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Abstract

Crohn's disease and ulcerative colitis, both forms of inflammatory bowel disease (IBD), are
prevalent conditions. Budesonide, a medication widely recommended as a first-line treatment
for Crohn's disease, necessitates the development of formulations capable of delivering the
drug to the intestinal region. Inulin, a highly effective polysaccharide and prebiotic in treating
IBD, possesses inadequate film-forming abilities. However, harnessing the beneficial effects
of inulin in IBD treatment, researchers designed a single-layer coating using a central
composite design (CCD) that combined inulin and eudragit RS. This coating aimed to sustain
the release of budesonide pellets, providing targeted therapy for Crohn's disease. The study
focused on two independent variables: the percentage of inulin and the coating level. The
responses evaluated were the release of the drug during a two-hour period at pH 1.2, as well as
within three and ten hours at pH 6.8. The release profiles of the coated pellets were examined
in media with varying pH levels to determine the optimal coating formulation. Subsequently,
the optimized coated pellets underwent continuous mode dissolution testing to assess their
release profile. Finally, the impact of the optimized formulation on reducing inflammation was
evaluated in rats with experimentally induced colitis. The coating formulation composed of 9%
inulinand 91% eudragit RS at a coating level of 20% displayed a complete and pH-independent
release profile. Approximately 85% of the drug was gradually released throughout the small
and large intestines. The presence of inulin in the coating formulation rendered it susceptible
to microbial degradation, resulting in an increased drug release rate in the colonic medium
containing rat cecal content. In vivo results demonstrated the favorable therapeutic effects of
this delivery system in treating inflammation in rats. The controlled release of the drug
throughout the gastrointestinal tract (GIT) contributed to its efficacy in mitigating
inflammation.

Keywords: Budesonide pellets, Target delivery, Inulin, Time-dependent, Crohn's disease
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1. Introduction

Inflammatory bowel disease (IBD) is a chronic condition linked to the inflammation of the
intestinal lining [1]. The two main types of IBD include ulcerative colitis and Crohn's disease
[2]. In Crohn's disease, the inflammation can affect the entire gastrointestinal tract, from the
mouth to the anus [3], while in ulcerative colitis, the inflammation is primarily limited to the
colon and rectum [4]. The primary therapeutic goal in patients with IBD is to achieve mucosal
healing [5], which can significantly improve their quality of life [6]. Although the medications
currently used for IBD treatment have been effective [7], their potential side effects have
prompted the search for new delivery systems that offer higher safety profiles [8, 9].

Due to its topical anti-inflammatory properties and minimal systemic absorption, budesonide
has gained attention as an oral controlled-release formulation for the treatment of IBD [10]. It
is currently recommended as a first-choice therapy for Crohn's disease [11]. While numerous
budesonide dosage forms have been developed for IBD treatment [12-14] multi-particulate
dosage forms, particularly pellets, are gaining prominence due to their potential advantages.
These advantages include predictable movement within the gastrointestinal (GI) tract and
reduced variations in gastric emptying compared to tablets [15, 16]. Thus, budesonide pellet
formulations have been extensively developed to target IBD treatment [17-20].

Recent studies have revealed that natural products for instance prebiotics, probiotics, and
synbiotics can be considered as alternative therapeutic options for IBD [21]. These natural
products have shown potential in alleviating gastrointestinal symptoms by lowering the pH of
the intestine and increasing the population of beneficial bacteria [22]. They can be used either
as a standalone treatment or in combination with standard therapy for IBD [23, 24]. Several
studies have confirmed that the concurrent administration of probiotics with standard

medications is more effective than using chemical therapy alone [25, 26]. These findings
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highlight the potential benefits of incorporating natural products, particularly probiotics, into
the treatment regimen for IBD.

It is important to note that the use of probiotics is contraindicated in patients with compromised
immune systems [27] due to the potential risks associated with the development of sepsis and
bacteremia [28]. On the other hand, the use of commercial prebiotics is generally considered
safe [29, 30]. Additionally, the production processes and storage requirements for prebiotics
are typically easier compared to probiotics [31] making them more appealing for
pharmaceutical industries. Due to their safety profile and ease of production, prebiotics hold a
significant interest in the pharmaceutical industry.

Inulin is a widely used prebiotic in IBD patients [32, 33]. Oral administration of inulin can
reduce inflammation in both IBD patients and colitis rat models [22, 34]. The modulation of
the intestinal flora is the primary mechanism involved in the management of IBD with inulin
[35]. Additionally, the metabolites produced through inulin fermentation can help regulate
constipation by affecting intestinal peristalsis [36].

One notable characteristic of inulin is its ability to withstand the acidic environment of the
stomach and only be hydrolyzed by specific intestinal microflora, not digestive enzymes [37].
Therefore, in addition to its pharmacological benefits, inulin holds promise as a vehicle for
targeted drug delivery to the intestinal region [35, 38]. Some studies have explored the
encapsulation of budesonide into inulin nanoparticles for targeted delivery to the colon [39,
40]. Furthermore, loading budesonide into inulin microparticles has shown significant
effectiveness in targeting the colon [41, 42].

Studies have shown that loading polysaccharides within pellet matrices can lead to a decrease
in drug release due to gel formation upon contact with a dissolution medium [43, 44].
Considering that budesonide is practically insoluble in water [45], incorporating inulin into the

pellet structure and promoting gel formation may result in inadequate drug release at the
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desired site of action [46]. Alternatively, using inulin as a coating material may lead to
premature drug release in the upper parts of the gastrointestinal (GI) tract due to its high water
solubility and poor film-forming ability [47]. To address these challenges, the combination of
inulin with time-dependent polymethacrylates has been extensively studied as a system for
targeted delivery to the intestinal region [4, 41, 43, 48]. Current evidence suggests that blending
inulin with water-insoluble polymers can enhance film-forming ability and prevent early drug
release in the upper segments of the Gl tract [49]. This approach aims to optimize drug release
profiles and ensure that the drug is delivered effectively to the intended site of action in the
intestinal region.

In this study, the objective was to develop a sustained-release formulation of budesonide pellets
for the treatment of Crohn's disease, while also leveraging the therapeutic advantages of inulin.
To achieve this, an optimized single-layer coat was designed for the budesonide-loaded pellets
using a blend of inulin and time-dependent polymers, specifically eudragit RS. The drug release
profiles in these combined systems can be controlled by adjusting the concentration of inulin
in the coating composition as well as the coating thickness [50, 51]. To optimize this system,
a full factorial design was utilized, allowing for the investigation of the impact of varying inulin
concentration and coating thickness on the drug release characteristics of the pellets. By
systematically evaluating these factors, the researchers aimed to determine the optimal

formulation parameters for achieving the desired sustained-release properties of budesonide.

2. Materials and methods

2.1. Materials

Budesonide (Jaber Ebne Hayyan, Tehran, Iran), Avicel PH 102, Lactose monohydrate, triethyl
citrate (TEC) and talc (Merck Company, Frankfurt, Germany), polyvinylpyrrolidone (PVP

K30) (Rahavard Tamin, Tehran, Iran), inulin (high molecular weight) (Sigma-Aldrich, St.
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Louis, USA) isopropyl alcohol (Dr. Mojallaly, Tehran, Iran), sodium lauryl sulfate (SLS)
(Scharlau ,Barcelona, Spain) and eudragit RS 30D (Evonik Industries, AG Hanau, Germany)
were utilized in this study. Other reagents and solvents utilized in this study were of analytical

grade.

2.2. Preparation of budesonide pellets

Budesonide-loaded pellets were produced using the extrusion-spheronization technique,
following a formulation developed previously for conventional budesonide pellets [46]. The
selection of excipients and their concentrations aimed at achieving a high dissolution rate for
the budesonide pellets. In summary, a blend containing budesonide (1.5% w/w), PVP K30 (5%
w/w) serving as a binder, lactose monohydrate (25% w/w) as a soluble filler, and Avicel® PH
102 (68.5% wi/w) as a pelletization aid was prepared through mixing (utilizing FUMA, Fu-
1877 Hand Mixer, Japan) for a duration of 20 minutes. Distilled water was then slowly added
to the powder blend until a wet mass with the desirable plasticity was achieved. This wet mass
was subsequently extruded through an axial screw extruder (Dorsa Tech, EX-01, Iran) with a
1 mm screen. The spheronization of the extrudates was carried out (Dorsa Tech, EX-01, Iran)
for 5 minutes at 1200 RPM. The resulting pellets were subjected to drying in an oven (40 °C)

for 24 hours, then were sieved and the fraction of 850-1180 um was used for further studies.

2.3. Design of coating formulation

The response surface method with a 32 full factorial design was implemented to mode and
optimize the coating formulation, by design expert software (Design-Expert software, VVersion
11, Stat-Ease, USA). The independent variables which were examined at three levels were the
amount of inulin in the coating composition (X1) as well as the coating level (X2). The higher

and lower levels of each independent variable were designated as +1 and -1, while the average
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value was denoted as 0. The specific independent variables and their levels can be found in

Table 1.

Table 1
Independent variables and their levels in design experiment.

. Levels used
Independent variables 1 0 )
X1 = amount of inulin (%) 0 20 40
X2 = coating level (%) 10 15 20

Considering the extension of inflammation in Crohn's disease from the stomach all the way
down to the anus [3], therefore the coating formulations should be able to offer a sustained
release of the drug from the stomach to the small and large intestines [4]. So the percentage of
drug release during 2 hours at pH 1.2 (Y1), the percentage of drug release within 3 hours at pH
6.8 (Y2) (to avoid excessive release in the small intestine), as well as the percentage of drug
release during 10 hours at pH 6.8 (Y3), were chosen as response variables. Table 2 lists the

suggested formulations suggested by the software.

Table 2
The runs and composition of experimental formulations.
Variable factors

RUN = (ratio of inulin to (inulin+RS)) _ X2 (coating level (%))
1 0 10
2 0 15
3 0 20
4 20 10
5 20 15
6 20 20
7 40 10
8 40 15
9 40 20

2.4. Coating of pellets

2.4.1. Preparation of coating formulations
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First of all, a solution of inulin was prepared in hot distilled water (10% w/v) and then added
to an appropriate amount of eudragit RS 30D under continuous stirring. As a plasticizer, triethyl
citrate (TEC) was incorporated at a weight ratio of 10% to the eudragit RS and stirred for 1
hour. Following this, the resulting mixture was diluted with deionized water so that the final
concentration of eudragit RS in the coating suspension was 10% (w/v). Finally, to prevent the
adhesion of pellets during the coating procedure, talc was added to this dispersion at a weight
ratio of 10% relative to the eudragit RS. The resulting suspension was stirred for 20 minutes

prior to use.

2.4.2. Coating procedures and conditions

The obtained budesonide pellets (100 g) were placed in a fluidized bed coater (Wurster insert,
Werner Glatt, Germany), and then different coating formulations were sprayed employing a
peristaltic pump under specific coating conditions (inlet temperature 50-54 °C, outlet
temperature 44 to 48 °C, nozzle diameter was 1 mm and atomization pressure set at 2 bar).
Once the coating percentage reached the designed levels specified in Table 2, samples of coated

pellets were collected and dried for 24 hours at a temperature of 45 °C in an oven.

2.5. Dissolution studies

The release profiles of coated pellets containing 9 mg of budesonide (n= 6) were tested using
USP dissolution apparatus | (Pharmatest, PTWS 3E, Germany) with a 250 mL release medium
containing 0.25% w/v SLS (as a help to provide sink condition). The dissolution studies were
conducted at 37 £ 0.5 °C with a rotation speed of 75 RPM. To simulate various gastrointestinal
conditions, the dissolution studies were performed for 2 hours in 0.1 N HCI at pH 1.2
(simulating the gastric region), and for 10 hours in phosphate buffers at pH 6.8 and 7.2

(simulating different parts of the small and large intestines). At specific time intervals, 5 mL
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of release medium was manually withdrawn and filtered using a syringe filter (0.22 pm). The
quantity of budesonide in the filtrate specimen was quantified using an HPLC (Shimadzu,
Japan) with a Teknokroma column (BRISA LC2 C18 250 mm X 4.6 mm, 5 pm) at 240 nm.
The injection volume was 20 pL and the mobile phase employed in this study was a blend of
acetate buffer (pH 3.9) and acetonitrile (35:65), flowing at a rate of 1.5 mL/min.

A continuous mode of dissolution test was used to characterize the dissolution of pellets coated
with optimum conditions. This test was performed using the method explained in our earlier
study [20]. In brief, accurately weighed pellets (corresponding to 9 mg of budesonide) were
tested at pH 1.2 (2 hours), pH 6.5 (1 hour), pH 6.8 (2 hours), pH 7.2 (1 hour) and pH 6.8 (10
hours) respectively. Following each designated resistance time, the pellets were immediately
transferred to the next dissolution medium. At each sampling time, 5 mL of dissolution medium
was withdrawn and subjected to HPLC analysis using the method mentioned above. To
evaluate the effect of intestinal bacteria on the drug release rate, dissolution studies were also
performed in the presence of rat cecal content (4% wi/v) during the final part of the continuous
dissolution test (pH 6.8 and 10 hours resistance time), with continuous CO2 bubbling of the
medium [4]. To analyze the drug release in media containing rat cecal content, 5 mL of the
dissolution medium was centrifuged for 30 minutes at 4 °C with a rotation speed of 15,000
RPM, then, the resulting supernatant was sedimented through mixing with acetonitrile at a ratio
of 1:3. The resulting suspension was filtered by a syringe filter (0.22 um), and the quantity of

budesonide in filtrate specimen was quantified using HPLC [43].

2.6. Morphology of pellets
A scanning electron microscope (SEM) (Leo, VP1450, Germany) was performed for the
characterization of the surface morphology of optimized coated pellets as well as the thickness

of the applied coat. Before imaging, specimens were sputter-coated with a thin layer of gold
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by employing a Polaron, SC7620 sputter coater (England) for 180 seconds. Subsequently, a
focused stream of electrons with a voltage of 20 kV interacted with them through an electron

gun for the creation of high-resolution images.

2.7. Animal treatment

Acetic acid-induced colitis is a commonly utilized experimental model in IBD studies [52]. To
assess the anti-inflammatory effect of the optimized coated pellets in comparison to uncoated
budesonide pellets, an acetic acid-induced rat model of UC was utilized. Male Wistar rats, aged
10-12 weeks and weighing 250-300 g, were used in the research following ethical approval
by the institutional ethics committee of Mashhad University of Medical Sciences
(IR.IMUMS.REC.1399.011). All the rats were housed in clean rooms at a temperature of 22 +
3 °C, humidity of 40 £ 5%, and a 12-hour light-dark cycle. The rats were kept fasted with free
access to water for 24 hours before colitis induction. To induce colitis, the rats were first
anesthetized with an intraperitoneal injection of ketamine (50 mg/kg) and xylazine (5 mg/kg)
solution [53]. Then, 2 mL of acetic acid (3% v/v in normal saline) was rectally administered
using a 2 mm diameter cannula [54]. In the healthy control group instead of acetic acid solution,
2 mL of normal saline was administered intrarectally. To prevent draining back of the fluid
from the rectal region, rats were positioned upside-down for 1 minute before being returned to
their cages. To allow for the development of colitis, they were left without treatment for the
next 3 days [4]. The rats with induced colitis were grouped into 3 different sub-groups, each
consisting of 6 rats. One group of rats was kept untreated and received 1 mL of normal saline
(using an insulin syringe) during the treatment period, while two others were orally
administrated an equivalent dose of budesonide (0.15 mg/day) from uncoated budesonide
pellets as well as optimized coated pellets (using an insulin syringe with a cut-off head), for 7

consecutive days [55, 56]. During the study period, all animals were daily investigated for their
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weight and stool consistency. 24 hours after the last dose consumption, the rats were sacrificed

using CO2 asphyxiation, and their entire colon was removed for additional investigations.

2.8. Assessment of colitis treatment

2.8.1. Colitis activity index

The severity of inflammation at different time points throughout the study was evaluated by
calculating the colitis activity index (CAIl). The CAIl was determined based on several
parameters, including weight loss, stool consistency, and anal bleeding [57]. The CAl scoring
system provided a comprehensive assessment ranging from 0 (indicating a state of normal
health) to 4 (representing the highest level of inflammation).

Weight loss was evaluated and assigned scores to reflect the degree of loss. Specifically, no
weight loss was given a score of 0 points, while weight loss ranging from 1% to 5% was
assigned a score of 1 point. For weight loss between 5% and 10%, a score of 2 points was
given, and for weight loss ranging from 10% to 20% received a score of 3 points. Weight loss
exceeding 20% was assigned the highest score of 4 points.

Stool consistency was assessed and scored accordingly. Well-formed pellets were assigned a
score of 0 points, indicating normal consistency. On the other hand, pasty and semi-formed
stools that did not stick to the anus received a score of 2 points, reflecting altered stool
consistency. Lastly, liquid stools that stuck to the anus were given a score of 4 points, indicating
the most severe alteration in stool consistency.

The presence and extent of anal bleeding were also considered in the CAI assessment. No
evidence of blood in the stool resulted in a score of 0 points. Positive findings of blood in the
stool received a score of 2 points, indicating the presence of bleeding. Visible anal bleeding,

representing the most severe form of bleeding, was assigned a score of 4 points.
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The overall CAl score, which provided a comprehensive measure of inflammation severity,
was quantified by calculating the mean of the individual scores for weight loss, stool

consistency, and anal bleeding.

2.8.2. Colon/body weight ratio

Prior to sacrifice, the rats were weighed to record their body mass. Following sacrifice, the
entire colon tissues, extending from the colorectal junction to the anal verge, were carefully
excised. The excised colon tissues were then horizontally cut and rinsed with a cooled
phosphate buffer solution at a pH of 7.4. To assess the extent of inflammation, the ratio of the
mass of the colon sample to the body mass of each rat was determined. This ratio served as an
inflammation index, providing a quantitative measure of the inflammation present in the colon.

[58].

2.8.3. Weight/length ratio of colon
The weight-to-length ratio of the washed colon tissue samples was used as a measure of the

inflammation severity [59].

2.8.4. Glutathione content of the colon tissue

To determine the reduced glutathione (GSH) content in the tissue samples, a UV
spectrophotometer was utilized by measuring the generation of a yellow color upon the addition
of DTNB (5,5'-dithiobis-(2-nitrobenzoic acid)), which reacts with sulfhydryl groups [60]. Here
is a summary of the procedure:

Tissue samples were homogenized (10% w/v) in phosphate-buffered saline (0.1 M, pH 7.4).
To the 0.5 mL of the homogenized tissue, 0.5 mL of trichloroacetic acid (TCA) (10% w/v) was

added. The mixture was then subjected to centrifugation at 25,000 g for 10 minutes at 4°C.
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From the resulting supernatants, 0.5 mL was taken and combined with reaction mixtures
containing 2.5 mL of phosphate buffer (pH 8) and 0.5 mL of DTNB. After 10 minutes, the
absorbance of the resulting yellow solution was measured at 412 nm using a spectrophotometer
(Jenway, 6105 UV/Vis, UK). The GSH content (nmol/g tissue) was quantified based on a
standard curve constructed using the blank medium [12]. By measuring the yellow color
developed through the reaction between DTNB and sulfhydryl groups, the GSH content in the

tissue samples was determined using UV spectrophotometry.

2.8.5. Malondialdehyde content of the colon tissue

The concentration of malondialdehyde (MDA) in the colon tissue sample can serve as an
indicator of the severity of inflammation [61]. The procedure for determining MDA is outlined
as follows:

Homogenized tissue samples (10% w/v) in 1.15% w/v KCI were prepared.

To the homogenized samples, 3 mL of phosphoric acid (1% w/v) and 1 mL of thiobarbituric
acid (TBA) (0.6% wi/v) were included. The mixtures were then subjected to heating in a boiling
water bath for 45 minutes. After the heating process, the mixtures were cooled, and 4 mL of n-
butanol was added. The resulting mixture was vortex-mixed for 1 minute and then centrifuged
at 3000 g for 10 minutes. The absorbance of the supernatant was measured at 532 nm using a
spectrophotometer (Jenway 6105 UV/Vis, UK). The concentration of MDA (nmol/g tissue)
was quantified by quantifying the absorbance based on a standard curve constructed using a
blank medium [62]. By following this procedure, the concentration of MDA in the colon tissue
sample, which serves as a biomarker of oxidative stress and inflammation, can be measured

using spectrophotometry.
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2.8.6. Histological assessment of inflammation severity

Colon tissue segments were first fixed in an aqueous solution of formalin (10% v/v) and then
embedded in paraffin. The segments were stained with hematoxylin and eosin (H&E) following
sectioning by microtome. The severity of inflammation in stained samples was graded on a
scale ranging from 0 to 4 using an optical microscope. A score of 0 indicated no or mild
inflammation, while a score of 1 was assigned when focal infiltration of inflammatory cells
and a small affected area were observed. A score of 2 was given when inflammation involved
a significant portion of the colon tissue with evidence of smooth muscle thickening. A score of
3 was assigned in cases where ulceration and infiltration of inflammatory cells were observed
in the tissue sections. The highest score of 4 was given to cases showing extensive tissue

damage characterized by necrosis and gangrene, indicating the most severe colitis [43, 63].

2.9. Statistical analysis

Statistical analysis of the collected data was done using Graph Pad Prism software (Graph Pad
Prism, version 7, San Diego, CA). To compare the means and determine significant differences,
ANOVA test was performed followed by Tukey—Kramer test (P values <0.05 indicates

statistically significant).

3. Results and Discussion

3.1. Dissolution studies

Fig. 1 displays the release profiles of budesonide from all pellets coated under the experimental
design conditions. As it could be seen, at various pH conditions the drug release rate from these
formulations was almost the same. Considering the fact that the solubility of budesonide and
all other materials that were applied in these formulations is not dependent on the pH of the

dissolution medium [64], this pH-independency of release was predictable and such delivery
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systems could be considered as a combination of time-dependent and bacterial degradation
systems [65].

In all formulations, higher coating levels were accompanied by reduced drug release levels. So
that formulations with a 20% coating level led to a slower release rate than the same
formulation with a 10% coating level. Since diffusion has a significant role in drug release
from time-dependent systems [66], such behaviors could be related to the longer pass for
diffusion [67].

The formulation containing 20% inulin and 80% eudragit RS (ERS) with a 20% coating level
released almost 15% of the drug after 2 hours and more than 60% during the first 5 hours of
the release study (before reaching the terminal ileum), while the formulation containing 40%
inulin and 60% ERS with the same amount of coating level released approximately 30% of the
drug within 2 hours and more than 70% of the drug during the first 5 hours of the study, and
those pellets with no inulin in their coating formulation, released less than 10% of their drug
content within 2 hours and less than 50% during 5 hours. These results demonstrated that
increasing the amount of inulin in the coating composition could increase the drug release rate.
This can be ascribed to the solubility of inulin in the dissolution medium [47] and the
development of pores within the coating layer [48].

Although it seems that formulations with no inulin in their coating compositions could be able
to deliver a desired amount of drug to the colonic region, an incomplete drug release (almost
90% of drug content was released during 10 hours), could be a drawback of such formulations.
High molecular weight inulin was used in this study due to the slower dissolution rate and

hydrolysis in the colonic environment compared to low molecular weight inulin [47, 68]..
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Fig. 1. The drug release profile from the pellets coated under the experimental design
conditions at various pH conditions. CL: coating level.

3.2. Determination of optimum coating composition and level

Sequential p-values were computed using the design expert software, and a linear model was
established to investigate the three responses. Upon conducting an analysis of variance
(ANOVA) on the experimental data, it was observed that the model p-value for all responses
was less than 0.0001. The model F-values corresponding to responses Y1, Y2, and Y3 were
205.68, 38.31, and 28.29 respectively. These values confirm the significance of the model for
all three responses. Additionally, the R-squared (R2) values for Y1, Y2, and Y3 were

determined as 0.9763, 0.8846, and 0.8500 respectively, indicating that the model offers a robust

fit to the data [69].
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Equations 1-3 represent the predicted mathematical relationship between independent variables

(Xs) and responses (Ys) in terms of coded factors:

Y1=+28.04 +12.66 X1 —8.80 X2 (Equation 1)
Y2=+97.29 +1.44 X1 -1.28 X2 (Equation 2)
Y3=+48.01+12.07 X1 —10.94 Xz (Equation 3)

The positive coefficient of Xu in all equations indicated a synergistic effect of this factor on all
responses, while the negative value of X2 demonstrated an opposing effect on them [19]. It
could be concluded that an increase in the amount of inulin in the coating composition as well
as a decrease in the coating level would result in more drug release.

Response surface plots (Fig. 2) were also presented in order to better illustrate the impact of

independent variables on each response.

The optimization of the coating formulation and level was adjusted based on the residence time
of the formulation in various regions of the GIT.

Since this designed delivery system was based on the time-dependent and bacterially
degradable systems, to provide a suitable sustained release of the drug throughout the GIT, the
optimal formulation should be able to stop excessive drug release in an acidic pH environment
of the stomach within the first two hours (Y1) and release the drug through the small and large
intestines ('Y3) in a sustained manner [4]. As an attempt to prevent a high amount of drug release
in the initial parts of the small intestine, the drug release at pH 6.8 within 3 hours was also
considered as one of the responses (Y2). So, desirable responses were considered drug release
of less than 20% within two hours at pH 1.2, less than 30% within 3 hours at pH 6.8, while the

release of 80 to 100% for the rest of 10 hours at pH 6.8.
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Based on the obtained dissolution data, a coating composition consisting of 9% inulinand 91% 412
ERS, at a coating level of 20% was predicted as the optimized coating formulation by the 413
model. The optimized formulation was prepared and subjected to morphological analysis and 414

dissolution tests. 415
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Fig. 2. The response surface plots for the responses predicted at different independent

variables.
3.3. Dissolution studies of budesonide pellets coated with optimized coating formulation
Although based on the low standard deviation and predicted residual error sums of square
values (PRESS) as well as high coefficient of determinations (R?) and enough high F-value, it
seems that the chosen predicting model (Linear) could represent high predictability [69], the
measured response values were also compared with the anticipated values generated by the
software to assess the validity of the optimization process. According to the results presented

in Table 3, close agreement between these two values showed the validity of the optimization

method.
Table 3
Observed and predicted values for the responses of optimum formulation.
Responses Observed Predicted Residual
Y1 (%) 12.60 12.46 0.14
Y2 (%) 29.00 28.49 0.51
Y3 (%) 98.84 95.51 3.33

The release profile of optimized coated pellets was studied in a continuous mode of dissolution
test at different simulated GIT conditions. As mentioned earlier, budesonide is a practically-

insoluble drug [64], and therefore incomplete drug release might be expected from its
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diffusion-based sustained release formulations. It could be seen in Fig. 3 that, the optimized
pellets released all of their drug content during the test period. So, it could be concluded that
the problem of incomplete drug release, which is one of the drawbacks of some marketed
brands of budesonide [70] and most of the time-dependent based colon drug delivery systems
[65], could be addressed with this formulation. It has been shown that blending inulin with
time-dependent polymers could improve the permeability of films and lead to more drug
release [71].

Optimized pellets released only 15% of their cargo during the first 2 hours in the simulated
gastric conditions (pH 1.2) and the remaining 85% of the drug was slowly released through
other parts of GIT. The limited drug release during 2 hours in a simulated gastric environment
could be attributed to the very low amount of inulin in the coating that could be dissolved in
acidic media [72, 73] as well as the time required for ERS films to become permeable to the
dissolution medium [74]. In the next 3 hours, following the dissolution of a higher amount of
inulin, the polymeric network of the coating system became more permeable to the drug [44],
so that almost 50% of the loaded drug was released prior to reaching the medium-simulating
ileum and the remaining 35% of the loaded drug reached to the terminal ileum and colon.
Therefore, it seems that optimized coated pellets could provide a favorable sustained release
profile that enables effective drug delivery throughout the entire length of the small and large
intestines.

The optimized formulation presented a slightly faster release of budesonide at pH 6.8 when rat
cecal content (SCF) is present. This is attributed to the decomposition of inulin by bacterial
enzymes [75]. Owing to this, pore formation within the coating matrix could be facilitated [44]
and accelerate drug release.

Although due to the low concentration of cecum content (4% W/V) in the dissolution medium,

the difference between drug release in the medium with and without cecal content was not
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huge, this result could indicate enzymatic sensitivity of optimized formulation [76] and it is 455
expected that the higher concentration of degrading enzymes in the human digestive tract could 456

result to the marked difference in release between formulations without inulin and formulations 457

containing inulin. 458
459
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Fig. 3. The figure illustrates the release profile of budesonide from the optimized coated
pellets in a continuous dissolution test, both with and without cecal content.

460

3.4. Morphological characteristics 461
SEM images of the optimized coated pellets illustrated the formation of a smooth and uniform 462

coat with a thickness of about 70 um around the core of the pellets (Fig. 4A & 4B). 463
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Fig. 4. Scanning electron microscopy of (A) the optimized coated pellets, and (B) the cross-
sectional image of optimized coated pellets.
3.5. In vivo therapeutic efficacy in rats
The therapeutic efficacy of the optimized coated pellets was assessed and compared to
uncoated pellets. To evaluate the severity of inflammation in the colon tissue, various
parameters were examined, including the colitis activity index [15], colon/body weight,
weight/length ratio of the colon, the level of malondialdehyde (MDA), the amount of reduced
glutathione (GSH) in colon tissue [77], as well as histological studies.
Three days after rectal administration of acetic acid, every animal exhibited signs of weight
loss and suffered from diarrhea. This observation as well as increasing the level of CAI (Fig.
5), demonstrated the development of experimental colitis in all animals [78]. During the
treatment period, the level of CAl in treatment groups decreased consistently, so all rats that
received treatment exhibited a significant reduction in CAl in comparison with untreated colitis
rats on the day of sacrification (p < 0.05). Although these results demonstrated the reduction
of inflammation in colonic tissue following the administration of the drug [79], it seems that

optimized coated pellets are significantly more effective than uncoated pellets (p < 0.05).
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Fig. 5. Colitis activity index of the different rat groups. Data are presented as mean + SD (n

= 6 animals/group).
As it can be seen in Fig. 6A & 6B, in both treated groups, there was a remarkable decrease (p-
<0.05) in both the colon/body weight ratio and the weight/length ratio in comparison to the
untreated control group. This result could be related to the reduction of inflammation in colonic
tissue [80]. Similarly to the CAI results, more therapeutic effects were seen by the
administration of optimized coated pellets compared to uncoated pellets ( <0.05).
Fig. 6C & 6D illustrated that in treated rats the amount of GSH profoundly enhanced (p< 0.05),
while the level of MDA exhibited a significant decrease (p<0.05) in comparison to the
untreated control rats. Since MDA is a marker that increases tissue injuries and also GSH shows
the anti-oxidative activity of cells following treatment [62], these results could demonstrate the
reduction of inflammation upon the treatment.
The macroscopic observation of colon specimens (Fig. 6E) showed a decrease in colon length
in untreated colitis rats when compared to the healthy controls (almost 8 cm). Furthermore, the
colon tissue of colitis rats exhibited visible signs of thickened bowel wall and ulceration.
Although the signs of inflammation appeared to be reduced in both treated groups, the rats
treated with optimized coated pellets exhibited the greatest increase in colon length (almost 4
cm).
Fig. 6F represents the colitis damage score and Fig. 7 shows the histological sections of the
colon tissues under a microscope. In Fig. 7A, normal colon histology is depicted, showing no
signs of tissue abnormality or disruption. This image received a colitis score of zero.
Conversely, in Fig. 7B, the colon tissue of untreated colitis rats exhibited tissue damage, goblet
cell depletion and necrotic mucosal structure, warranting the highest score of four. Fig. 7C
displayed some signs of smooth muscle thickening in the colon tissue of rats treated with

uncoated pellets, resulting in a colitis score of two. Microscopic observation of the colon tissue
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from rats that received optimized coated pellets showed trace regions of focal inflammatory
cells infiltration, as shown in Fig. 7D, which earned a colitis score of one. Although both
treatment groups exhibited some improvement in the microscopic characterization of the
colonic tissues compared to the untreated group, the administration of optimized coated pellets

demonstrated a condition that was much closer to the normal colon histology.
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Colon damage score

Fig. 6. The figure shows (A) Colon/body weight ratio, (B) Weight/length ratio of colon, (C)
Amount of GSH, (D) Level of MDA, (E) Photographs for macroscopic examination, and (F)
Colon damage score of the colon tissues. The data are presented as mean + SD, with each
group consisting of 6 animals. Significant differences between marked groups are denoted
by an asterisk (*) with a significance level of p < 0.05.

Fig. 7. The figure displays the histopathological characteristics
of the colon tissues in rats subjected to different treatments.
The subfigures show: (A) a rat with normal colonic tissues, (B)
an untreated rat, (C) a rat treated with uncoated pellets, and (D)
a rat treated with coated pellets.
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In summary, the findings from the in vivo studies indicated that the use of optimized coated
pellets for the treatment of colitis, exhibited superior effectiveness compared to uncoated
pellets. This higher efficacy demonstrated that designed coating systems successfully inhibited
the rapid release of the drug in the stomach and delivered the drug in a sustained manner
throughout the small intestine and colon and exhibited enzymatic sensitivity in the presence
of cecal content in in vitro studies [81], indicating that the combined effects of budesonide and
inulin might contribute to the effectiveness of this formulation in the treatment of colitis

inflammation [34].

4. Conclusion

In this particular study, the researchers aimed to develop an optimized single-layer coating
system for budesonide pellets by combining inulin and eudragit RS. The primary objective was
to utilize a central composite design (CCD) to sustain the delivery of budesonide pellets while
harnessing the therapeutic benefits of inulin in the treatment of inflammatory bowel disease
(IBD). The optimized coating formulation comprised 9% inulin and 91% eudragit RS, with a
coating level of 20% (w/w). This formulation effectively prevented premature drug release
within the acidic environment of the stomach and facilitated complete and controlled drug
release throughout the entire length of the intestine. By carefully tailoring the coating
parameters, the researchers achieved the desired sustained release characteristics for
budesonide. The efficacy of the optimized coated pellets was evaluated in comparison to
uncoated pellets using a rat model of colitis. The results demonstrated that the optimized coated
pellets exhibited superior therapeutic effects in treating colitis when compared to the uncoated
pellets. This finding suggests that the optimized coating system effectively protected the drug
from premature release, allowing for targeted drug delivery and improved treatment outcomes

in the context of colitis.
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Overall, this study highlights the successful design and optimization of a single-layer coating
system combining inulin and eudragit RS for budesonide pellets. The optimized formulation
demonstrated controlled drug release properties, which were advantageous for the treatment of

IBD, particularly in the context of colitis.

Declaration of Competing Interest

The authors declare no conflict of interest.

Acknowledgements
This study was financially supported by the Vice Chancellor for Research and Technology at

Mashhad University of Medical Sciences, under grant Grant number: 981658.

References

[1] H. Guo, L. Yu, F. Tian, W. Chen, Q. Zhai, The Potential Therapeutic Role of Lactobacillaceae
rhamnosus for Treatment of Inflammatory Bowel Disease, Foods, 12 (2023) 692.

[2] M. Ruban, A. Slavick, A. Amir, A. Ben-Tov, H. Moran-Lev, Y. Weintraub, A. Anafy, S. Cohen, A.
Yerushalmy-Feler, Increasing rate of a positive family history of inflammatory bowel disease (IBD) in
pediatric IBD patients, European Journal of Pediatrics, (2022) 1-7.

[3] A. Maertens, D. Persyn, W. Van Moerkercke, How dyspepsia led to the diagnosis of Morbus
Crohn, Acta Clinica Belgica, 75 (2020) 293-295.

[4] H.S. Sardou, A. Akhgari, A.H. Mohammadpour, H. Kamali, A.H. Jafarian, H.A. Garekani, F. Sadeghi,
Application of inulin/Eudragit RS in 5-ASA pellet coating with tuned, sustained-release feature in an
animal model of ulcerative colitis, International Journal of Pharmaceutics, 597 (2021) 120347.

[5] S. Danese, G. Roda, L. Peyrin-Biroulet, Evolving therapeutic goals in ulcerative colitis: towards
disease clearance, Nature Reviews Gastroenterology & Hepatology, 17 (2020) 1-2.

[6] F. Yasmin, H. Najeeb, S. Shaikh, M. Hasanain, U. Naeem, A. Moeed, T. Koritala, S. Hasan, S. Surani,
Novel drug delivery systems for inflammatory bowel disease, World Journal of Gastroenterology, 28
(2022) 1922.

[7] L.J. Mohan, J.S. Daly, B.M. Ryan, Z. Ramtoola, Oral Infliximab Nanomedicines for Targeted
Treatment of Inflammatory Bowel Diseases, European Journal of Pharmaceutical Sciences, (2023)
106379.

[8] K. Akutko, A. Stawarski, Probiotics, prebiotics and synbiotics in inflammatory bowel diseases,
Journal of Clinical Medicine, 10 (2021) 2466.

[9] M.J. Saez-Lara, C. Gomez-Llorente, J. Plaza-Diaz, A. Gil, The role of probiotic lactic acid bacteria
and bifidobacteria in the prevention and treatment of inflammatory bowel disease and other related
diseases: a systematic review of randomized human clinical trials, BioMed research international,
2015 (2015).

27

537

538

539

540

541

542

543

544

545

546

547

548
549
550

551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574



[10] J. Silverman, A. Otley, Budesonide in the treatment of inflammatory bowel disease, Expert
Review of Clinical Immunology, 7 (2011) 419-428.

[11] A. Lépez-Sanroman, J. Clofent, E. Garcia-Planella, L. Menchén, P. Nos, |. Rodriguez-Lago, E.
Domeénech, Reviewing the therapeutic role of budesonide in Crohn's disease, Gastroenterologia Y
Hepatologia (English Edition), 41 (2018) 458-471.

[12] B. Gareb, G. Dijkstra, J.G. Kosterink, H.W. Frijlink, Development of novel zero-order release
budesonide tablets for the treatment of ileo-colonic inflammatory bowel disease and comparison
with formulations currently used in clinical practice, International Journal of Pharmaceutics, 554
(2019) 366-375.

[13] A. Salunke, N. Upmanyu, Formulation, development and evaluation of budesonide oral nano-
sponges using DOE approach: in vivo evidences, Advanced Pharmaceutical Bulletin, 11 (2021) 286.
[14] F. Ronchi, A. Sereno, M. Paide, I. Hennia, P. Sacré, G. Guillaume, V. Stéphenne, J. Goole, K.
Amighi, Development and evaluation of budesonide-based modified-release liquid oral dosage
forms, Journal of Drug Delivery Science and Technology, 54 (2019) 101273.

[15] P. Wang, Q. Luo, Y. Miao, L. Ying, H. He, C. Cai, X. Tang, Improved dissolution rate and
bioavailability of fenofibrate pellets prepared by wet-milled-drug layering, Drug development and
industrial pharmacy, 38 (2012) 1344-1353.

[16] I. Ghebre-Sellassie, Pellets: A general overview, Pharmaceutical pelletization technology, (1989)
1-13.

[17] ). Varshosaz, J. Emami, N. Tavakoli, M. Minaiyan, N. Rahmani, F. Dorkoosh, P. Mahzouni,
Development of novel budesonide pellets based on CODESTM technology: in vitro/in vivo evaluation
in induced colitis in rats, Daru: Journal of Faculty of Pharmacy, Tehran University of Medical
Sciences, 19 (2011) 107.

[18] M.K. Raval, R.V. Ramani, N.R. Sheth, Formulation and evaluation of sustained release enteric-
coated pellets of budesonide for intestinal delivery, International journal of pharmaceutical
investigation, 3 (2013) 203.

[19] N.V. Patel, J.K. Patel, S.H. Shah, J.N. Patel, Central composite design for the formulation and
optimization of a multi-unit potential colonic drug delivery system of budesonide for ulcerative
colitis, Die Pharmazie-An International Journal of Pharmaceutical Sciences, 66 (2011) 124-129.

[20] F. Soltani, H. Kamali, A. Akhgari, M. Ghasemzadeh Rahbardar, H. Afrasiabi Garekani, A.
Nokhodchi, F. Sadeghi, Preparation and Characterization of a Novel Multiparticulate Dosage Form
Carrying Budesonide-Loaded Chitosan Nanoparticles to Enhance the Efficiency of Pellets in the
Colon, Pharmaceutics, 15 (2022) 69.

[21] K.R. Pandey, S.R. Naik, B.V. Vakil, Probiotics, prebiotics and synbiotics-a review, Journal of food
science and technology, 52 (2015) 7577-7587.

[22] S. Videla, J. Vilaseca, M. Antolin, A. Garcia-Lafuente, F. Guarner, E. Crespo, J. Casalots, A. Salas,
J.R. Malagelada, Dietary inulin improves distal colitis induced by dextran sodium sulfate in the rat,
The American journal of gastroenterology, 96 (2001) 1486-1493.

[23] P.J. Basso, N.O.S. Camara, H. Sales-Campos, Microbial-based therapies in the treatment of
inflammatory bowel disease—an overview of human studies, Frontiers in pharmacology, 9 (2019)
1571.

[24] J. Mcllroy, G. laniro, I. Mukhopadhya, R. Hansen, G. Hold, the gut microbiome in inflammatory
bowel disease—avenues for microbial management, Alimentary pharmacology & therapeutics, 47
(2018) 26-42.

[25] Y. Derwa, D. Gracie, P. Hamlin, A. Ford, Systematic review with meta-analysis: the efficacy of
probiotics in inflammatory bowel disease, Alimentary pharmacology & therapeutics, 46 (2017) 389-
400.

[26] M. Zocco, L.Z. Dal Verme, F. Cremonini, A. Piscaglia, E. Nista, M. Candelli, M. Novi, D. Rigante, .
Cazzato, V. Ojetti, Efficacy of Lactobacillus GG in maintaining remission of ulcerative colitis,
Alimentary pharmacology & therapeutics, 23 (2006) 1567-1574.

28

575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
501
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624



[27] S.C. Bischoff, J. Escher, X. Hébuterne, S. Ktek, Z. Krznaric, S. Schneider, R. Shamir, K. Stardelova,
N. Wierdsma, A.E. Wiskin, ESPEN practical guideline: Clinical Nutrition in inflammatory bowel
disease, Clinical Nutrition, 39 (2020) 632-653.

[28] S. Meini, R. Laureano, L. Fani, C. Tascini, A. Galano, A. Antonelli, G.M. Rossolini, Breakthrough
Lactobacillus rhamnosus GG bacteremia associated with probiotic use in an adult patient with severe
active ulcerative colitis: case report and review of the literature, Infection, 43 (2015) 777-781.

[29] O. Kanauchi, K. Mitsuyama, T. Homma, K. Takahama, Y. Fujiyama, A. Andoh, Y. Araki, T. Suga, T.
Hibi, M. Naganuma, Treatment of ulcerative colitis patients by long-term administration of
germinated barley foodstuff: multi-center open trial, International journal of molecular medicine, 12
(2003) 701-704.

[30] H. Hanai, O. Kanauchi, K. Mitsuyama, A. Andoh, K. Takeuchi, I. Takayuki, Y. Araki, Y. Fujiyama, A.
Toyonaga, M. Sata, Germinated barley foodstuff prolongs remission in patients with ulcerative
colitis, International journal of molecular medicine, 13 (2004) 643-647.

[31] D. Davani-Davari, M. Negahdaripour, I. Karimzadeh, M. Seifan, M. Mohkam, S.J. Masoumi, A.
Berenjian, Y. Ghasemi, Prebiotics: definition, types, sources, mechanisms, and clinical applications,
Foods, 8 (2019) 92.

[32] H.E. Rasmussen, B.R. Hamaker, Prebiotics and inflammatory bowel disease, Gastroenterology
Clinics, 46 (2017) 783-795.

[33] K.K. Varsha, A.P. Maheshwari, K.M. Nampoothiri, Accomplishment of probiotics in human health
pertaining to immunoregulation and disease control, Clinical Nutrition ESPEN, 44 (2021) 26-37.

[34] W. Akram, N. Garud, R. Joshi, Role of inulin as prebiotics on inflammatory bowel disease, Drug
discoveries & therapeutics, 13 (2019) 1-8.

[35] X. Wan, H. Guo, Y. Liang, C. Zhou, Z. Liu, K. Li, F. Niu, X. Zhai, L. Wang, The physiological functions
and pharmaceutical applications of inulin: A review, Carbohydrate polymers, 246 (2020) 116589.
[36] J. Lan, K. Wang, G. Chen, G. Cao, C. Yang, Effects of inulin and isomalto-oligosaccharide on
diphenoxylate-induced constipation, gastrointestinal motility-related hormones, short-chain fatty
acids, and the intestinal flora in rats, Food & function, 11 (2020) 9216-9225.

[37] W. Akram, R. Joshi, N. Garud, Inulin: A promising carrier for controlled and targeted drug
delivery system, Journal of Drug Delivery and Therapeutics, 9 (2019) 437-441.

[38] S. Chadha, A. Kumar, S.A. Srivastava, T. Behl, R. Ranjan, Inulin as a delivery vehicle for targeting
colon-specific cancer, Current Drug Delivery, 17 (2020) 651-674.

[39] Q. Sun, L. Luan, M. Arif, J. Li, Q.-J. Dong, Y. Gao, Z. Chi, C.-G. Liu, Redox-sensitive nanoparticles
based on 4-aminothiophenol-carboxymethyl inulin conjugate for budesonide delivery in
inflammatory bowel diseases, Carbohydrate polymers, 189 (2018) 352-359.

[40] Y. Ren, L. Nie, C. Luo, S. Zhu, X. Zhang, Advancement in Therapeutic Intervention of Prebiotic-
Based Nanoparticles for Colonic Diseases, International Journal of Nanomedicine, (2022) 6639-6654.
[41] V. D'Amico, I. Arduino, M. Vacca, R.M. lacobazzi, D. Altamura, A. Lopalco, R. Rizzi, A. Cutrignelli,
V. Laquintana, F. Massimo, Colonic budesonide delivery by multistimuli alginate/Eudragit® FS
30D/inulin-based microspheres as a paediatric formulation, Carbohydrate Polymers, 302 (2023)
120422.

[42] Y. Ren, Q. Tang, X. Yuan, Dietary fiber-derived microparticles from microfluidic for drug delivery
in treating inflammatory bowel disease, Materials Express, 11 (2021) 452-460.

[43] H.S. Sardou, A. Akhgari, A.H. Mohammadpour, A.B. Namdar, H. Kamali, A.H. Jafarian, H.A.
Garekani, F. Sadeghi, Optimization study of combined enteric and time-dependent
polymethacrylates as a coating for colon targeted delivery of 5-ASA pellets in rats with ulcerative
colitis, European Journal of Pharmaceutical Sciences, 168 (2022) 106072.

[44] M.A. Mensink, H.W. Frijlink, K. van der Voort Maarschalk, W.L. Hinrichs, Inulin, a flexible
oligosaccharide I: Review of its physicochemical characteristics, Carbohydrate polymers, 130 (2015)
405-419.

[45] F.S. Moghrabi, H.M. Fadda, Drug Physicochemical Properties and Capsule Fill Determine Extent
of Premature Gastric Release from Enteric Capsules, Pharmaceutics, 14 (2022) 2505.

29

625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675



[46] F. Soltani, H. Kamali, A. Akhgari, H.A. Garekani, A. Nokhodchi, F. Sadeghi, Different trends for
preparation of budesonide pellets with enhanced dissolution rate, Advanced Powder Technology, 33
(2022) 103684.

[47] S. Giri, P. Dutta, T.K. Giri, Inulin-based carriers for colon drug targeting, Journal of Drug Delivery
Science and Technology, 64 (2021) 102595.

[48] A. Akhgari, H.A. Garekani, F. Sadeghi, Combination of inulin and time dependent
polymethacrylates as a coating system to achieve colonic delivery of indomethacin, DARU Journal of
Pharmaceutical Sciences, 17 (2015) 199-208.

[49] L.M. De Mohac, R. Caruana, F.C. Pavia, G. Cavallaro, G. Giammona, M. Licciardi,
Multicomponent solid dispersion as a formulation strategy to improve drug permeation: A case
study on the anti-colorectal cancer irinotecan, Journal of Drug Delivery Science and Technology, 52
(2019) 346-354.

[50] O.A. Cavalcanti, G.V.d. Mooter, I. Caramico-Soares, R. Kinget, Polysaccharides as excipients for
colon-specific coatings. Permeability and swelling properties of casted films, Drug Development and
Industrial Pharmacy, 28 (2002) 157-164.

[51] J.S. Crowe, K.J. Roberts, T.M. Carlton, L. Maggiore, M.F. Cubitt, K.P. Ray, M.C. Donnelly, J.C.
Wahlich, J.I. Humphreys, J.R. Robinson, Oral delivery of the anti-tumor necrosis factor a domain
antibody, V565, results in high intestinal and fecal concentrations with minimal systemic exposure in
cynomolgus monkeys, Drug development and industrial pharmacy, 45 (2019) 387-394.

[52] Y.F. Cagin, H. Parlakpinar, N. Vardi, A. Polat, Y. Atayan, M.A. Erdogan, K. Tanbek, Effects of
dexpanthenol on acetic acid-induced colitis in rats, Experimental and therapeutic medicine, 12
(2016) 2958-2964.

[53] G.C. Guerra, A.A. Araljo, G.A. Lira, M.N. Melo, K.K. Souto, D. Fernandes, A.L. Silva, R.F.A. Junior,
Telmisartan decreases inflammation by modulating TNF-a, IL-10, and RANK/RANKL in a rat model of
ulcerative colitis, Pharmacological Reports, 67 (2015) 520-526.

[54] M.R. Qelliny, U.F. Aly, O.H. Elgarhy, K.A. Khaled, Budesonide-loaded Eudragit S 100
nanocapsules for the treatment of acetic acid-induced colitis in animal model, AAPS PharmSciTech,
20 (2019) 1-17.

[55] D. Ferri, A.M. Costero, P. Gavina, M. Parra, V. Merino, A.H. Teruel, F. Sancenon, R. Martinez-
Manez, Efficacy of budesonide-loaded mesoporous silica microparticles capped with a bulky azo
derivative in rats with TNBS-induced colitis, International Journal of Pharmaceutics, 561 (2019) 93-
101.

[56] G.B. West, J.H. Brown, B.J. Enquist, A general model for the origin of allometric scaling laws in
biology, Science, 276 (1997) 122-126.

[57] C. Dai, C.-Q. Zheng, F.-j. Meng, Z. Zhou, L.-x. Sang, M. Jiang, VSL# 3 probiotics exerts the anti-
inflammatory activity via PI3k/Akt and NF-kB pathway in rat model of DSS-induced colitis, Molecular
and cellular biochemistry, 374 (2013) 1-11.

[58] A. Lamprecht, H. Yamamoto, H. Takeuchi, Y. Kawashima, A pH-sensitive microsphere system for
the colon delivery of tacrolimus containing nanoparticles, Journal of Controlled release, 104 (2005)
337-346.

[59] M. Alhouayek, D.M. Lambert, N.M. Delzenne, P.D. Cani, G.G. Muccioli, Increasing endogenous 2-
arachidonoylglycerol levels counteracts colitis and related systemic inflammation, The FASEB
Journal, 25 (2011) 2711-2721.

[60] A. Bayat, F.A. Dorkoosh, A.R. Dehpour, L. Moezi, B. Larijani, H.E. Junginger, M. Rafiee-Tehrani,
Nanoparticles of quaternized chitosan derivatives as a carrier for colon delivery of insulin: ex vivo
and in vivo studies, International journal of pharmaceutics, 356 (2008) 259-266.

[61] M. Uchiyama, M. Mihara, Determination of malonaldehyde precursor in tissues by
thiobarbituric acid test, Analytical biochemistry, 86 (1978) 271-278.

[62] S. Mehri, M.A. Meshki, H. Hosseinzadeh, Linalool as a neuroprotective agent against acrylamide-
induced neurotoxicity in Wistar rats, Drug and Chemical Toxicology, 38 (2015) 162-166.

30

676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725



[63] B.S. Pabla, D.A. Schwartz, Assessing severity of disease in patients with ulcerative colitis,
Gastroenterology Clinics, 49 (2020) 671-688.

[64] H. Bhatt, B. Naik, A. Dharamsi, Solubility enhancement of budesonide and statistical
optimization of coating variables for targeted drug delivery, Journal of pharmaceutics, 2014 (2014).
[65] S.H. Lee, R. Bajracharya, J.Y. Min, J.-W. Han, B.J. Park, H.-K. Han, Strategic approaches for colon
targeted drug delivery: an overview of recent advancements, Pharmaceutics, 12 (2020) 68.

[66] A. Ozturk, S.S. Ozturk, B. Palsson, T. Wheatley, J.B. Dressman, Mechanism of release from
pellets coated with an ethylcellulose-based film, Journal of controlled release, 14 (1990) 203-213.
[67] V.K. Gupta, T.E. Beckert, J.C. Price, A novel pH-and time-based multi-unit potential colonic drug
delivery system. I. Development, International journal of pharmaceutics, 213 (2001) 83-91.

[68] T. Teferra, Direct and indirect actions of inulin as prebiotic polysaccharide: a review, CPQ
Nutrition, 3 (2019).

[69] K. Jain, S. Sood, K. Gowthamarajan, Optimization of artemether-loaded NLC for intranasal
delivery using central composite design, Drug delivery, 22 (2015) 940-954.

[70] B. Gareb, A.C. Eissens, J.G. Kosterink, H.W. Frijlink, Development of a zero-order sustained-
release tablet containing mesalazine and budesonide intended to treat the distal gastrointestinal
tract in inflammatory bowel disease, European Journal of Pharmaceutics and Biopharmaceutics, 103
(2016) 32-42.

[71] Y. Karrout, C. Neut, D. Wils, F. Siepmann, L. Deremaux, M.-P. Flament, L. Dubreuil, P.
Desreumaus, J. Siepmann, Enzymatically activated coated multiparticulates containing theophylline
for colon targeting, Journal of Drug Delivery Science and Technology, 20 (2010) 193-199.

[72] K. Draget, G. Philips, P. Williams, Handbook of hydrocolloids, in: Alginates, CRC Press, 2009, pp.
807-828.

[73] N. Gupta, A.K. Jangid, D. Pooja, H. Kulhari, Inulin: A novel and stretchy polysaccharide tool for
biomedical and nutritional applications, International journal of biological macromolecules, 132
(2019) 852-863.

[74] C.-C. Kao, S.-C. Chen, M.-T. Sheu, Lag time method to delay drug release to various sites in the
gastrointestinal tract, Journal of controlled release, 44 (1997) 263-270.

[75] N.G. Kotla, S. Rana, G. Sivaraman, O. Sunnapu, P.K. Vemula, A. Pandit, Y. Rochev, Bioresponsive
drug delivery systems in intestinal inflammation: State-of-the-art and future perspectives, Advanced
drug delivery reviews, 146 (2019) 248-266.

[76] Y. Benzine, Enzymatically triggered polymeric drug delivery systems for colon targeting, in,
Université de Lille, 2019.

[77] C. Mura, A. Nacher, V. Merino, M. Merino-Sanjuan, C. Carda, A. Ruiz, M. Manconi, G. Loy, A.M.
Fadda, O. Diez-Sales, N-Succinyl-chitosan systems for 5-aminosalicylic acid colon delivery: in vivo
study with TNBS-induced colitis model in rats, International journal of pharmaceutics, 416 (2011)
145-154.

[78] H. Tang, D. Xiang, F. Wang, J. Mao, X. Tan, Y. Wang, 5-ASA-loaded SiO2 nanoparticles-a novel
drug delivery system targeting therapy on ulcerative colitis in mice, Molecular medicine reports, 15
(2017) 1117-1122.

[79] A.J. Walsh, R.V. Bryant, S.P. Travis, Current best practice for disease activity assessment in IBD,
Nature reviews Gastroenterology & hepatology, 13 (2016) 567-579.

[80] A. Makhlof, Y. Tozuka, H. Takeuchi, pH-Sensitive nanospheres for colon-specific drug delivery in
experimentally induced colitis rat model, European Journal of Pharmaceutics and Biopharmaceutics,
72 (2009) 1-8.

[81] M.A. Looijer—Van Langen, L.A. Dieleman, Prebiotics in chronic intestinal inflammation,
Inflammatory bowel diseases, 15 (2009) 454-462.

31

726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772

773



Author Contributions:

Fatemeh Soltani: Investigation, methodology, data curation, formal analysis, writing original draft
Hossein Kamali: Software, methodology,

Abbas Akhgari: Conceptualization, data curation, supervision

Mahboobeh Ghasemzadeh Rahbar: Methodology,

Hadi Afrasiabi Garekani: Conceptualization, formal analysis, methodology, supervision

Ali Nokhodchi: Conceptualization, supervision, writing—review and editing

Fatemeh Sadeghi: Conceptualization, data curation, methodology, resources, Writing-review and
editing, supervision

All authors have read and agreed to the published version of the manuscript.



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

CThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




