DE GRUYTER

Green Processing and Synthesis 2024; 13: 20240187

Research Article

Mohit Vij*, Neha Dand, Lalit Kumar, Neeraj Choudhary, Parveen Kumar, Pankaj Wadhwa*,
Shahid Ud Din Wani, Faiyaz Shakeel, and Mohammad Ali

Novel microwave-based green approach

for the synthesis of dual-loaded cyclodextrin
nanosponges: Characterization,
pharmacodynamics, and pharmacokinetics

evaluation

https://doi.org/10.1515/gps-2024-0187
received August 24, 2024; accepted December 2, 2024

Abstract: Recently, microwave-based cyclodextrin nanos-
ponges (CDNS) of domperidone (DOM) for their solubility
and dissolution improvement have been studied. However,
microwave-based CDNS for the dual-loading of cinnarizine
(CIN) and DOM have not been documented. Therefore, this
research concentrates explicitly on the concurrent loading of
two drugs employing these nanocarriers, namely CIN and DOM,
both categorized under Class II of the Biopharmaceutical
Classification System. A green approach involving microwave
synthesis was employed to fabricate these nanocarriers. Fourier
transform infrared (FTIR) spectroscopy confirmed the forma-
tion of CDNS, while scanning electron microscopy scans illu-
strated their porous nature. X-ray diffraction studies established
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the crystalline structure of the nanocarriers. Differential scan-
ning calorimetry and FTIR analyses corroborated the drugs’
loading and subsequent amorphization. In vitro drug release
studies demonstrated an enhanced solubility of the drugs, sug-
gesting a potential improvement in their bicavailability. The in
vivo pharmacokinetic investigation emphatically substantiated
this hypothesis, revealing a 4.54- and 2.90-fold increase in the
bioavailability of CIN and DOM, respectively. This enhancement
was further supported by the results of the pharmacodynamic
study utilizing the gastrointestinal distress/pica model, which
indicated a significantly reduced consumption of kaolin.
Conclusively, this study affirms the adaptability of micro-
wave-based CDNS for the concurrent loading of multiple
drugs, leading to improved solubility and bioavailability.

Keywords: bioavailability, cyclodextrin, microwave, nano-
carriers, nanosponge

1 Introduction

The simultaneous administration of two or more active
substances in a single dosage form to enhance therapeutic
response is termed combination drug therapy [1]. This
approach is advantageous for achieving a synergistic effect
improving patient compliance and reducing dosing fre-
quency, especially in chronic conditions. Pathological com-
plexities such as cancer, neurodegenerative disorders, pain
management, and infectious diseases necessitate the use of
combination drug therapy for effective treatment and
management [2]. Motion sickness, nausea, and vertigo
are all treated with the antihistaminic drug cinnarizine
(CIN) [3/4]. As an antiemetic medication, domperidone
(DOM) is frequently used to temporarily reduce nausea
and vomiting [5,6]. Combining CIN and DOM is more
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beneficial than using either drug alone, according to clinical
research on human subjects [7]. According to the Biopharma-
ceutical Classification System, both CIN and DOM medicines
are classified as class II pharmaceuticals, meaning they have
weak solubility and good permeability [8,9]. The co-adminis-
tration of combined drugs in a single formulation can be
facilitated by a variety of nanocarriers, such as liposomes,
niosomes, organic or inorganic nanoparticles, polymeric or
lipid nanoparticles, nanotubes, microemulsions, nanoemul-
sions, and surfactant or polymeric micelles [10,11]. Improved
bioavailability, enhanced therapeutic efficacy, protection
against degradation, a controlled release profile, and site-spe-
cific delivery of the pharmaceuticals under study are pro-
vided by these nanocarriers [11-14]. Nevertheless, despite
ongoing advancements and impressive outcomes, the
majority of the aforementioned nanocarrier types have a
number of disadvantages that limit their effectiveness in com-
bination therapy, including low drug entrapment efficiency,
poor drug-loading, limited stability, potential toxicity of the
nanocarrier components, and unintended side effects [11].
Recently, researchers have looked into combining drug com-
plexation with cyclodextrins into various nanocarrier types
as a potential way to get around the disadvantages of each
individual nanocarrier and then increase their efficacy by
combining their individual positive effects into a single nano-
carrier [11,14]. Therefore, cyclodextrin nanosponges (CDNS)
for dual-loaded drug delivery of CIN and DOM were selected
in this study.

While native cyclodextrins have historically been suc-
cessful in enhancing the solubility and stability of poorly
soluble drugs, limitations such as the ability to load only
one drug at a time and limited loading capacity have
prompted researchers to seek solutions [15]. The emergence
of cyclodextrin-based nanosponges as a carrier system
addresses these challenges, offering the capability to load
multiple lipophilic or hydrophilic drugs with superior capa-
city compared to native cyclodextrins. CDNS, polymerized
derivatives of native cyclodextrins through cross-linking, pos-
sess biodegradable and non-toxic monomers, enjoying wide-
spread regulatory acceptance in the pharmaceutical industry
[16]. Previous studies on the encapsulation of various drugs
like nicosulfuron [17], quercetin [18], resveratrol [19], and
fisetin [20] have proven the merit of these nanocarriers in
effective drug delivery.

Despite the theoretical advantages of loading multiple
drugs within the same nanocarrier, few systems have
explored this aspect of CDNS, likely due to the physical
characteristics of these nanocarriers. Various synthetic
approaches have been discussed in the literature, and
the choice of method has been linked to the physicochem-
ical properties of nanosponges. Two distinct forms of CDNS
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— amorphous and crystalline — have been identified, with
preparation methods influencing their nature [21,22]. Tra-
ditional methods, such as fusion and solvent evaporation,
were initially employed but faced challenges related to
non-uniform reactions, large solvent requirements, low
yield, and, more importantly, yielding nanosponges having
an amorphous nature, which would lead to reduced drug
loading [23]. To address these limitations, newer and more
environmentally friendly techniques, such as microwave
and ultrasonic-assisted synthesis, have gained attention.
These methods seek to enhance the morphological, phy-
sical, and functional properties of nanosponges. The shift
to these microwave-based approaches is driven by the
need for straightforward, inexpensive, quick, and scalable
procedures for the mass manufacturing of monodisperse,
stable nanosponges with regulated size and shape [24].
Recently, we reported microwave-based CDNS of DOM
for its solubility and dissolution improvement [25]. How-
ever, microwave-based CDNS for the combined therapy of
CIN and DOM has not been documented. Therefore, the
present research has focused on the microwave-mediated
synthesis of crystalline CDNS, demonstrating their poten-
tial in complexing with poorly soluble model drugs — CIN
and DOM. The goal is to enhance these drugs’ solubility,
dissolution, and oral bioavailability while achieving a con-
trolled release profile.

2 Materials and methods

2.1 Materials

CIN and DOM were graciously supplied as gift samples by
Ankur Drugs and Pharma Ltd. (Baddi, India). B-Cyclodextrin
(BCD) was generously provided by Roquette India Pvt., Ltd.
(Mumbai, India). Diphenylcarbonate (DPC) and dimethylfor-
mamide (DMF) were procured from Sigma Aldrich (Mumbai,
India). All additional chemicals and reagents utilized in this
study were of analytical grade. Milli Q water (Millipore) was
employed throughout the experimental procedures.

2.2 Synthesis of blank and dual drug-
loaded CDNS

Using a fiber optic temperature sensor with an infrared
camera and a magnetic stirring system, microwave reac-
tions were conducted at 2,450 MHz in a scientific micro-
wave system (Raga Tech, Bangalore, India). This integrated
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system proved to be useful in upholding and monitoring
the reaction conditions required for the synthesis of nanos-
ponge materials. The process involved the mixing of 100 mL
of DMF with the monomer (BCD) and cross linker (DPC) in
various molar ratios in a 250 mL flask before microwave
irradiation. The solvent was extracted using a distillation
procedure following a predetermined amount of time spent
carrying out the reaction. To purify the final product after
complete solvent removal, it was first washed with water and
then extracted using a Soxhlet apparatus with ethanol for 4 h.
The obtained formulation was optimized to get stable and
insoluble blank nanosponges, which are referred to as micro-
wave-nanosponges (MW-NS) [23]. Equimolar proportions of
the drugs and the MW-NS were equilibrated under slow-stir-
ring, centrifuged to remove uncomplexed drugs, and finally
lyophilized using a lyophilizer (Bio gene, India) to obtain dual
drug-loaded MW-NS.

2.3 Physicochemical characterization of dual
drug-loaded MW-NS

2.3.1 Particle size, polydispersity index (PDI), and zeta
potential

The average size, PDI, and zeta potential of dual drug-loaded
MW-NS were assessed with a “Malvern® Zetasizer Nano ZS 90
(Malvern® Instruments Limited, Worcestershire, UK).” Each
test sample was diluted 200 times with deionized water
before three measurements were taken at a fixed scattering
angle of 90° and a temperature of 25°C, respectively.

2.3.2 Drug loading and entrapment efficiency

To get rid of any leftover medication, 50 mg of dual drug-
loaded MW-NS was thoroughly cleaned with methanol. To
release the medication contained, they were sonicated for
15 min after being dried and further triturated with methanol.
After filtering, the solutions were examined using high-perfor-
mance liquid chromatography (HPLC) at 270 nm and spectro-
photometry at 254 and 287 nm [26]. Using standard formulae,
the drug encapsulation efficiency was calculated.

2.3.3 Fourier transform infrared-attenuated total
reflectance (FTIR-ATR) spectroscopy

The FTIR-3000B (Analytical Technologies Ltd., Mumbai, India)
was used to produce FTIR-ATR spectra for both blank and
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dual drugloaded MW-NS in the 4,000-600 cm™ frequency
range. To prevent contamination, each spectrum was
recorded in a dry atmosphere with a sensitivity of 4 cm™
The resulting average of over 100 repeats produced a satis-
factory signal-to-noise ratio and reproducibility.

2.3.4 Differential scanning calorimetry (DSC)

A Hitachi, DSC 7020 calorimeter (Tokyo, Japan) was used
for the DSC analysis. The heat of fusion and indium melting
point were used to calibrate the device. Heating was done at a
pace of 10°C per minute to reach temperatures between 35
and 300°C. An empty sample pan was used as a reference
when sourcing aluminum sample pans. Five-milligram sam-
ples were examined in triplicate while under nitrogen purge.

2.3.5 X-ray powder diffraction (XRPD)

We used a Bruker diffractometer (D8 Advance, Coventry,
UK) to conduct a comprehensive XRPD investigation to
investigate the differential crystallinity behavioral pat-
terns of blank MW-NS and dual drug-loaded MW-NS. The
chosen specimens were photographed over a 26 range
across a 5-90° angle at a 40 kV voltage and 40 mA current
utilizing copper wire as a radiation source.

2.3.6 Morphological studies

Using field emission scanning electron microscopy (SEM)
(JSM-7610F Plus, JEOL, Tokyo, Japan), the surface mor-
phology of both blank and dual drug-loaded MW-NS was
examined. The nanosponges were carelessly dispersed across
a double-sided carbon adhesive tape. Then, to lessen the char-
ging effects, those were hit on 300 A gold-coated aluminum
stubs, and photomicrographs were obtained at an acceler-
ating voltage of 20 kV.

2.4 In vitro drug release and release kinetics

Using the USP dissolution tester apparatus II (Paddle type,
Lab, India), release tests were conducted for plain medi-
cines, dual drug-loaded MW-NS, and the physical mixing of
the medications with BCD. At 37 £ 0.5°C, the temperature was
maintained while the paddles rotated at 50 rpm. Dialysis bags
were filled with amounts of pure CIN and DOM with and
without BCD, as well as dual drug-loaded MW-NS equal to
20 mg of CIN and 15 mg of DOM. After being submerged in
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the release medium, the dialysis bags were fastened to a
paddle. After the initial release tests were carried out in
900 mL of 0.1N HCI (pH 1.2) for 2 h, the dialysis bag sample
was transferred to a hemispherical dissolution container with
900 mL of pH 6.8 phosphate buffer for a further 22 h. Five-
milliliter samples were removed after 2, 4, 6, 8,10, 12, and 24 h
and replaced with an equivalent volume of the new drug-free
medium. Spectrophotometric analysis was performed on the
filtered samples at wavelengths of 254 and 287nm. The
average values of the three distinct release studies were dis-
played as the cumulative percentage of drugs released over
time. Furthermore, release profiles between dual drug-loaded
MW-NS and plain drug combinations were compared using
the f; and f, values. Many kinetic models were used to analyze
the drug release from dual drug-loaded MW-NS. The best
model for determining the release mechanism was chosen
[27] based on the coefficient of determination (R).

2.5 Pharmacokinetic studies

A single-dose, randomized block trial design was selected for
this investigation. Male albino Wistar rats, around 6 weeks
old and weighing 250-300 g, were used in this experiment.
The Wistar rats were starved for 24 h before receiving treat-
ment [28]. The study animals were divided into four groups,
each consisting of six individuals. Group I, which was given
an oral dose of the pure drug combination (CIN + DOM)
suspension in distilled water, was regarded as the positive
control group. Group II was regarded as a negative control
group since it was given blank MW-NS in distilled water. The
oral-marketed tablet containing the combination of DOM and
CIN was given to the animals in Group III through oral
gavage. The tablet was dissolved in distilled water and then
taken orally. Group IV was given MW-NS which was dual
drug-loaded. Group IV received the same dosage of DOM
and CIN as a market tablet formulation plus a positive
control.

Blood from each rat’s retro-orbital plexus vein was
continuously collected at 1, 2, 3, 8, 12, 24, 36, and 48 h inter-
vals [29]. The time points for the blood collection were based
on the time to reach the maximum plasma concentration
(Tmax) Of both drugs. The Tp.x of CIN in healthy human
volunteers after oral administration has been reported to
be 1-3h with a mean value of 2 h [30]. However, the average
Tiax of DOM in healthy male volunteers after oral adminis-
tration has been reported to be 1.2h [31]. The reported Tpax
values of CIN and DOM indicated that both drugs would reach
their maximum plasma concentration (Cy,y) values before 3h
of administration (absorption phase) [30,31]. After reaching
Crax the elimination phase started. Therefore, initially, the

DE GRUYTER

blood sampling was carried out frequently (1, 2, and 3h) after
that it was delayed due to the start of the elimination phase (8,
12, 24, and 48 h). Heparinized containers were used to collect
the blood samples, and red blood cells were whirled at
3,000 rpm for 30 min to enable them to settle. After being col-
lected in tubes, the supernatant plasma was housed at —20°C
before being assessed using the established HPLC technique
[26]. The pharmacokinetic parameters following oral adminis-
tration of different formulations were estimated for each rat in
each group. The values of Cyax and Ty, Were directly read
from the plasma concentration—time profile curves. The values
of area under curve from time 0-t (AUC,_4g), area under curve
from time; ., (AUCy_), clearance (Cl), volume of distribution
(Vy), elimination rate constant (K.), mean residence times
(MRT), and elimination half-ife (¢,) for CIN and DOM were
derived from the plasma concentrations of CIN and DOM vs
time plot using the non-compartmental method.

2.6 Pharmacodynamics study

Male albino Wistar rats ranging between 250 and 300 g
were employed in the investigation. Prior to administra-
tion, the Wistar rats were fasted for 24 h. This pharmaco-
dynamics study was carried out by using the rat emesis
model. Using a brusque oral needle as an emetic inducer,
an oral dosage of 40 mgkg™* of copper sulfate in distilled
water was delivered to the rats intragastrically to measure
their degree of pica [32]. The gram count of kaolin ingested
by rats is used to measure pica [33]. A thick paste was made
by blending 1:100 w/w of hydrated kaolin and acacia gum
with distilled water. Kaolin pellets were made to imitate
the normal food of rats kept in the lab. The pellets were
allowed to air dry at room temperature.

Pica was constantly monitored for 48 h after receiving
test materials (dual drug-loaded MW-NS in 1 mL of distilled
water suspension) orally 10 min before emetic stimulation.
The ingestion of these kaolin pellets within the first 24 and
48 h after the drug’s administration provided the pica data.
To get the final number, the consumption of the dual drug-
loaded MW-NS group was subtracted from the consump-
tion of the control group.

2.7 HPLC analysis

The HPLC technique employed in the current investigation
adheres to the methodology previously elucidated by Sirisha
and Kumari [34]. Chromatographic isolation of the two phar-
maceutical compounds was executed utilizing a C-18 column
with dimensions of 250 mm x 4.6 mm i.d., and a particle size
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of 5 um. The mobile phase, comprising a mixture of acetoni-
trile and methanol in a volumetric ratio of 30:70 v/v, was
delivered at a flow rate of 1 mL-min". An autosampler facili-
tated the injection of 10 uL of the prepared solution, and the
detection of the compounds was accomplished at a wave-
length of 270 nm. Both the sample solutions and the mobile
phase were degassed and filtered through a 0.45 pm mem-
brane filter (Millipore, USA) before analysis.

2.8 Statistical analysis

With GraphPad Prism Software (version 9.4.1, San Diego,
CA, USA), the statistical test was run. To compare the two
groups, an independent t-test was run, and for multiple
group comparisons, a post hoc Tukey’s test was run after
the one-way analysis of variance. For results with a p-value
of below 0.05, they were deemed statistically significant.

2.9 Ethical approval

The research related to animal use has been complied with
all the relevant national regulations and institutional poli-
cies for the care and use of animals. The protocol was
reviewed and approved for ethical conduct by the PBRI,
Bhopal’s Institutional Animal Ethics Committee prior to the
experiment’s execution. The study’s protocol number was
PBRI/TAEC/29-03/010.

3 Results and discussion

3.1 Synthesis of blank and dual drug-loaded
nanosponges

Initially, conventional methods, such as fusion and solvent
evaporation, were used to prepare CDNS. However, these
methods produced non-uniform reactions, large amounts
of solvent consumption, and low yield. The yield of CDNS
using fusion and solvent evaporation methods was found
to be 31.58% and 40.61%, respectively. However, the yield of
CDNS using a microwave-based approach was recorded to
be 77.80%. Microwave-based synthesis stands out as a
highly advantageous method for crafting cyclodextrin-based
nanosponges due to its unique features. This technique
offers unparalleled efficiency and speed, significantly
reducing reaction times compared to conventional methods
[35]. The ability to precisely control reaction conditions
under microwave irradiation ensures reproducibility and
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consistency in nanosponge preparation [36]. The rapid and
uniform heating provided by microwaves enhances the
overall yield of the synthesis process [37]. Additionally, the
simplicity and ease of operation associated with microwave
synthesis contribute to its appeal [38]. The method proves
particularly beneficial for cyclodextrin-based nanosponges,
as it facilitates the formation of well-defined, crystalline struc-
tures with desirable properties [39]. Overall, microwave synth-
esis emerges as a robust and time-efficient approach, holding
promise for advancing the production of these innovative
nanomaterials. Thus, it was opted to use microwave irradiation
as a technique to synthesize these dual drug-loaded cyclodex-
trin-based nanosponges.

3.2 Particle size, PDI, and zeta potential

The zeta potential value for dual drug-loaded MW-NS was
found to be -8.69 + 0.36 mV, which was deemed adequate
to prevent particle collisions caused by electric repulsion. The
formulation’s particle size of 198.3 + 1.7nm confirmed its
nano-size. The PDI value of 0.242 is commonly recognized
as a moderately dispersed nature of nanocarriers [40].

3.3 Entrapment efficiency

The entrapment competence of dual drug-loaded MW-NS
was 80.60 + 1.56% for CIN and 79.00 + 2.08% for DOM.
Substantial encapsulation efficiencies within the formula-
tion may plausibly stem from the incorporation of active
components into the non-polar interstices inherent in the
molecular arrangement of nanosponge entities. This behavior
can also be explained by H-bond formation, which is made
possible by the presence of H-atoms on the active species, or
by interactions between aromatic rings and the protons con-
nected to BCD that result in strong van der Waals forces
[41,42]. As a result, the high entrapment efficiencies of CIN
and DOM were possible due to the presence of BCD, which
forms inclusion complexes with hydrophobic drugs like CIN
and DOM [11]. This inclusion of complex formation could also
maximize the drug-loading efficiencies for both drugs.

3.4 FTIR-ATR

FTIR-ATR was used to assess if the pharmaceutical substance
could be encapsulated by the nanosponges. Figure 1 shows
the FTIR spectra of the medicines, blank MW-NS, and dual
drug-loaded MW-NS. Characteristic peaks for C-H stretching
(aromatic, alkene, mono-substituted), C=C (aromatic stretch),
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—-CH, (alkane), and C-N stretching were shown by CIN at
2,959, 1,597, 1,490, 1,448, and 1,134 cm ™, respectively [43]. At
the same time, DOM showed peaks at 3,126, 2,933, 1,718, and
1,693 cm™, which were attributed to N-H bending, C=0
stretching, asymmetric C-H stretching, and N-H stretching,
respectively [44]. The cross-linking procedure is complete
when the spectra of blank MW-NS do not show the typical
non-hydrogen-bonded O-H stretching peak at 3,350 cm™,
which is attributed to the primary alcohol group in BCD.
Additionally, the presence of a peak around 1,750 cm™ is
indicative of carbonate cross-linked MW-NS. These observa-
tions have been reported by previous researchers [45-47].
During the drug loading and encapsulation phases, character-
istic drug peaks were anticipated to diminish, decrease in
intensity, or exhibit a shift in wave number. In the spectrum
of dual drug-loaded MW-NS, all prominent peaks associated
with CIN and DOM appeared at markedly low intensity [29].
Notably, the distinctive peak at around 1,780 cm™ and no
peak at 3,350 cm™* suggest the successful formation of nanos-
ponges and the concurrent encapsulation of both drugs in
combination.

3.5 DSC

The typical BCD peaks were detected between 316°C and
328°C, while the DPC (linker) peaks were seen between 72°C
and 74°C (Figure 2). The absence of these peaks in the dual
drug-loaded MW-NS suggested that the reaction had occurred
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and that the individual components were missing. It also
emphasizes how well the post-synthesis cleaning mechanism
worked. The peak temperatures of the medicines CIN and
DOM are 118°C and 254°C, respectively. The presence of
both peaks in the dual drug-loaded MW-NS suggests that
there was no chemical reaction between the medicines
(Figure 3). The drug peaks have decreased, suggesting that
the drug was trapped in the generated nanosponges and
that these nanosponges later amorphized [29,48].

3.6 XRPD

The XRPD analysis, as depicted in Figure 4a, substantiates
the crystalline nature of BCD. In contrast, the XRD pattern
of CDNS synthesized through conventional methods, as
illustrated in Figure 4b, exhibited diffuseness devoid of
discernible peaks, indicative of the amorphous configura-
tion of the polymer. The XRD profile of blank MW-NS,
presented in Figure 4c, manifested alterations in peak
intensities along with a distinct peak pattern, suggesting
the crystalline or para-crystalline characteristics of the
resultant nanosponge [49].

The XRPD patterns of CIN and DOM, as illustrated in
Figure 5a and b, respectively, unequivocally verify their
crystalline structures. The physical mixture’s XRD pattern
is shown in Figure 5c as a composite representation that
overlays the separate patterns of BCD, CIN, and DOM. Con-
trarily, the diffraction pattern of the dual drug-loaded MW-
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Figure 1: FTIR spectra of (a) blank MW-NS, (b) plain CIN, (c) plain DOM, and (d) dual drug-loaded MW-NS.
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Figure 2: DSC curves of BCD, DPC, and dual drug-loaded MW-NS.

NS (Figure 5d) attests to its crystalline/para-crystalline
nature, distinct from the individual patterns of CIN and
DOM. This disparity implies the encapsulation of both
drugs within the nanosponge, potentially resulting in their
amorphization [16,50]. The amorphization of MW-NS indi-
cated the changes in the physicochemical properties of CIN
and DOM. This would result in enhanced solubility of CIN
and DOM in nanosponges [11,26]. This improvement in
solubility would ultimately result in improved drug release
and overall bioavailability of CIN and DOM [11].

3.7 Morphological evaluation

Through experiments using SEM, the shape of the particles
was assessed. Figure 6a and b displays the SEM topography
pictures of BCD and dual drug-loaded MW-NS, respectively.
The crystalline character of BCD is illustrated by an SEM
picture. Samples with the characteristic sponge-like con-
formation of BCD nanosponges were seen when pCD mole-
cules were joined together with the use of a linker to

produce nanosponges. A recent study reports that fol-
lowing lyophilization, nanosponges maintain their distinc-
tive sponge-like shape. Our samples’ porosity might help
with the enhanced loading and delivery of medications
[51]. Other researchers have also reported a similar porous
nature of these nanosponges as detected by SEM scan-
ning [51,52].

3.8 In vitro drug release studies

Figures 7 and 8 show the drug release profiles of CIN and
DOM, respectively. Table 1 lists the corresponding f; and f,
values. The application of nanosponges, particularly those
synthesized via microwave techniques, demonstrates a sta-
tistically significant enhancement in drug release profiles.
Notably, nanosponges exhibit a remarkable 2- to 3-fold
increase in the release of CIN compared to the plain drug
and physical mixture counterparts, achieving a release
ranging from 60% to 70% within 24 h (p < 0.05). Further-
more, for DOM, the nanosponge formulation results in a
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Figure 3: DSC curves of CIN, DOM, and dual drug-loaded MW-NS.

sustained release profile with a statistically significant dif-
ference in the cumulative release compared to the plain
drug and physical mixture (p < 0.01). The initial release of
DOM from nanosponges, albeit slightly lower at 30-40%,
becomes highly significant as it surpasses 80% by the end
of the 24-h period. The significant release profiles of CIN

and DOM from nanosponges were possible due to the nan-
ometer range particle size of dual drug-loaded nanos-
ponges (198.3nm) compared to plain drug and physical
mixture. In addition, the improvement in the solubility
and porosity of dual drug-loaded nanosponges could be
the other reason for the significant release of CIN and
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Figure 4: XRPD spectra of (a) BCD, (b) blank nanosponges prepared by
based technique.
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the melt method, and (c) blank nanosponges prepared by the microwave-
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Figure 5: XPRD spectra of (a) CIN, (b) DOM, (c) physical mixture and BCD, and (d) dual drug-loaded loaded MW-NS.

DOM from nanosponges compared to the plain drugs and
physical mixture. These statistically robust findings under-
score the efficacy of nanosponges, especially those prepared
innovatively, as a statistically significant and promising
strategy for controlled and prolonged drug release, thus
presenting a statistically justified avenue for potential ther-
apeutic improvements.

The f; values were 83 for CIN from the dual drug-
loaded MW-NS and 26 for DOM. The acceptable limit for
fiis less than 15, indicating significant differences between

release profiles. On the other hand, the f, values were 34
for CIN and 42 for DOM, which did not comply with the
prescribed limit of f,, which is 50-100 [53]. The calculated f;
and f, values for nanosponges synthesized via the micro-
wave method deviated significantly from the prescribed
range, signifying substantial distinctions between the release
profiles of the unaltered drug and the encapsulated nanos-
ponges. This observation indicates a pronounced escalation
in the quantity of released drugs from the nanosponges, a
phenomenon observed for both CIN and DOM. Intriguingly,
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Figure 6: SEM images of (a) BCD and (b) dual drug-loaded MW-NS.

the dissimilarity in release profiles was notably more pro-
nounced in the case of CIN compared to DOM within the
dual-loaded nanosponges prepared through the microwave-
based method.

The R? for CIN and DOM from dual drug-loaded MW-
NS, modeled under various kinetic release profiles, exhib-
ited distinct trends as shown in Table 1 [54]. The amount of
medication left to be released from either nanosponge
affects the release of CIN, according to the release kinetics
studies. This allows for a predictable and sustained release
of the drug, avoiding potential adverse effects associated
with high initial burst releases. By following zero-order
kinetics, the drug release from nanosponges demonstrated
concentration-independent behavior in the case of DOM, as
shown by the greatest values of R% This difference in the
kinetic model for the drugs could be attributed to CIN’s
higher aqueous solubility as compared to that of DOM
[55,56], which suggests that it may readily dissolve and
release from the BCD nanosponge, potentially exhibiting
a first-order release profile.
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3.9 Pharmacokinetic evaluation

The plasma concentration—time profiles for both drugs are
shown in Figures 9 and 10. To determine the pharmacoki-
netic parameters, Microsoft® Excel 2019’s PKSolver 2.0 add-
in was utilized. The results are shown in Table 2.

Finally, dual drug-loaded MW-NS demonstrated CIN
and DOM-regulated release patterns, which resulted in
their absorption in vivo. There was a noticeable and sig-
nificant difference in the bioavailability of the ordinary
medicines and the nanosponges. When a commercial for-
mulation or a simple drug suspension was administered,
the absorption phase began quickly and abruptly, but
when the dual drug-loaded MW-NS was administered,
the absorption took longer to complete. The clearance of
previously absorbed drugs and the delayed release of
drugs from the nanosponges in vivo were responsible for
the post-absorption phase that followed Cy,,x. The standard
formulation exhibited swift absorption kinetics for both
CIN and DOM, with mean t,,x values of 2.0 and 3.0h,
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Figure 7: In vitro release profile of CIN from drug mixture, physical
mixture with BCD, and dual drug-loaded MW-NS.

Figure 8: In vitro release profile of DOM from drug mixture, physical
mixture with BCD, and dual drug-loaded MW-NS.
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Table 1: In vitro drug release kinetics - model fitting

Microwave-based dual-loaded cyclodextrin nanosponges = 11

Drug Zero order (R?) First order (R?) Higuchi square root (R%) Korsmeyer-Peppas (R%)
CIN 0.8934 0.9612 0.8238 0.8451
DOM 0.9900 0.9715 0.9877 0.9781

120

100

80

60

40

Concentration (ng/mL)

20

—@— Positive control (CIN)
—&— Marketed formulation

Drugs-loaded MWNS

W

Time (hr)

24

N )
=
o0

Figure 9: Comparative plasma concentration-time profile curves for CIN.

respectively. On the other hand, the mean ty.x for CIN
and DOM in the dual drug-loaded MW-NS was 4.0 and
8.0 h, respectively. The controlled-release tablet facilitated
sustained plasma concentrations in vivo, delaying peak
plasma concentrations, as seen by the significantly longer
MRT for both medicines. The reference formulation at the
same dose (81 + 2.47ng-mL™") was not as effective as the
dual drug-loaded MW-NS, with a Cpax 0f CIN of 101 +
2.55 ng'mL'l. As a result, in the first stage, the controlled
release formulation successfully reduced drug release and
subsequent absorption. The immediate release reference

tablet and the controlled release dual drug-loaded MW-NS
had mean ¢, of 3.32 + 0.43 and 6.58 + 0.45h for CIN,
respectively, and 5.95 + 0.35 and 5.38 + 0.50h for DOM.
The agreement in these values between the conventionally
marketed tablet and the prolonged release MW-NS sug-
gests that the elimination function, independent of dose
form, predominantly influences the decreasing phase of
the plasma concentration—-time curve. Compared to CIN
from the oral reference tablet, which had an AUC,_., of
430.59 + 51.9 ng-h-mL’l, the controlled release of CIN from
dual drug-loaded MW-NS had an AUCy_. of 1,507.95 *
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Figure 10: Comparative plasma concentration-time profile curves for DOM.
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Table 2: Findings of pharmacokinetics evaluation of CIN and DOM

PK parameter Positive Marketed Dual drug-

control formulation loaded
MW-NS

CIN

ti2 (h) 3324036 3.32+043 6.58 + 0.45"#

tmax (h) 20 210 4+0

Cmax (Ng'mML™) 76 £3.18 81+ 2.47 101 + 2.55™*

AUCh to 331.79 430.59 + 51.9 1507.95 +

(ng-h-mL™) + 49,67 121.63"#

MRT (h) 575+054  6.05+0.37 14.80 + 0.89"*

Vg (L) 7.41+0.05  5.69 +0.07" 3.22+0.06™*

Cl (ng-h-L™ 1544002 119 £0.04" 0.34 + 0.02™*

DOM

tiz (h) 6.44+0.38 538 +0.50 5.95 + 0.35"

tmax (h) 3£0 3£0 8+0

Cmax (Ng'ML™) 49 +2.87 52 +3.75 7+ 267*

AUCq 1o 578.99 689.38 + 45.75 1676.45 +

«(ng-h-mL™) +39.48 109.56"#

MRT (h) 11.88 +0.88  12.53 £ 0.73 18.43 £ 0.59"*

Vg (L) 617+0.12  4.33+0.08 1.97 + 0.04"

Cl (ng-h-L™ 0.66 +0.02  0.56 + 0.01" 0.23 £ 0.02"*

“Significant (p < 0.001) compared to the pure drug (positive control).
#Significant (p < 0.001) compared to the commercial product.

121.63 ng-h-mL ", Comparably, the oral reference tablet pro-
duced 689.38 + 45.75ng-h-mL™", whereas the controlled
release of DOM from the MW-NS had an AUC, .. of 1,676.45
+109.56 ng’h'mL ™. As a result, the overall absorption of CIN
from MW-NS was 4.54 times higher than that of its reference
tablet, whereas the absorption of DOM was 2.90 times higher.
This highlights the nanosponge formulation’s better bioavail-
ability, which is attributed to its enhanced dissolving and
sustained release properties. In summary, the pharmacoki-
netic evaluation suggests that the dual drug-loaded MW-NS
significantly influence the absorption, distribution, and elim-
ination of both CIN and DOM, exhibiting notable improve-
ments in key parameters such as ¢, Cyax, AUC, MRT, V4, and
Cl compared to the positive control and the marketed formu-
lation. The possible reasons for the improvements in these
parameters were nanometer size range, improved solubility,
enhanced dissolution, and improvement in overall bioavail-
ability of CIN and DOM in nanosponge formulation compared
to the positive control and marketed formulation. These

Table 3: Consumption of kaolin (g) by rats of five distinct groups

DE GRUYTER

findings underscore the potential of MW-NS as a viable for-
mulation strategy to modulate drug pharmacokinetics for
enhanced therapeutic outcomes.

3.10 Pharmacodynamics study

A study conducted by Mitchell et al. elucidated that inducers
of gastrointestinal distress in rats, such as toxic substances or
motion, prompt the consumption of non-nutritive substances
like kaolin (China clay), suggesting a correlation between pica
behaviors in rats and vomiting in other species [57]. Various
researchers have used this as a basis for their study to eval-
uate the effect on the vomiting behavior in rats [33,58,59].
Consistent with this knowledge, the effects of the dual drug-
loaded MW-NS on the pica reflex were examined in a rat
animal model, demonstrating a clear correlation with emesis
in people. The review took into account notable elements
linked to human pica, such as the release of 5-HT from enter-
ochromaffin cells, elevated c-fos expression in the nucleus
tractus solitarius, and delayed gastric emptying. The results
of this study are tabulated in Table 3. The findings suggest
that the dual drug-loaded MW-NS effectively mitigated the
duration compared to both controls during the specified
time periods. Importantly, the reduced consumption of kaolin
in animals upon loading the drugs into nanosponges indicates
diminished gastrointestinal distress/pica. The possible rea-
sons for the reduced consumption of kaolin in animals treated
with nanosponges could be due to the enhanced solubility, drug
release, and overall bicavailability of CIN and DOM in nanos-
ponges compared to the positive control, negative control, and
marketed formulation. Furthermore, the statistically significant
differences observed between the drugs-loaded MW-NS and the
marketed formulation align with observations from pharmaco-
kinetic studies, substantiating the potential of nanosponge for-
mulations in modulating both behavioral and pharmacokinetic
responses.

4 Conclusion

In conclusion, this study presents a comprehensive investiga-
tion into the development and application of microwave-

Duration Positive control Negative control Marketed formulation Dual drug-loaded MW-NS
24h 12.164 + 1.478 17.391 £ 1.563 10.573 + 1.496 3.440 + 1.521"
48 h 13.452 + 1.632 19.987 + 1.732 12.115 + 1.648 5.480 + 1.746"

“Significant difference (p < 0.001) when compared with positive control as well as the marketed formulation.
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synthesized dual-loaded CDNS for the enhanced solubility
and bioavailability of CIN and DOM. The utilization of
CDNS, particularly in a dual-drug loading scenario, offers a
promising strategy for improving therapeutic outcomes. The
microwave synthesis approach demonstrated in this research
provides an environmentally friendly and efficient method
for fabricating CDNS, overcoming challenges associated with
traditional methods such as fusion and solvent evaporation.
Physicochemical characterization confirmed the successful
synthesis of dual drug-loaded nanosponges with desirable
attributes, including nano-sized particles, moderately dis-
persed nature, and high entrapment efficiency. FTIR, DSC,
and XRPD analyses supported the encapsulation of CIN and
DOM within the nanosponges and their subsequent amorphi-
zation. Notably, in vitro drug release studies revealed a sta-
tistically significant enhancement in drug release profiles for
both CIN and DOM when loaded into nanosponges compared
to plain drug formulations. The controlled and sustained
release profiles of the dual drug-loaded nanosponges, espe-
cially those synthesized via microwave methods, demon-
strated their potential for prolonged therapeutic effects.
Pharmacokinetic studies in Wistar rats further substan-
tiated the superiority of the nanosponge formulation, exhi-
biting significantly improved bioavailability for both CIN
and DOM compared to conventional formulations. The
delayed absorption, prolonged mean residence time, and
enhanced area under the plasma-time curve underscored
the sustained release and dissolution-enhanced characteris-
tics of the dual drug-loaded nanosponges. Moreover, the
pharmacodynamic study using a rat emesis model provided
additional evidence of the nanosponges’ efficacy in miti-
gating gastrointestinal distress, as indicated by the reduced
consumption of kaolin pellets. The observed correlations
between behavioral responses and pharmacokinetic para-
meters further emphasize the potential therapeutic benefits
of the developed nanosponge formulation. Overall, this
study demonstrates the adaptability of microwave-synthe-
sized dual drug-loaded CDNS as a promising formulation
strategy, offering improved solubility, controlled release,
and enhanced bioavailability for co-administered drugs.
The findings suggest a potential application of these nanos-
ponges in addressing challenges associated with combina-
tion drug therapy, especially in conditions requiring synergistic
effects and improved patient compliance. However, more clin-
ical and toxicity studies are required to explore the commercial
potential of developed dual drug-loaded CDNS.
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