying from 50/50 to 90/10. It is evident that, by diminishing the
amount of the organic solvent from 50/50 to 80/20 ratio, the drug loading increases. The
organic solvent competes with the hydrophobic BUD molecules to enter the hydrophobic
CD cavity. Consequently, with a lower ratio of EtOH, BUD can be more easily entrapped in
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CD complexes. However, in the ratio 90/10, the drug-loading percentage decreases, which
is attributed to the inability of BUD to be completely dissolved under these conditions,
forming inclusion complexes with a lower drug loading percentage.

Table 3. Drug loading percentage of CD–BUD-10_50-50, CD–BUD-10_60-40, CD–BUD-10_70-30,
CD–BUD-10_80-20 and CD–BUD-10_90-10.

Sample Drug Loading (%)

CD–BUD-10_50-50 8.8
CD–BUD-10_60-40 8.9
CD–BUD-10_70-30 8.8
CD–BUD-10_80-20 9.1
CD–BUD-10-90-10 7.8

In a further step, the dissolution profile of the inclusion complexes was conducted
(Figure 12). The in vitro release profile of BUD from the CD–BUD complexes is highly
associated with the degree of crystallinity of the samples. Active compounds entrapped
in the amorphous phase are estimated to have an enhanced dissolution profile since the
amorphous state of the drugs is characterized by a disordered structure in comparison
to the crystalline state with higher free energy [37]. BUD as a crystalline, hydrophobic
compound presents an in vitro dissolution ability of up to 13%. The inclusion of BUD in
CD complexes leads to the amelioration of the active compound’s release behavior. As
expected, the optimum release behavior was measured in the sample with H2O/EtOH
ratio 80/20, releasing up to 65% of the embedded drug. The samples with higher degrees
of crystallinity presented inferior in vitro release. However, all the inclusion complexes
presented a two-phase release profile. An initial burst release during the first 7 h which is
followed by a sustain release up to 10 days.
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At a subsequent level, the drug loading percentage of BUD in the samples CD–BUD
5 wt%, 10 wt%, 20 wt%, and 30 wt% was estimated. Table 4 presents the increasing loading
percentage, as the amount of BUD added in the inclusion complexes increases. Since
the ratio of the organic solvent is constant (80/20 v/v), the loading percentage is affected
solely by the presence of BUD. The results are in agreement with the literature, since the
incorporation of a lipophilic drug into inclusion complexes results in the improvement of
its loading efficacy [38,39].
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Table 4. Drug-loading percentage of CD–BUD-5 wt%, CD–BUD-10 wt%, CD–BUD-20 wt% and
CD–BUD-30 wt%.

Sample Drug Loading

CD–BUD-5% 2.1
CD–BUD-10% 8.8
CD–BUD-20% 13.7
CD–BUD-30% 19.5

In vitro release was estimated in the samples CD–BUD 5 wt%, 10 wt%, 20 wt%, and
30 wt%. Their release profiles are similar to the in vitro release of the samples CD–BUD-
10 with various H2O/EtOH ratios with a two-phase dissolution profile, an initial burst
release, followed by a sustain release (Figure 13). Interesting is the fact that a higher
release is achieved by the sample with a lower amount of BUD, CD–BUD-5% equal to
78.7%. This release behavior is characteristic for lipophilic drugs owed to hydrophobic
interactions taking place between the drugs’ molecules. According to literature data,
the entrapment of hydrophobic active substances in polymeric matrices results in an
inversely proportional relationship between drug concentration and drug release. When
the drug amount becomes higher, the drug release is reduced [40–42]. Furthermore, as
the percentage of BUD increases, the percentage of the released drug is diminished. The
maximum dissolution percentage of the samples CD–BUD 10 wt%, 20 wt%, and 30 wt%
are 61.8%, 51.5%, and 27.2% respectively. Moreover, the release profiles are according to
the degree of crystallinity of the samples. As expected, samples with lower degrees of
crystallinity present ameliorated release profiles. These results are according to results
from our previous study where BUD was entrapped in chitosan nanoparticles and the
dissolution of BUD was diminished as the drug loading percentage increased [8]. This
phenomenon is characteristic for hydrophobic active compounds [43,44] where lower
dissolution profiles are observed in higher amounts of drug loading, attributed to their
hydrophobic nature [44].
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4. Conclusions

In the present study, BUD was successfully entrapped in CD inclusion complexes.
The effect of the solvent ratio during the formation of the complexes on the degree of crys-
tallinity and the drug-loading efficacy was examined. The optimum ratio of H2O/EtOH
was 80/20 v/v, presenting the highest loading efficacy with the minimum degree of crys-
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tallinity. Inclusion complexes were formed in the optimum conditions in ratios 5 wt%,
10 wt%, 20 wt%, and 30 wt%. FTIR spectra confirmed the presence of BUD in CD com-
plexes with its characteristic peaks increasing as the drug content of the samples increased.
Through XRD diffractograms and DSC thermograms, the diminishing of the drug’s crys-
tallinity was evident. SEM images depicted the morphology of the complexes, while
through TGA thermograms the amelioration of the thermal behavior of BUD after inclu-
sion was proved. In vitro release studies were conducted and the enhanced release of
BUD in the dissolution medium was confirmed. A direct correlation between crystallinity
and in vitro release behavior was observed, since higher dissolution percentages were ob-
tained for samples with lower crystallinity values. Results support the optimized in vitro
release of BUD from CD complexes, and consequently, CD–BUD inclusion complexes
are promising candidates for enhancing the drug’s bioavailability for the treatment of
COPD patients.
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