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Abstract

Background: The purpose of this work was to complex budesonide with cyclodextrin-based nanosponges to
improve its solubility and stability. The current study focused on polysaccharide systems that have undergone
minimal chemical alteration and have been used to target the colon. These targeted delivery and polysac-
charide-based complexation methods are anticipated to aid in the creation of medication formulations for
disorders affecting the colon, such as colorectal cancer. The goal of the current work was to use a Quality
by Design (QbD) strategy to create budesonide-loaded nanosponges. The system consisted of nanosponges
loaded with budesonide.

Methods: Nanosponges were formulated through microwave-assisted synthesis. Studies on drug release
were conducted with a method changing power of hydrogen (pH) with enzyme. Quality by Design-based
optimization with a 32 full factorial design was applied for the optimization of the process parameters includ-
ing the B-cyclodextrin:diphenyl carbonate ratio and the reaction time. Responses were measured for three
dependent variables: practical yield, percentage drug release, and percentage drug release at the fifth hour.
Results and Conclusions: The optimization model indicated a yield of 76.21%, a percentage drug release
at the fifth hour of 24.61%, and a total drug release after 7 hours of 87.58%. The observed responses of the
optimized process closely matched the predicted values. The above budesonide-loaded nanosponge formu-
lations provide a targeted medicine for the colon and may be an effective method for treating colonic illness.
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Introduction

The development of nano-technology-
based products is an emerging trend in
medicinal fields [1]. To ensure the quality
and safety of the final products, most reg-
ulatory authorities recommend using the
QbD concept, which enables both time
and cost savings [2]. This work was also
aimed at maximizing yield & minimiz-
ing reaction time by optimizing the reac-
tion condition through the QbD approach
(Table 1).

For drug delivery, the oral route is con-
sidered most convenient. However; drug
bioavailability is significantly affected
when the drug travels through varia-
ble environments in the gastro intestinal
tract (GIT). This effect is particularly
considerable for drugs that must target
colon sites in diseases including colorec-
tal cancer and ulcerative colitis, and that
are unstable in the upper GIT. This issue
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can be resolved by creating targeted drug
delivery systems that release the medi-
cation only after it enters the colon, but
resist release in the stomach and intes-
tines. Such formulations are known as
colon-specific drug delivery systems [3].
To formulate successful colon-specific
drug delivery systems, two factors must
be considered: the colonic microflora and
site pH. The colon is rich in microorgan-
isms and contains more than 400 species
of bacteria and fungi [3]. The average
pH range of the caecum and colon lumen
is 6.8-7.0, and the terminal ileum has
the highest pH (7.5-8.0) [4]. The colon
site microflora secrete several enzymes
for the breakdown of polysaccharides
which is not present at any other site of
the GIT. This aspect serves as a basis for
the development of formulations contain-
ing polysaccharides such as B-cyclodex-
trins (BCDs) [5]. Polysaccharide-based
microbial enzyme triggering mecha-
nisms are considered the most reliable
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Table 1 Difference between the Traditional Approach and QbD Approach [12]
Aspects Traditional Approach QbD Approach
Pharmaceutical Development Empirical Systematic, multivariate experiments
Quality Assured by testing and inspection Built into products and processes by design; based

Manufacturing Process
Product Specifications
Control Strategy
Focus

Lifecycle Management

Based on batch history

“Frozen process” discourages changes

Intermediate and end product testing
Reproducibility: avoids or ignores variation
Post approval changes are needed

on scientific understanding

“Flexible process” is adjustable within design space
Based on product performance requirements

Risk based

Robustness: understand and control variation
Continuous improvement enabled within design space

colonic delivery route. Numerous hydrolytic and reducing
enzymes ferment these polysaccharides, thereby releasing
the medication into the colon. The upper half of the gas-
trointestinal system, comprising the stomach and duode-
num, has a microbiota content below 10°-10* CFU/mL,
whereas the microflora of the colon ranges from 1 011 to
1 012 CFU/mL. This aspect ensures selectivity for colon
medication administration. BCD has been extensively
explored in formulations enabling continuous release of
medicines, notably in the colon. In this work, however, the
inclusion-complex-forming property of BCD was used to
transport the medication into the colon. Because BCD is
digested by alpha-amylase in the colon breaks down BCD,
therefore it may be possible to transfer the medication to
the site of action more successfully [5-7].

BCDs are not absorbed or hydrolyzed in the small intes-
tine or stomach. The extensive microflora present in the
colon breaks BCDs into small saccharides and facilitates
their absorption in the colon [8, 9].

Recently, a novel concept using nanosponges, based
on a combination of nanotechnology and BCD, has been
developed to target the colon specifically. BCDs react with
several crosslinking agents, including carboxylic acids,
pyromellitic anhydride, and activated carbonyl compounds,
thus creating unique nanoporous materials [10]. The reac-
tion creates a three-dimensional structure composed of BCD
units that contain hydrophilic and hydrophobic nano-sized
gaps enabling the encapsulation, transportation, and selec-
tive release of various organic and inorganic entities. These
properties have significant uses in pharmaceutics, biomed-
icine, cosmetic, bioremediation processes, water purifica-
tion, catalysis, agrochemistry, gas entrapping & other fields
due to their high inclusion constants of around 108-10° [11].
Limitations in drug efficacy and delivery, as well as associ-
ated adverse effects, have prompted researchers to search
for nanocarriers with unique properties, optimal effective-
ness, specificity, and minimal adverse effects. One effective
solution is using nanostructures to transport antiviral drugs
or other formulations. Biocompatibility, porosity, biomi-
metic features, sustained release behavior, and therapeutic
activity (e.g., antimicrobial action against pathogenic bacte-
ria) are some advantages of nanosponges in this context. As
such, nanosponges may be a good candidate for enhancing
the bioavailability, stability, and solubility of therapeutic
agents or drugs to produce the intended pharmacokinetic
effects [13].

BCD is enzymatically degraded by alpha-amylase
enzymes. The alpha-amylase enzymes hydrolyze BCD’s

alpha-1,4-glucoside linkages. BCD is believed to be
destroyed by colonic bacteria rather than metabolized while
passing through the small intestine.

Nanosponges can be prepared through a variety of meth-
ods. Microwave irradiation can substantially decrease the
time required for the formation of nanosponges [14].

The primary objective of this research was to create a
simple, cost-effective, and scalable process for synthesiz-
ing budesonide-loaded nanosponges. This work was also
aimed at maximizing yield and minimizing reaction time
by optimizing the reaction conditions through the QbD
approach.

Shorter development times, fewer demands on human
resources, more effective objective orientation, and repro-
ducible results are all possible outcomes of QbD-based pre-
diction [15, 16].

Materials and methods

A gift sample of budesonide with 98% purity was provided
by Cipla Ltd. (Kurkumbh, Pune, India). BCD (KLEPTOSE®)
with 98% purity was provided as a gift sample from
Roquette, offering the best nature (Lestrem, France). is
Diphenyl carbonate with 99% purity (CUN30779/PG/11)
was purchased from Research-Lab Fine, Chem Industries
(Mumbai, India) & Dimethyl formamide grade LR with 99%
purity was purchased from SD fine-Chem Limited (Baroda,
Gujarat, India) & used for synthesis.

Risk assessment through failure
mode effect analysis

The Failure Mode Effect Analysis (FMEA) model, a fre-
quently used risk management technique, facilitates assess-
ment of possible process failure modes and how they might
affect the quality of the final product. For determining the
priority of all variables, we used a risk score matrix based
on the overall risk priority number (RPN). Risk was quanti-
fied by assessment of each factor’s severity (S), probability
(P), and detectability (D). The RPN score was calculated by
multiplication of the S, P, and D scores for each risk factor
(Tables 2 and 3) [17]

RPNs=0xDx$ )
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Table 2 Score Scale [2] Table 4 32 Factorial Design
Rank Failure Formulation Level Coded Dependent Variable
Occurrence Severity Detectability Variables
1 Unlikely to occur Very low Always -1 0 +1
2 Occurs rare|y Low Regu|ar X1 =BCD:DPC 2 4 6 Y1= Percentage practical
3 Occasionally occurs Moderate Likely (ratio) yield (%)
4 Occurs moderately High Lewy X2 = time (min) 10 15 20 Y2 = Percentage drug
5 Occurs frequently - - e )

Improvement index (II, Jain [12]):

= RPN before improvement 2

RPN after improvement

Formulation of BCD-based

nanosponges

In a 250 ml flask, BCD and diphenyl carbonate (DPC) were
dissolved in dimethyl formamide and microwaved in Cata’s
scientific microwave system. The temperature was measured
with a fiber optic probe installed in the microwave cham-
ber. The reaction conditions used for trial batches were
maintained as described in Table 4. The nanosponges were
prepared at 280 W and 320 W; however; the nanosponges
formed at 280 W showed the highest yield. Hence, 280 W
was considered optimal for further studies [14].

Drug loading

Nanosponges were pre-treated to achieve a median
particle size below 500 nm. Nanosponges were soaked in
methanol, sonicated to remove agglomerates, and centri-
fuged to yield the colloidal fraction. The supernatant was
separated, and the material was freeze dried. Nanosponges
were created in an aqueous solution. The excess drug was
distributed throughout the aqueous nanosponge suspension,

Table 3 Failure Mode and Effects

Y3 = Percentage drug
release at the fifth hour

and the suspension was continuously stirred throughout the
entire duration of the complex creation process. After compl-
exation, the unreacted drug was centrifuged. The solvent was
then evaporated to produce solid nanosponges [11].

Factorial design experiments

A 32 full factorial experimental design was used to optimize
the formulation of nanosponges. Three-level designs were
used to address the situation of nominal factors at three lev-
els and to predict any curvature in the response function.
Investigating a quadratic relationship between the response
and each of the components was facilitated by a third level
for continuous factors. The BCD and DPC concentrations
(BCD:DPC ratio) (X1) and reaction time (X2) were chosen
as independent variables, because they were likely to affect
the desired response variables’ percentage practical yield,
percentage drug release, and percentage drug release at 5
hours. The results obtained for the trial batches indicated
that a BCD:DPC ratio of 1:6 showed the highest percentage
drug release, and showed the lowest percentage drug release
at the fifth hour. At reaction times of 15 and 20 mins, the
overall percent drug release was much higher and at reaction
times of 15 and 20 mins, the percentage drug release at fifth
hour was significant lower. The factors were studied at three
levels to evaluate the presence of interactions [18].

Sr.No Risk Area Failure Mode Failure Effect S O D RPN
Raw Material
1 Drug sub’s a) Particle size Effects on dissolution rate and flow properties, content 4 4 3 48
uniformity, and clinical performance
b) Solubility Effects on dissolution rate and clinical performance 4 4 3 48
c) Presence of Effects on dissolution rate, flow properties, and clinical 2 4 4 32
moisture performance
2 Excipients a) Change in the Decreasing percentage practical yield and decreasing 4 5 4 80
ratio of B-cyclodextrin  entrapment efficiency; change in dissolution rate; effects on
to diphenyl carbonate  clinical performance
3 Microwave Variation in watt Decreasing percentage practical yield and change in 3 5 4 60
power level power particle size, ultimately affecting dissolution rate
4 Drying Improper drying Effects on structure of nanosponges 3 4 2 24
5 Mixing Improper mixing Nonuniformity, affecting dissolution rate and flow properties 4 3 3 36
6 Reaction time  Decreasing reaction Decreasing percentage practical yield, affecting nanosponge 4 5 4 80
time structure and ultimately decreasing entrapment efficiency
and dissolution rate; changes in clinical performance
7 Drug loading Improper stirring Decreasing entrapment efficiency, dissolution rate, content 4 4 3 48

uniformity, and changes in clinical performance

(Sub’s: Substance; S: Severity ranking; O: Probability of occurrence; D: Probability of detection; RPN: Risk priority number).
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Percentage practical yield

The percentage yield of nanosponges in all formulations was
calculated by comparison of the final weight of the product
after drying to the total weight of the medication, polymer,
and other excipients used to make the nanosponges [19].
Percentage yield of nanosponges was calculated with the
following formula:
Practical Yield

% yield = ——— X X X  x 100 (3)
Theoretical yield

Percentage drug content

Percentage drug content was determined for budesonide-
loaded nanosponges with a UV spectrophotometer (Jasco
V630 PC). After that 10 mg of loaded nanosponges was dis-
solved in 100 mL 0.1 N HCI Solvent, 1 mL stock solution was
extracted with a pipette, diluted with 10 mL 0.1 N HCI, and
subjected to UV spectrophotometry [20].

Entrapment efficiency

Percentage entrapment efficiency was estimated by collec-
tion of filtrate from the dispersion after ultracentrifugation.
The supernatant was collected, filtered, and analyzed with
UV spectroscopy. After 10 mg nanosponges was added to
5 mL methanolic hydrochloric acid (HCl:Methanol, 10:1), or
HCI, the mixture was shaken for 1 min with a vortex shaker
in volumetric flask. Methanolic HC1 was used to adjust the
volume to 10 mL. After filtering and dilution of the solution,
the concentration of budesonide was measured at 246 nm
with a UV spectrophotometer [21].

% Entrapment efficiency =

Total dmg content—unentraped drug ;0 (4
Total drug content

In vitro dissolution study

A drug loaded into the nanosponge structure can be held and
released gradually over time. Hydrophilic cyclodextrin nano-
sponges (CD-NS) can alter the rate of budesonide release,
thus allowing for improved drug uptake across biological
barriers and serving as a potent drug transporter in immedi-
ate release formulations. Hydrophobic CD-NS can be used
as a prolonged release carrier for water-soluble medicines,
including peptide and protein therapeutics [22].

A US pharmacopoeia (USP) dissolution type II apparatus
was used to conduct dissolution studies of nanosponges at
37°C under 50 rpm rotation. After the nanosponges were
added to the dissolving liquid, aliquots were taken at pre-
arranged intervals & filtered through Whatman no. 41 filter
paper. The filtrates were subsequently examined with a UV
spectrophotometer (246 nm). The GI tract’s conditions were
simulated with the continuous dissolving method USP. For
the first 2 hours (stage 1), 700 mL 0.1 N HCI (pH 1.2) was
added to the nanosponges. After 2 hours, 233.3 mL 0.2 M

tribasic sodium phosphate solution was added to each ves-
sel, and the pH was raised to 6.8 with either 2 M HCI or
2 M NaOH. The dissolution process was then extended for
3 hours (stage II). At the start of the fifth hour (stage III), 1%
o-amylase was added to the buffer to examine the effects of
the enzyme on drug release in all formulations [23, 24].

X-ray powder diffraction

The production of complexes and their chemical breakdown
can be ascertained according to diffraction peaks from a
combination of substances. The crystalline structure and dif-
fraction patterns of the medication were altered by the intri-
cate production process involving nanosponges. A Bruker
AXS D8 Advance X-ray diffractometer was used to deter-
mine the X-ray powder diffraction patterns of a powdered
sample of budesonide-loaded CD-NS, 1:4. After exposure to
monochromatized Cu Ka radiation (1.5406 10\), the sample
was examined between 3° and 70° (20). The voltage and cur-
rent were 40 kV and 30 mA, respectively [20].

Particle size analysis

The nanosponge formulation was appropriately diluted with
deionized water until the desired intensity was reached. The
polydispersity index & average diameter might be estimated
using Malvern zetasizer Nano-ZS (Malvern Instruments,
Malvern, UK) or laser light diffractometry to assess the par-
ticle sizes of the loaded & unloaded nanosponges [25].

Zeta potential analysis

The zeta potential of prepared CD was measured with
Malvern Instruments (Malvern, UK). The formulation was
diluted appropriately with deionized water until the desired
intensity was reached. The average charge and mobility of
the optimized batch of budesonide-loaded nanosponges were
measured over a 60-second analysis period. After sample
dilution with distilled water at room temperature, the poten-
tial was measured [20].

Differential scanning colorimetry

Thermoanalytical techniques can ascertain whether a drug
material experiences any modifications before the thermal
breakdown of the developed delivery mechanism. The drug
substance may change by melting, evaporating, breaking
down, oxidizing, or undergoing a polymorphic transition
indicating complex formation. Differential thermal analysis
and differential scanning calorimetry (DSC) thermograms
can be examined for broadening, shifting, the introduc-
tion of new peaks, or the elimination of specific peaks. A
molecule-wide distribution of the drug within the polymer
was demonstrated by the absence of the drug melting peak of
the crystal structure in the DSC thermogram. Samples of 1-4
mg were placed in an aluminum pan press and covered with

4
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aluminum. The reference was an empty pan press sealed
in the same manner. The sample was heated from 35° to
3000°C at a rate of 100°C per minute while a nitrogen flow
of 10 mL per minute was used to quantify the thermograms
(Shimadzu DSC-60) [26].

Scanning electron microscopy

Scanning electron microscopy (SEM) analysis of the sam-
ple can be used for qualitative analysis of particles. SEM
data are useful in assessing particle size and form, which are
crucial components of CD-NS. The produced formulations
were subjected to SEM examination with SEM Image Inside
version 2.32.

A small amount of nanosponge suspension was used as
the SEM sample (Image Inside version 2.32). The samples
underwent 90 seconds of accelerating voltage 8 kV sputter
coating after being vacuum-dried [20].

Design space

According to International council for Harmonization (ICH)
Q8 (R1), design space is the multidimensional combination
and interaction of input factors (e.g., material qualities), and
process parameters have been shown to provide quality assur-
ance. This concept originated in the initial ICH Q8 proposals,
which specified the design space as “the established range
of process parameters that has been demonstrated to provide
quality assurance.” The design space additionally contains
process parameter ranges that have been demonstrated to
be acceptable, as well as the related critical quality attribute
(CQA) values. The final design space was created by com-
bining the results of all previous studies and considering the
quality objective profile [ICH Q8(R1), Jain [12]] [27].

Results and discussion

Risk assessment

FMEA indicates potential causes that may alter nanosponges’
CQAs. However, the effects of all these parameters on the
quality features of nanosponges are very difficult to control
or determine. Hence, selecting only those elements known to
have high or considerable effects on the quality attributes of
the product is crucial, to explain and understand a major part
of the experimental variances. Herein, the FMEA tool was
used to create a risk estimation matrix showing the different
risk levels associated with these factors. Numerous active
pharmaceutical ingredient characteristics, material char-
acteristics, and process factors used in the formulation and
development of nanosponges were included in the FMEA.
Published reports and early research clearly indicated that
the product’s CQAs are greatly affected by the ratio of BCD
to DPC, and the reaction time. Because they have little to
no effect on the product’s performance, factors with little

influence on quality attributes can be easily controlled and
removed from the study; in contrast, factors with moderate
or high risk or influence should be thoroughly examined for
their effects on the quality attributes the nanosponges. To
establish the design space, only key factors with a high risk
level were chosen and further optimized. Thus, a methodical
connection was made between the creation of the experi-
mental plan and regression analysis (RA) [28, 29].

Percentage practical yield and
entrapment efficiency

Percentage drug release

The percentage practical yield and entrapment efficiency for
all formulated batches of nano sponges are given in Table 5.
According to in vitro release statistics, each formulation
exhibited a sustained release of the medication for as many
as 5 hours. The percentage cumulative drug release over 420
min for all formulations is shown in Table 6. In vitro drug
release studies indicated that increasing the BCD:DPC ratio
decreased drug release to some extent, whereas adding amyl-
ase enzyme increased release. Moreover, increasing the reac-
tion time increased the percentage cumulative drug release.
The F9 batch exhibited the highest drug release (Figure 1).

Statistical analysis

Accurate and convincing interpretation of study results can
be ensured by statistical analysis, which includes fitting
mathematical models to data, selecting the best possible
model by conducting appropriate statistical tests, and deter-
mining the values of independent formulation variables to
yield the best possible response.

One frequently used statistical experimental design, fac-
torial design, was applied in this work to optimize the for-
mulations and identify any potential interactions between the
selected components. A 32 complete factorial design was used
to examine the influence of independent factors on character-
istics and performance. The effects of independent variables
on drug release percentage, practical yield percentage, and

Table 5 Percentage Practical Yield and Entrapment
Efficiency

Sr. Batches Percentage Entrapment

No. Practical Yield Efficiency

1 F1 60.98 + 0.008 75.39% + 0.0081
2 F2 63.56 + 0.0124 77.59% + 0.0249
3 F3 66.36 + 0.0141 74.5% + 0.0205
4 Fa4 62.61 + 0.0262 79.13% + 0.0169
5 F5 68.96 + 0.0081 75.89% + 0.0244
6 F6 72.21 +0.0124 77.21% + 0.0205
7 F7 68.45 + 0.0205 73.78% + 0.0244
8 F8 74.65 + 0.0169 73.92% + 0.0262
9 F9 78.52 +0.0169 77.35% + 0.0571
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Table 6 Percentage Drug Release

F9

F8

F7

F6

F5

F4

F3

F2

F1

Time

0.33+£0.019

1.21+£0.123
3.89 + 0.295
5.77 £ 0.202
9.12 + 0.259
10.89 + 0.306
12.65 + 0.182
16.10 £ 0.37

0.60 £ 0.1333
4.11 £0.282
5.37 £ 0.203
9.67 + 0.259
11.64 £ 0.304
12.66 + 0.182

1.21 +£0.016
3.89 £ 0.327
5.77 £0.028
9.12 + 0.262

0.31 £0.0233
3.43 £ 0.395
5.83 £ 0.058
9.66 + 0.389
11.27 £ 0.239

13.04 + 0.461
15.18 £ 0.409

0.28 £ 0.049
3.09 £ 0.410

0.26 £ 0.038
4.05 + 0.635
5.91 £ 0.241
10.05 £ 0.543
11.09 £ 0.231

0.20 £ 0.017

0.16 + 0.0001
3.30 £ 0.0002
5.34 £ 0.002

9.09 + 0.135

3.99 + 0.263
5.69 £ 0.059
9.67 + 0.258
10.52 + 0.306
12.28 + 0.311
16.47 + 0.541
17.86 + 0.827
21.01 £ 0.311

2.49 £ 0.379
5.78 £ 0.204
8.71 £ 0.286
11.62 £ 0.199

10
15
30

5.77 £ 0.241

9.10 £ 0.395
10.69 £ 0.212

10.89 £ 0.237

11.07 £ 0.061

45

12.65 + 0.308
16.10 + 0.487

19.45 + 0.171
20.97 £ 0.387
26.19 £ 0.217

12.29 + 0.149 13.40 + 0.483

16.48 + 0.101

12.66 + 0.104
14.42 £ 0.103
1748 + 0.217

12.65 + 0.103

60

15.55 + 0.376
18.24 + 0.691

14.98 + 0.368
17.48 + 0.590

14.04 £ 0.092
17.09 + 0.194

120

18.64 + 0.693

16.36 + 0.458
23.17 £0.332

18.43 + 0.590

180
240

20.34 £ 0.287
27.16 £ 0.748

22.98 + 0.197

28.36 + 0.305

24.20 £ 0.789
29.74 + 0.756

2729 +£0.724

28.96 + 0.093
36.19 + 0.056
66.98 + 0.046
80.26 £ 0.198

24.76 £ 0.677
74.06 + 0.323

29.34 £ 0.059
70.26 + 0.314
82.31 £ 0.484

29.46 £ 0.594
68.16 + 0.954
85.69 + 0.292

32.67 £ 0.527
68.40 + 0.590

33.76 £ 0.249

300
360
420

74.69 + 0.298
87.68 £ 0.320

75.81 £ 0.641
87.92 £ 0.404

70.21 £ 0.545
85.41 £ 0.528

68.36 + 0.693
83.96 £ 0.692

88.38 £ 0.563

81.26 + 0.0.239

90 4

30 - —&—%release F1

704 —l—%release F2

50 - —d—%release F3

50 4 ——%release F4

—#—%release FS

Y
=

| —@—%release F6
30
—+—% release F7
201

Percentagerelease (%)

~%release F38
10

%release F9

100 200 300 400 500
Time (min)

Figure 1 Cumulative percentage drug release.

drug release at the fifth hour were assessed. These variables
included the BCD:DPC ratio, as well as reaction time at
three different levels. Model equations for the responses were
obtained by fitting the values of the investigated response
measured for each trial batch of formulations in the 3? facto-
rial design. One-way analysis of variance (ANOVA) was used
for statistical evaluation of these models. Regression analysis
and ANOVA indicated that the selected variables significantly
influenced all responses examined [30].

The percentage practical yield of nanosponges was in the
range of 60.98-78.52%. Regression analysis revealed that
the study’s factors had substantial effects on the percentage
practical yield from the formulation (12 = 0.9613). A 3D sur-
face plot can be used to examine the relationship between a
response variable and two predictor factors. This three-di-
mensional graph enables investigation of desired response
values and operating conditions. The DPC ratio, BCD con-
centration ranges, and reaction times for the best-fit model
for optimized formulations composed the 3D surface. The
3D surface demonstrated that the percentage practical yield
of the formulation increased with increasing BCD concen-
tration, DPC ratio, and reaction duration (Figure 2).

The regression equation for percentage practical yield was
as follows:

% practical yield =+68.48 + 4.18*A
+5.12%B(r’=0.9613, F value =74.45,
p <0.05, i.e., significant) (@)

The Table 6 shows that the variables had substantial effects
(1 = 0.9921) on the drug release percentage, which ranged
from 80.26% to 88.38%. As the cross-linking agent and
polymer ratio increased, the percentage drug release also
increases (Figure 3).

The drug release percentage regression equation was as
follows:

% drug release =+85.91+3.07*A +1.55*B
+0.3675%*AB —1.43*A% —0.1983*B*(r* =0.9921,
F value =75.77, p <0.05, i.e., significant) 6)

The percentage drug release at the fifth hour was in the
range of 24.76-36.19%.

The concentration of BCD and DPC ratio and reaction
time increases the percentage drug release at fifth hour of

(o2}
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%yield (%)

B: time (min)

Figure 2 Response surface curve depicting the effects of factorial
values on percentage practical yield.

%release (%)

A: B ratio

B: time (min)

Figure 3 Response surface curve depicting the effects of factorial
values on percentage drug release.

formulation decreases because drug release retard due to the
complex of BCD with drug (Figure 4).

The regression equation for percentage drug release at the
fifth hour was as follows:

% drug release at 5th hour =
+29.92 -2.92%A —3.07*B (r* =0.9760,
F value =122.09, p<0.05, i.e., significant) )

In accordance with the 3? factorial design, the optimized
nanosponges containing budesonide were formulated with
specific process variable settings with numerical analysis.
The practical yield (%), drug release (%), and drug release
at the fifth hour (%) were also assessed. A BCD:DPC ratio
(X1) of 1:6 and reaction time (X2) of 20 min were the set-
tings used for the formulation of optimized nanosponges;

(77
LT TS

v, (LT T

CLTZTTS

K%eelease at Sthhy (%)

A B ratio 2 20

Figure 4 Response surface curve depicting the effects of factorial
values on percentage drug release at the fifth hour.

these were the only desirable ranges for the independable
variables (factors).

The optimized formulation resulted in a practical yield of
76.21 £ 0.719%, drug release of 87.58 £ 0.147%, and drug
release at the fifth hour of 24.61 + 0.243%, with small per-
centage error values of 1.56, 1.68, and —0.69%. Percentage
error evaluation was used to determine the validity of gen-
erated model equations and to characterize the domain of
applicability of the optimization model. The low percentage
error values suggested that the mathematical models derived
from the entire 3% factorial design were well fitted.

X-ray powder diffraction

One application of X-ray powder diffraction (XRD) analysis
is to determine the crystallinity of a sample. The XRD spec-
trum showed intense peaks indicating the crystalline nature of
budesonide (Figure 5) [31].

The X-ray powder diffraction data of budesonide-CD-NS
showed a considerable shift in the intensities of powder 26
values of the budesonide drug compared with the pure drug,
thus indicating a marked decrease in budesonide crystallinity
after inclusion in CD-NS. X-powder diffraction data for budes-
onide-CD-NS thus explained its poorly crystalline nature. The
percentage crystallinity of the CD-NS complex decreased dras-
tically, thus indicating that budesonide was distributed and lost
most its crystallinity, possibly because of both the inclusion
and exclusion phenomena of NS with budesonide (Figure 6).

Particle size

The particle size measurement of budesonide-loaded nano-
sponge complex suspensions revealed that the average parti-
cle size, as assessed with a Zetasizer instrument, was approx-
imately 1095.5 nm (Table 7) (Figure 7).
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Figure 6 X-ray powder diffraction of formulation.

Table 7 Zeta Size Analysis Data for CD-NS Zeta potential analysis
Peak S.P. Area Mean S.D. Mode
No. Ratio

Zeta potential was measured at 25°C with a zeta potential

1 1.00 1095.5 nm 304.4 nm 1004.6 nm : : >
analyzer. The zeta potential measures particles’ surface
2 = —nm —nm —nm . . : :
charge. Increasing zeta potential leads to an increase in
3 = —nm —nm —nm . . .
particle surface charge, and vice versa. The zeta potential
Total 1.00 1095.5 nm 304.4 nm 1004.6 nm

can substantially influence particle stability in suspension
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Figure 8 Zeta potential analysis data for CD-NS.

through electrostatic repulsion between particles. The meas-
ured zeta potential of —67.4 mV indicated no agglomeration
and moderate stability (Figure 8).

Differential scanning calorimetry

Differential scanning calorimetry provides insight into the
behaviors of different materials at different temperatures.
Differential scanning calorimetry revealed a prominent endo-
thermic peak at 173.16°C representing budesonide’s melting
point. This endotherm was suppressed in the complex, thus
suggesting that the encapsulation in nanosponges provided
some protection. DSC thermograms of budesonide-loaded
nanosponges did not reveal the melting peak associated with
drug fusion (Figure 9). The peaks at 72.79°C and 124.21°C
suggested that the medication was no longer crystalline and
was molecularly dispersed in the nanosponges. Additionally,

this might show how budesonide encapsulation and interac-
tion with the nanosponge structure occur through inclusion
and exclusion activities [2].

Surface morphology determined by
scanning electron microscopy

The porous nature of nanosponges allows for drugs to pene-
trate the interpenetrating network. SEM was used to examine
the surface morphology of the constructed nanosponges. The
nanosponges had a spongy appearance and spherical shape.
The SEM images (Figure 10) showed that the generated nano-
sponges contained several voids with a fine surface that formed
as a result of solvent diffusion. The findings were consistent
with previous research on particle size. Budesonide and BCD
completely formed the nanosponge matrix, because no unbro-
ken crystals of budesonide were found on the surface [32].
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Figure 9 DSC analysis of budesonide-loaded nanosponges.
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Figure 10 Surface morphology of nanosponges, determined by SEM.

Design space for material and Conclusion

process attributes .
Budesonide-loaded nanosponges were successfully pre-
pared through the microwave irradiation method, which has

The design space for material and process attributes is pro-
industrial application potential because of its short reaction

vided in Table 8.
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Table 8 Design Space for Material and Process Attributes

Formulation Attributes Design Space Response
Drug Fine powder Assay
Assay: 98—101% Dissolution
1:5-1:6 Dissolution, entrapment efficiency and practical yield

f3-cyclodextrin and DPC ratio
Microwave reaction time
Microwave power level

20—22 min
280 watts

Practical yield, appearance
Practical yield, appearance

times. Cyclodextrin-based nanosponges can encapsulate
both lipophilic and hydrophilic medicines and release them
in a controlled and predictable manner at target regions, thus
enhancing drug bioavailability.

With this approach, the drug formed complexes with
BCD and DPC. Burst release of the drug occurred at the
ileocecal region of the colon. QbD-based optimization
of the BCD:DPC ratio (1:6) and the microwave reaction
time (20 min) were key in achieving higher practical yield
(76.21 £ 0.719%), higher drug release (87.58 = 0.147%),
and optimal drug release at the fifth hour (24.61 £ 0.243).
On the basis of optimization by QbD, the formulation F-9
was determined to be optimal. The results of the current
investigations showed that the combined application of
QbD methods, such as RA, screening, experimental design,
and optimization, aids in understanding the effects of

formulation and process parameters on nanosponge quality
attributes.
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