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Abstract: The purpose of the study is to investigate the influence of modified -cyclodextrins like
sulfobutyl ether B-cyclodextrin (SBE7-p-CD) and methyl-p-cyclodextrin (Me-B-CD) on the dissolution
of irbesartan. Phase solubility investigations showed AL-type curves for modified $-cyclodextrins. The
estimated apparent stability constant for irbesartan SBE7-B-CD is 716 + 0.69 M, whereas for irbesartan
Me-B-CD is 584 + 0.5 M™. The inclusion complexes of irbesartan SBE7-B-CD and irbesartan Me-B-CD
in the equal molar ratio were prepared by microwave irradiation. The process parameters were
optimized with 32 factorial designs. Response surface graphs and contour plots showed how process
factors affected drug content. The inclusion complexes prepared by optimizing process variables are
characterized. The dissolution rate of the prepared SBE7-3-CD complex with microwave irradiation
technique showed 6.31 folds, and the Me-p-CD complex showed 6.04 folds improved dissolution rate
compared to pure irbesartan. The studies conclude that prepared inclusion complexes are promising for
increasing irbesartan bioavailability.

Keywords: irbesartan; inclusion complexes; sulfobutyl ether B-cyclodextrin (SBE7--CD); methyl-B-
cyclodextrin (Me-B-CD); microwave irradiation; bioavailability.

© 2023 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Irbesartan is a subtype AT1 antagonist for the angiotensin Il receptor. Its scientific
name is 2-Butyl-3-[[4-[2-(2H-tetrazol-5-yl) phenyl] phenyl] methyl]-1,3-diazaspiro [4, 4] non-
1-en-4-one shown in Figure 1. It is part of the system comprising renin, angiotensin, and
aldosterone and belongs to a group of drugs called angiotensin receptor blockers [1,2]. The
Biopharmaceutical Classification System (BCS) categorizes irbesartan as a molecule of class
I1, which is water-insoluble and highly permeable. Due to its limited water solubility, irbesartan
has a low bioavailability [3,4]. The oral bioavailability reported is 60% [5]. Although several
approaches for improving water-insoluble drugs’ physicochemical and biological
characteristics have been developed, each has limitations [6,7]. Numerous strategies have been
proposed in order to solve this issue. One of the more promising methods among them is the
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complexation of the drug with cyclodextrins. Oligosaccharides with varying glucopyranose
rings are cyclodextrins. Lipophilic core and hydrophilic shell best describe cyclodextrins,
which makes them appropriate for lipophilic drug inclusion complexes with lipophilic drugs.
The complexation of drugs with cyclodextrins using a variety of methodologies indicated the
value of cyclodextrins in enhancing the solubility qualities of pharmaceuticals [8-13].
Complexing with B-cyclodextrin and 2-hydroxypropyl B-cyclodextrin enhances Irbesartan
solubility and dissolution, according to the literature [14,15]. However, toxicological concerns
hinder the use of cyclodextrins in medications. With the exploration of numerous chemically
altered cyclodextrins, such as methyl-pB-cyclodextrin (Me-p-CD) and sulfobutyl ether f-
cyclodextrin (SBE7-B-CD), represented in Figure 1, that have significantly lower toxicity,
interest in the use of cyclodextrins has increased, especially for increasing dissolution, stability,
and bioavailability of drugs that are low water soluble [16-19]. Sulfobutyl ether B-cyclodextrin
(SBE7-B-CD) is a type of B-CD that has been modified chemically that is a negatively charged
cyclic hydrophilic oligosaccharide in agueous media. At 25 °C, aqueous solubility is 70 g/100
ml, much greater than 3-CD.

Furthermore, unlike f-CD, there is no nephrotoxicity [20]. Methyl-B-cyclodextrin (Me-
B-CD) has a considerable advantage over 3-CD as a host molecule since it is more soluble than
B-CD, i.e., 100 mg/ml and 0.18 g/ml, respectively [21]. It is thought that the higher solubility
of (Me-B-CD) in water will help the drug dissolve effectively when it is complex [22,23]. Due
to these benefits, SBE7-B-CD and Me-B-CD may improve the physiochemical properties of
weakly water-soluble compounds. Inclusion complexes are traditionally prepared using a
variety of methods. Co-evaporation, spray drying, and freeze drying are examples of these
techniques. All these procedures have two key drawbacks: they are time-consuming and require
substantial amounts of organic solvent. To avoid the drawbacks of existing complexation
procedures, a novel technology such as microwave irradiation (MWI) is being explored. On
the other hand, MWI will have fewer scale-up issues [24-27]. The study aims to synthesize
inclusion compounds with optimized process parameters and determine the effect of modified
cyclodextrins on irbesartan dissolution.
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Figure 1. (a) Structure of Irbesartan; (b) Sulfobutyl ether B-cyclodextrin (c) Methyl-B-cyclodextrin.

2. Materials and Methods

2.1. Materials.

Irbesartan is obtained as a gift sample from Aurobindo Pharma Limited, Hyderabad.

SBE7-B-CD is acquired from Shanghai-based Chembest Research Laboratories Limited, and
https://biointerfaceresearch.com/ 20f17
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Methyl-B-cyclodextrin is purchased from BLD Pharmtech Pvt Ltd., Hyderabad. Every other
substance, including solvents, was of analytical grade.

2.2. Analysis of drug content.

An inclusion complex containing 150 mg of irbesartan was dissolved and filtered
through a membrane filter in ethanol. A UV-visible spectrophotometer at 244 nm was used to
determine the amount of irbesartan in the filtrate [28].

2.3. Phase solubility studies.

Regarding irbesartan and cyclodextrin stoichiometry, phase solubility studies are
performed. Phase solubility measurements of cyclodextrins and irbesartan were performed
using the Higuchi-Connors technique [29]. An excess of irbesartan was added to 10 ml of
distilled water containing various increased concentrations of Me-B-CD or SBE7-B-CD
separately in different stoppered conical flasks. The suspension was shaken for 24 hours and
then filtered via 0.45 um filter paper, diluted as needed, and analyzed. According to the
following equation, we were able to deduce the constant stability Ks using the phase-solubility
diagram.

slope
~ So(1 — slope)
where SO0 is the irbesartan water solubility.

Ks

2.4. Preparation inclusion complexes.
2.4.1. Preparation of Physical mixtures.

The preliminary phase solubility investigations produced an equal molar ratio (1:1)
mixture of irbesartan and cyclodextrins. The physical mixture (PM) was made by combining
correctly weighed quantities in a mortar for two minutes with a spatula [30].

2.4.2. Kneading method.

To prepare the equal molar binary system via the kneading technique, weighed amounts
of irbesartan and cyclodextrins were placed in a mortar and mixed for 20 minutes. The final
mixture was kneaded for a further 45 minutes with a few drops of ethanol. The resultant paste
was dried overnight in a vacuum desiccator. The dried product was collected after passing
through screen number 60 [31].

2.4.3. Microwave irradiation technique.
2.4.3.1. Preliminary trials.

In order to make inclusion compounds, it is crucial to understand the process variables.
A mixture of irbesartan and either modified cyclodextrin in a 1:1 molar ratio with a small
quantity of ethanol was subjected to microwave treatment in a microwave oven with a single
magnetron emitter operating at 2.45 GHz. On the instrument's Pyrex turntable, the sample was
rotated to achieve consistent irradiation. The solvent quantity is kept constant in both
conditions. The irradiated samples were stored in a desiccator [32-34].
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2.4.3.2. Optimization of process variables:

Preliminary trials were undertaken to establish the processing range of independent
variables. The effect of processing parameters, i.e., power and reaction time, was examined
using an experimental design and statistical data analysis [35]. The process parameters were
optimized using a 3?-factorial design. Three independent variables were chosen, namely
microwave power 400 W to 900 W (X1), reaction time 10 seconds to 240 seconds (X2), and
percentage drug content (R) as a dependent variable. Each independent variable consisted of
three levels, which were represented by the values -1, 0, and +1, respectively. The quadratic
model proved statistically significant at p<0.05 in the process optimization data analysis. Stat-
Ease Design Expert 12 developed quadratic terms for the response variable in polynomial
models utilizing multiple linear regression analysis. The following polynomial equation gives
a description of the influence that independent factors have on variables that are dependent on
them [36]:

R = a0+ a 1X1+ a2X2 + a12X1 X2 + o011 X12 + o 22X22?

In the above equation, R represents the dependent variable. The value oo represents the
intercept as well as the mean of nine runs. The values a.1, o2, 12, a 11, and o 22 represent the
estimated variable coefficients X1, Xz, X1X2, X12, and Xa2, respectively. The main effect of X1
and Xz is the average consequence of changing one variable from low to high. When two
factors are changed simultaneously, the interaction terms X1X2 show how the parentage drug
content varies. If the predicted and adjusted R? was within 0.20, the data or model might be
incorrect. The coefficient was significant if p < 0.05. SNR determines precision. It compares
the design point prediction range to the typical forecast error. Ratios over four suggest adequate
model discrimination. The significance of the model was assessed using a one-way analysis of
variance (p < 0.05) [37].

2.4.3.3. Verification of optimization capability.

Numerical optimization is desirability-based, and graphical optimization with the use
of overlay graphs was used to review the developed mathematical model's optimization
potential in light of the 32-factorial design findings. An optimal process was developed by
imposing constraints on the minimum and maximum values for each factor and response. The
factors' optimal ranges were constrained to 400 < X1 <900 W and 10 < X2 < 240 sec; while
response ranges were limited to: 85 < Y1 < 98 %. Estimated model accuracy is obtained by
preparing inclusion complexes with three sets of conditions having the optimal combination of
the factors recommended by the program. The chosen optimized process variables were
employed to prepare the inclusion complex to get a target value of 95 percent drug content.
The relative percentage error was calculated by [37]:

% E _ Experimental value — Predicted value X 100
o mrror = Predicted value

2.5. Studies on in vitro dissolution rate.

The dissolution rate of irbesartan and irbesartan inclusion systems was performed under
sink conditions in 1000ml of 0.1 N hydrochloric acid. The dissolution studies were conducted
employing a dissolving rate test device of type 2 USP XXIII. In the test, a paddle speed of 50
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rpm was employed for 20 minutes at a temperature of 37+0.5 °C. An amount containing 150
mg equivalent to irbesartan was placed in each basket. A 0.45 um nylon disc filter was used to
filter a five ml aliquot taken at various times. If needed, the samples were diluted and analyzed
spectrophotometrically at 244 nm [38].

2.6. Fourier transform infrared spectroscopy.

The FTIR spectra were taken using a CARY 630 from Agilent Technologies in the USA
Spectrophotometer using the KBr pellet method. The scans were taken at a scanning speed of
2 mm per second with a resolution of 4 cm™, scanning the range between 600-4000 cm™ while
the device was operating dry purge [39].

2.7. Thermal analysis.

Differential scanning calorimetry (DSC) analysis was performed by Exstar 7020,
Hitachi HTG, Japan, utilizing a 5 mg sample at 10 °C per minute from 40 to 300 °C. The
reference was an empty aluminum pan. All studies employed 30 ml per minute of nitrogen gas
[40].

2.8. Powder X-ray diffraction.

A Rigaku Miniflex 600 X-ray diffractometer was used to examine the crystalline state
of irbesartan in prepared inclusion complexes. Cu Ka radiation at 40kV and 15mA was used
as the X-ray source. Continuous mode scan at 5° per minute, scanning range 0-90 °[41].

2.9. Scanning electron microscopy studies.

A scanning electron microscope (VEGA 3, TESCAN) examined the surfaces of the
drug, physical mixture, and inclusion complexes. The sputter coater, Cressington 108, USA,
coated the samples with a very thin coating of gold, which makes them conductive to
electricity. Photos were collected at 20kV [42].

3. Results and Discussion

3.1. Phase solubility studies.

The diagram for the phase solubility of irbesartan with SBE7-p-CD and Me-B-CD is
shown in Figure 2. The pure irbesartan solubility (s0) was 0.078 mg/ml. Over the entire
concentration range studied, the solubility of irbesartan increases linearly with increasing
modified B-cyclodextrin concentration, indicating an AL-type diagram. Therefore, inclusion
complexes with an equal molar ratio (1:1) were prepared. The estimated Ks for irbesartan Me-
B-CD inclusion complex was 584 + 0.5 M-1 and for irbesartan SBE7-B-CD inclusion complex
IS 716 + 0.69 M-1. Thus, it can be said that irbesartan makes more stable complexes with SBE7-
B-CD. This may be because it makes the hydrophobic cavity bigger without steric hindrance
and makes it easier to fit into the cavity [43,44].
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Figure 2. Phase solubility diagram of irbesartan with cyclodextrins.
3.2. Analysis of drug content.

Stat-Ease Design Expert 12 examined the cumulative effect of independent variables
on response. The physical mixture and kneading inclusion complex of SBE7-B-CD show a
percentage drug content of 99.1+0.65, 98.25+0.85 respectively (n=3), whereas for Me-p-CD is
99.25+0.69 98.78+0.36. Nine batches of inclusion complexes of irbesartan with modified
cyclodextrins were prepared, and the proportion of the medication present was determined. The
findings are presented in Table 1.

Table 1. Experimental matrix of irbesartan inclusion complexes using 32 factorial design. (n=3)

Batch Number | Levels of independent variables employed | Irbesartan SBE7-$-CD Irbesartan Me-g-CD
X1 X2 Inclusion Complex Inclusion Complex

Std Run A: Power (W) B: Time (Sec) % Drug content % Drug content
7 1 400 240 59.8 +0.23 58.9 + 0.35
2 2 650 10 72.9 £0.56 75.7+£0.85
4 3 400 125 65.1+0.78 68.9 £ 0.69
3 4 900 10 43.8 £1.52 41.7+£0.48
1 5 400 10 26.9+0.98 30.8 £0.56
9 6 900 240 36.2+0.17 35.6 +£0.85
5 7 650 125 98.4+0.28 99.2+0.16
6 8 900 125 56.6 + 0.96 55.8 £ 0.85
8 9 650 240 99.1+0.26 95.5+0.69

3.3. Preliminary trials.

The minimum power required for the reaction is 400 W for 10 seconds, and charring is
observed at 500 seconds, whereas charring occurs at 250 seconds at 1000 W. The solvent
quantity is kept constant in both conditions. The irradiated samples were stored in a desiccator
and analyzed for drug content.

3.4. Experimental design and statistical data analysis.

The irbesartan inclusion complexes prepared with SBE7-B-CD using microwave
irradiation show percentage drug concentrations in the range of 26.9 + 0.98 to 99.1 + 0.26,
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whereas with Me-B-CD is 30.8 + 0.56 t0 99.2 + 0.16. The drug content in prepared inclusion
complexes was significant (p < 0.05) in the quadratic model. Multiple linear regression
generated polynomial model equations for all response variables. The polynomial equation
relating the percentage drug content for irbesartan inclusion complexes prepared with SBE7 -
B-CD using microwave irradiation is

R1=101.41-2.53X1+8.58X2-10.13X1X2-42.07X12-16.92X7?

The coefficient estimates provide the estimated response change per unit change in
factor value, while all other factors are maintained constant. The adjusted R? of 0.9526 is close
to the predicted R? of 0.8025. The difference is smaller than 0.2. Accuracy is employed as a
measurement for the signal-to-noise ratio. The obtained value is 16.765. From the above model
equation, F=33.18 indicates model significance. Terms in the model that have p-values less
than 0.05 are considered significant. Xz, X1X2, Xi2, and X2z significantly affect the percentage
of drug content.
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Figure 3. Two- dimensional contour plots and three-dimensional surface plots show the effects of process
variables on percent drug content. (a) Irbesartan SBE7--CD complex contour plot; (b) Irbesartan SBE7-3-CD
complex 3D surface plot; (c) Irbesartan Me-B-CD complex contour plot (d) Irbesartan Me-p-CD complex 3D

surface plot.
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The polynomial equation relating the percentage drug content for irbesartan inclusion
complexes prepared with Me-B-CD using microwave irradiation is

R2=102.31-4.25X1+6.97X2-8.55X1X2-41.52X12-18.27X2°

The coefficient estimates provide the estimated response change per unit change in
factor value, while all other factors are maintained constant. The discrepancy between the
predicted R? value of 0.8624 and the adjusted R? value of 0.9653 is less than 0.2. Adequate
precision determines the signal-to-noise ratio. The obtained value is 18.919. From the above
model equation, F = 45.44 indicates model significance. Terms in the model that have P-values
less than 0.05 are considered significant. X2, X1X2, Xi2, and X2z significantly affect the
percentage of drug content.

A response surface approach was applied to learn more about how the combined effects
of independent variables affect specified responses. Response surface methodology lets you
plot response surfaces in three dimensions and contours in two dimensions. Three-dimensional
response surface plots help explain the independent variables’ main and interaction effects,
whereas two-dimensional contour plots show the response values in Figure 3. The software
made contour plots and 3D response plots that helped demonstrate how the data from the nine
experimental runs on each response appeared. When power (X1) and time (X2) increase, drug
content initially increases but then drops due to drug degradation at high power. The results
also indicate an interaction between the variables, ultimately affecting the output.

3.5. Optimisation of process variables.

After constraining each component and response, the software suggested several
independent variable ratios. Three inclusion ratios were chosen to test the model's optimization
abilities. Numerical optimization was carried out by studying the desirability function; the
target was within the range, and constraints were applied. The desirability function of selected
solutions was found to be 1, indicating the model's suitability. After applying the constraints
for the response presented in Figure 4, a graphical optimization was performed by building
overlay graphs. The characteristics of these three batches indicated that the observed values of
the batches were close to the values predicted by the software shown in Table 2. The observed
percentage error ranges from -1.03 to 1.93, the lowest possible error rate, demonstrating that
factorial models reliably predict process variables. The prepared inclusion complexes SMWC
3 and MMWC 3 were then tested and characterized for the dissolution rate.

Table 2. Optimization process variables for the preparation of inclusion complexes.

Responses | Batch X1 X2 Observed Value Predicted Value | % Error
Power(W) Time (Sec) | (Meanzx SD, n=3)

Drug SMWC 1 600 75 94.2+ 0.45 92.42 1.93

contentin | SMWC 2 600 85 95.8+0.78 95.04 0.80

SBE7-B- | SMWC 3 600 97 96.5+0.36 96.59 -0.09

CD

irradiated

inclusion

complexes

Drug MMWC 1 600 71 92.6+0.32 93.56 -1.03

contentin | MMWC 2 600 77 96.1+0.45 94.89 1.28

Me-3-CD | MMWC 3 600 83 96.5+0.98 95.95 0.57

irradiated

inclusion

complexes
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Figure 4. Graphical optimization by overlay plots indicating the region of optimal process variables. (a)
Irbesartan SBE7-B-CD microwave irradiation complexes; (b) Irbesartan SBE7-B-CD microwave irradiation
complexes.

3.6. Studies on in-vitro dissolution rate.

Pure drug and all inclusion complex dissolution curves are shown in Figure 5. These
results showed that physical combination and kneading inclusion complex dissolved better than
pure drug.

120
—4&— Pure Irbesartan
—@—Irb SBE7-B-CD PM
100
- Irb SBE7-B-CD Kneading
o
s —&— Irb SBE7-B-CD MW
_8 80
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-
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Figure 5. Dissolution profiles of irbesartan and irbesartan cyclodextrin complexes.
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Irbesartan SBE7-B-CD inclusion complex (SMWC 3) shows a higher rate of dissolution
in comparison to that of the physical mixture and kneading inclusion complex. In the case of
inclusion complexes prepared by the Me-p-CD, the inclusion complex (MMWC 3) showed a
higher rate compared to the physical mixture and kneading complex. Microwave irradiation of
inclusion complexes likely causes solubilization, amorphization, and enhanced wettability, all
contributing to a higher dissolution rate. In both instances, the disintegration rate was enhanced
in the ways described below: Irbesartan < physical mixture < kneading complex < microwave
irradiated complex, suggesting that complex inclusion preparation affected dissolution. The
microwave irradiation method enhances the dissolution rate of irbesartan by 6.31 folds by
complexation with SBE7-p-CD, whereas, in the case of Me-f-CD complexation, it is 6.04 folds.

3.7. Fourier transform infrared spectroscopy.

FTIR of irbesartan and complexes was recorded and is shown in Figure 6. FTIR
spectrum of irbesartan shows the characteristic weak band at 3447 cm * related to N — H bond
stretching vibration, steep apex at 2957 cm * related to C — H bond stretching of the aromatic
ring, medium apex at 2871 cm " related to symmetric C — H bond stretching, very steep apex
at 1730 cm ! related to C = O bond stretching of carbonyl group, very steep apex at 1612 cm-
! related to N — H bond bending, medium intensity apex at 1483 c¢m ™ related to C = C bond
stretching were observed which are similar to values reported in the literature [45]. The
prepared inclusion complexes with SBE7-p-CD showed a characteristic strong band at 3407
cm related to N — H bond stretching vibration, steep apex at 2930 cm ™ related to C — H bond
stretching of the aromatic ring, medium apex at 2851 cm™ related to symmetric C — H bond
stretching, steep apex at 1731 cm " related to C = O bond stretching of carbonyl group, steep
apex at 1615 cm™ related to N — H bond bending, medium intensity apex at 1433 cm™ related
to C = C bond stretching were observed. The prepared inclusion complexes with Me-B-CD
showed characteristic strong bands at 3410 cm * related to N—H stretching vibration, a steep
apex at 2925 cm™ related to C—H bond stretching of an aromatic ring, a medium apex at 2834
cm “*related to symmetric C—H bond stretching, a steep apex at 1731 cm * related to C = O
bond stretching of the carbonyl group, a steep apex at 1615 cm " related to N—H bond bending,
and a medium intensity apex at 1433 cm " related to C = C bond stretching were also observed.
The decrease in peak intensity for C=0 indicates the interaction with cyclodextrins.

(9)

(f)

(e)

L

% Transmmitance

— T W
f, ‘\‘A\/A‘IYW\
&——ﬁ%r‘fvyww
T ' T T T g T T T T T
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Figure 6. FTIR spectra of (a) Irbesartan; (b) Irbesartan SBE7-B-CD PM; (c) Irbesartan SBE7-f-CD PM
Kneading complex; (d) Irbesartan SBE7-B-CD MW; (e) Irbesartan Me-B-CD PM; (f) Irbesartan Me-B-CD
Kneading; (g) Irbesartan Me-B-CD MW.
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3.8. Thermal analysis.

The differential scanning calorimetric curve of irbesartan and inclusion complexes,
shown in Figure 7, gave information about the solid-state interactions and the influence of
preparation methods. Irbesartan differential scanning calorimetry data revealed an endothermic
peak relatively sharp at 186 °C, resembling the value reported in the literature [46]. After that,
there is an immediate release of heat and a mass loss due to decomposition at 212 °C, which
ends at 273 °C with a peak at 244 °C. SBE7-B-CD showed an endothermic peak at 275°C
[47,48]. The physical mixture of irbesartan and SBE7-B-CD shows both the peaks representing
the drug and SBE7-B-CD. In the kneading thermogram, the irbesartan and SBE7-3-CD peaks
had decreased intensities, with a broad peak at 275 °C, implying little interaction between
irbesartan and SBE7-B-CD. Irbesartan SBE7-B-CD microwave irradiated complex peaked at
180 °C, indicating the formation of an inclusion complex. The thermogram of methyl-§-
cyclodextrin showed a broad endothermic peak starting from 45° C to 111°C associated with
water loss. The physical mixture of irbesartan and Me-f-CD shows both the peaks representing
the drug and Me-B-CD. The kneading complex thermogram of irbesartan and Me-B-CD
showed a broad peak at 170 °C, indicating interaction and complex formation. A broad peak at
173.1 °C was observed in the microwave-irradiated complex of irbesartan Me-p-CD, indicating
complex formation.

(i) J

(h)

Heat Flow m W

50 75 100 125 150 175 200 225 250 275 300
Temperature (°C)

Figure 7. DSC thermogram of (a) Irbesartan; (b) SBE;-B-CD; (c) Irbesartan SBE7-3-CD PM; (d) Irbesartan
SBE7-pB -CD Kneading complex; (e) Irbesartan SBE7-B-CD MW complex; (f) Me -p-CD; (g) Irbesartan Me-p-
CD PM; (h) Irbesartan Me-B-CD Kneading complex; (i) Irbesartan Me-B-CD MW complex.

3.8. Powder X-ray diffraction.

The crystalline nature of irbesartan in complexes was investigated with X-ray
diffraction studies shown in Figure 8. The irbesartan showed crystalline sharp peaks at 10.38°,
12.24°,13.18°, 16.82°, 17.65°, 18.87°, 19.4°, 19.96°, 20.64°, 21.19°, 21.46°, 22.55°, 22.95°,
23.49°,26.58°, 27.41°, 28.39°, 31.84°, 32.95°, 37.12°, and 41.68° (20) [49]. SBE7-B-CD shows
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a diffraction pattern indicative of an amorphous nature. The physical mixture of irbesartan
SBE7-B-CD shows a similar diffraction pattern as that of pure irbesartan with slight variation
in intensity. The SBE7-B-CD kneading complex showed peaks at 10.84°, 12.54°, 13.39°, 15.6°,
16.2°, 17.18°, 19.55°, 20.10°, 21.90°, 23.5°, 27.67°, 28.8°, 32.2°, 37.55°, and 39.9°. The
microwave irradiation complex of SBE7-B-CD peaks at 10.96°, 12.64°, 13.42°, 14.33°, 15.88°,
17.16°, 18.89°, 19.61°, 20.40°, 21.69°, 23.24°, 25.56°, 28.0°, 29.31°, and 31.2°. Me-B-CD
showed a diffraction pattern indicative of an amorphous nature. The physical mixture of
irbesartan Me-B-CD shows a similar diffraction pattern as that of pure irbesartan with slight
variation in intensity. The Me-B-CD kneading complex showed peaks at 10.64°, 12.54°, 13.1°,
17.1°,18.9°,19.5°, 20.5°, 21.52°, 22.8°, 23.3°, 26.6°, 27.9° and 33.33°. The microwave
irradiation complex of Me-B-CD peaks at 10.55°, 11.61°, 12.31°, 12.54°, 13.35°, 14.71°,
16.61°, 17.08°, 17.61°, 19.07°, 19.53°, 20.0°, 20.8°, 21.76°, 23.27°, 24.79°, 26.78°, 27.71°,
28.64°, and 32.02°. The irbesartan degree of crystallinity was found to be 63.80 percent. The
irbesartan SBE7-B-CD microwave irradiated complex was 48.52 percent, while the complex of
irbesartan Me-B-CD was 61.90 percent.
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Figure 8. XRD plots of (a) Irbesartan; (b) SBE7-B-CD; (c) Irbesartan SBE;-B-CD PM; (d) Irbesartan SBE7-f3-
CD kneading; (e) Irbesartan SBE7-p-CD; (f) Methyl-B-CD; (g) Irbesartan Me-B-CD PM; (h) Irbesartan Me-f3-
CD kneading; (i) Irbesartan Me-B-CD MW.

3.9. Scanning electron microscopy (SEM) studies.

The morphology and particle size of irbesartan, kneading complexes, and microwave-
irradiated complexes were analyzed by SEM and shown in Figure 9. Irbesartan appeared as
rod-shaped crystals [50]. In the physical mixture of irbesartan SBE7-p-CD, it is observed that
irbesartan crystals combined and attached to SBE7-p-CD particles, showing no solid-state
interaction. The kneading complex for irbesartan SBE7-p-CD showed slight interaction
between them. The irbesartan SBE7-B-CD microwave irradiated complex showed large,
irregular-shaped particles, indicating the formation of particles of an amorphous nature.
Following the inclusion complex with Me-B-CD, particles lost form, smoothed, and shrank.
Inclusion complexes changed drug particle morphology and shaped drastically. Irbesartan and
Me-B-CD were indistinguishable, suggesting a high degree of complexation.
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Figure 9. SEM images of (a) Irbesartan; (b) Irbesartan SBE7-B-CD PM; (c) Irbesartan SBE;-B-CD Kneading
complex; (d) Irbesartan SBE7-B-CD MW complex; (e) Irbesartan Me-B-CD Kneading complex; (f) Irbesartan
Me-B-CD MW complex.

4. Conclusions

In this study, adding modified cyclodextrins made irbesartan more soluble because of
electronic interactions. The phase solubility experiments reveal AL-type curves; hence,
inclusion complexes were prepared using an equal molar ratio. Irbesartan inclusion complexes
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were produced using the kneading and microwave irradiation techniques with SBE7-B-CD and
Me-B-CD. The process variables in the microwave irradiation technique for preparing
irbesartan and modified B-cyclodextrin inclusion complexes were optimized using a 32-
factorial design. The prepared inclusion complexes SMWC 3 and MMWC 3 were further used
for dissolution rate testing and characterization. The irbesartan inclusion complexes with
SBE7-B-CD prepared by kneading technique showed 2.76 folds. The microwave irradiation
technique (SMWC 3) showed 6.31 folds enhanced dissolution rate compared with pure
irbesartan, where the Me-B-CD complexes showed 2.14 and 6.04 folds, respectively. The DSC
thermographs of microwave-irradiated complexes indicated solid-state interaction, and X-ray
diffraction revealed the amorphization of irbesartan in the complexes. The FTIR spectra
indicate no significant change in the characteristic peaks of functional groups. The SEM images
for SMWC 3 and MMWC 3 revealed drastic changes in the structure of the inclusion
complexes, namely the morphology and form of the drug particles. Thus, this combination
improves irbesartan oral bioavailability at an appropriate dosage form.
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