Journal Pre-proof %

PHARMACEUTICAL
h{d) S

Optimization study of combined enteric and time-dependent .......":E!gfri

polymethacrylates as a coating for colon targeted delivery of 5-ASA

pellets in rats with ulcerative colitis

Hossein Shahdadi Sardou, Abbas Akhgari,

Amir Hooshang Mohammadpour , Ali Beheshti Namdar ,

Hossein Kamali, Amir Hossein Jafarian , Hadi Afrasiabi Garekani ,

Fatemeh Sadeghi

PII: S0928-0987(21)00374-2

DOI: https://doi.org/10.1016/j.ejps.2021.106072

Reference: PHASCI 106072

To appear in: European Journal of Pharmaceutical Sciences

Received date: 2 August 2021

Revised date: 7 October 2021

Accepted date: 8 November 2021

Please cite this article as: Hossein Shahdadi Sardou , Abbas Akhgari ,

Amir Hooshang Mohammadpour , Ali Beheshti Namdar, Hossein Kamali, Amir Hossein Jafarian ,
Hadi Afrasiabi Garekani, Fatemeh Sadeghi, Optimization study of combined enteric and
time-dependent polymethacrylates as a coating for colon targeted delivery of 5-ASA pel-
lets in rats with ulcerative colitis, European Journal of Pharmaceutical Sciences (2021), doi:
https://doi.org/10.1016/j.ejps.2021.106072

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

(©) 2021 Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.ejps.2021.106072
https://doi.org/10.1016/j.ejps.2021.106072
http://creativecommons.org/licenses/by-nc-nd/4.0/

10
11

12
13

14
15

16
17
18

19

20

21

22

23

24

25

26

27

28

29

Journal Pre-proof

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

Hossein Shahdadi Sardou®®, Abbas Akhgari*®, Amir Hooshang Mohammadpourc'd, Ali Beheshti
Namdar®, Hossein Kamali*®, Amir Hossein Jafarian, Hadi Afrasiabi Garekani®”", Fatemeh
Sadeghi®"”

®Targeted Drug Delivery Research Center, Pharmaceutical Technology Institute, Mashhad University
of Medical Sciences, Mashhad, Iran

bDepartment of Pharmaceutics, School of Pharmacy, Mashhad University of Medical Sciences,
Mashhad, Iran

‘Pharmaceutical Research Center, Pharmaceutical Technology Institute, Mashhad University of
Medical Sciences, Mashhad, Iran

9Department of Clinical Pharmacy, School of Pharmacy, Mashhad University of Medical Sciences,
Mashhad, Iran

*Department of Gastroenterology and Hepatology, Faculty of Medicine, Mashhad University of
Medical Sciences, Mashhad, Iran

fCancer Molecular Pathology Research Center, Mashhad University of Medical Sciences, Mashhad,
Iran
*Corresponding authors:

Fatemeh Sadeghi

Address: Vakil Abad Blvd. School of Pharmacy, Mashhad University of Sciences
e-mail address: sadeghif@mums.ac.ir

Hadi Afrasiabi Garekani

Address: Vakil Abad Blvd. School of Pharmacy, Mashhad University of Sciences

e-mail address: afrasiabih@mums.ac.ir

Graphical Abstract

=

Abstract



30
31

32
33
34
35
36
37
38
39

40
41
42
43
44

45
46

47
48

49
50

51

52

53

54

55

56

57

58

59

60

61

62

Journal Pre-proof

Formulation design for colon-specific delivery of 5-aminosalicylic acid (5-ASA) could bring
some therapeutic benefits in the treatment of ulcerative colitis (UC).

In the current study, a 3 full factorial design was used to predict optimum coating composed of
two enteric (poly methacrylic acid, methyl methacrylates 1:2 and 1:1) and time-dependent (poly ethyl
acrylate, methyl methacrylate, trimethylammonio ethyl methacrylate chloride 1:2:0.1)
polymethacrylates for colon-specific delivery of 5-ASA pellets. A unique coating composition and
coating level predicted by the model was applied onto either inulin-free 5-ASA pellets or inulin-
bearing 5-ASA pellets and the coated pellets were examined by dissolution test in-vitro. The coated
pellets were also tested in a rat model of UC and compared with the a commercially available colonic
delivery system of 5-ASA.

The ratio of the two enteric polymethacrylates and time-dependet polymethacrylate of 16:64:20
w/w at a coating level of 15% was discovered as the optimum coating for delivery of 5-ASA pellets
to the colon. In general, the coated pellets offered a better therapeutic outcome compared to
commercially available colonic delivery system of 5-ASA and uncoated pellets in terms of colitis
activity index and the colon’s tissue enzymes of MDA and GSH.

It seems that the coating composed of enteric and pH-dependent polymethacrylates could tune up
the rate of drug release from 5-ASA-coated pellets and trigger drug release based on pH and time.

Keywords

5-Aminosalicylic acid pellets, Colonic delivery, pH and time-dependent approach, Controlled
release, polymethacrylates, Inulin.
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1. Introduction

Inflammatory bowel disease (IBD) is a chronic, episodic mucosal inflammation of the
gastrointestinal tract (GIT) and might affect a large area of the GIT from the mouth to the anus
(Crohn’s disease) or might be limited to the colon and rectum region (Ulcerative colitis) which has
been shown to respond to the oral dosages of the anti-inflammatory drug of 5-aminosalicylic acid (5-
ASA) (Binienda et al., 2020; Kobayashi et al., 2020). 5-ASA is generally considered the first-line
medicine in the treatment of Ulcerative colitis (UC) (Cesar et al., 2018; Chapman et al., 2020; Le
Berre et al., 2019). It is believed that a suitable formulation that prevents 5-ASA release in the upper
parts of the gastrointestinal tract (GIT) and instead, delivers the drug to the colon can enhance the
therapeutic properties of the drug (Foppoli et al., 2019; Shahdadi Sardou et al., 2019a).

The release and absorption of 5-ASA in the upper GIT could result in some undesirable side
effects, suboptimal colon delivery, and poor therapeutic efficacy (Amidon et al., 2015; Yan et al.,
2019).

There are different platforms for the delivery of drugs through GiT, and specifically to the colon
region (Amidon et al., 2015; Maderuelo et al., 2019). These drug delivery systems benefit from some
physiological alterations through the GIT, including pH, the residence time, and the microflora to
tune the delivery of the drug (Jain and Jain, 2008). In this regard, pH-dependent, time-dependent, and
bacterially responsive systems are applied along with the active ingredient to achieve the desired
delivery profile in the GIT (Fude et al., 2007).

Considering 5-ASA colon-specific delivery, different categories of polymers have been studied in
various combinations to control the drug release in the GIT as intended. These are pH-dependent,
time-dependent, and bacterially degradable polymers that are either used in combination or as
different separate coating layers on the pellets (Gazzaniga et al., 2006; Kotla et al., 2018; Maderuelo
et al., 2019; Thakral et al., 2013; Trenda et al., 2016). The examples of the combinations of polymers
as a coating layer are Ethylcellulose/Starch (Karrout et al., 2011), Ethylcellulose/Nutriose (Karrout et
al., 2015), Ethylcellulose/Pectin (Ahimed, 2005), Eudragit S/Ethylcellulose (Xu et al., 2014), Eudragit
FS/Eudragit RL and RS (Gupta et al., 2001), Eudragit FS/Chitosan (Babazadeh et al., 2007),
Ethylcellulose/Eudragit L/Pectin (Fude et al., 2007). Mainly, the drug release from the pellets and the
contribution of each polymer to the release profile is studied in these combinations, and the optimal
formulation whose effect has been confirmed in clinical studies has not been introduced.

Currently, 5-ASA is given as two common oral dosage forms of Pentasa and Asacol; the first is a
controlled-release pellet/tablet formulation and the second is a delayed-release tablet (Goyanes et al.,
2015). Both of these formulations have some limitations in the optimal delivery of 5-ASA to the
colon region (Williams et al., 2011).

There is some evidence showing that Pentasa with time-dependent delivery, releases 5-ASA
gradually from the stomach to small intestine, leaving no or little drug for the colon (Kotla et al.,
2018). This leads to insufficient drug delivery to the inflamed tissues of the colon, which may be the
reason for the poor treatment of UC with this brand (Shahdadi Sardou et al., 2021). In Asacol with
pH-dependent delivery, the tablet triggers 5-ASA release once reaching the ileum with a given pH
(Goyanes et al., 2015; Ito et al., 2009; Zeeshan et al., 2019). Like Pentasa, this brand also suffers
from poor 5-ASA delivery to the colon region sometimes. Asacol, in some cases, releases almost all
5-ASA abruptly as soon as reaching the ileum (Ito et al., 2009; Xu et al., 2004). Therefore, a
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106  suboptimal 5-ASA payload remains to be delivered throughout the colon. In other cases, when pH in
107  the ileum or colon is lower than the required pH for the dissolution of the coat, the tablet might

108  dissolve partially in the colon and delivers no or just a bit of its drug cargo (Abinusawa and Tenjarla,
109  2015; Goyanes et al., 2015).

110 An ideal 5-ASA oral formulation for UC should protect the drug through the upper part of GIT,
111 i.e. stomach and small intestine, and then releases all the drug cargo gradually throughout the

112 diseased colon in UC (Teruel et al., 2020). To reach this point, the formulation needs to be responsive
113  to pH alteration through GIT and triggers the drug release at the colon-specific pH (Wu and Yao,

114  2013; Zeeshan et al., 2019). Moreover, the residence time of the drug in each part of GIT holds the
115  key to the successful drug formulation design (Hua, 2020).

116 Based on the literature, pH increases abruptly from 1.2 to 6.5 from the stomach to duodenum and
117 it gradually increases up to 7.2 in the terminal ileum (Zeeshan et al., 2019). The pH slightly drops to
118  6.8-6.5 in the colon (Hua, 2020). It takes a maximum of 2 h for the tablet to pass through the

119  stomach, 1 h through the duodenum, and 2 h through the jejunum (Akhgari et al., 2006, 2005). It is
120  reported that it takes at least 1 h for the dosage form to pass through the ileum and around 10 hours
121 on average to traverse the colon. In other words, the residence time of the drug in the ileum and colon
122 isabout 1 and 10 h, respectively (Shahdadi Sardou et al., 2021). Therefore, to be more specific, the
123 ideal drug formulation should (i) resist drug release at pH of < 6.5, (ii) release 50-70% of the drug
124  within 10 h at pH 6.8, and (iii) present a gradual and sustained release of the drug at pH 6.8 up to 7.2.

125 Among polymers used in the design of colon delivery formulations, a variety of polymethacrylate
126  (Eudragit) polymers are commonly used; some are known to trigger drug release at a certain pH

127  point, and some others are known for their retarding effect on diffusion of drug if they are used as a
128  coating (Thakral et al., 2013). Poly methacrylic acid, methyl methacrylates 1:2 and 1:1 also known as
129  Eudragit S and Eudragit L (as pH-dependent polymers) or (poly ethyl acrylate, methyl methacrylate,
130 trimethylammonioethyl methacrylate chloride 1:2:0.1) also known as Eudragit RS (as a time-

131  dependent polymer) have been used for delivery of 5-ASA to the colon (Design, 2016; Fude et al.,
132 2007; Kaffash et al., 2019; Wei et al., 2015; Zeeshan et al., 2019). However, none of them alone

133 exhibits the desired above-mentioned features for the colon delivery purposes of 5-ASA pellets

134  (Kotla et al., 2018). For instance, while Eudragit L (L) dissolves at pH 6, Eudragit S (S) starts

135  dissolving once it is subjected to pH 7 and Eudragit RS (RS) as the water-insoluble polymer is too
136  robust to let all the drug release from the pellets across GIT leading to suboptimal drug delivery if
137  either of these polymers is used for coating the pellets (Thakral et al., 2013). Given that S does not
138  dissolve in aqueous media with pH <7, the use of S per se in the coating does not allow the drug to be
139  released completely in the colon region; therefore, the concomitant addition of L is necessary for the
140  coating to ensure drug release at pH <7 (Akhgari et al., 2006; Franco and Marco, 2020). Therefore,
141  we suppose that there might be a perfect coating for 5-ASA pellets for targeting to the colon region if
142  these three polymers were utilized together at an appropriate ratio. We surmise that the films

143 composed of these polymers (S, L and RS) bring about pH-dependent and gradual release features
144  respectively.

145 Polysaccharides such as guar, pectin, chitosan, inulin, and dextran which are decomposed by the
146  colon flora have long been used in the formulation of colon delivery dosage forms, either as matrix in
147  tablet/pellet structure or as a part of the coating. Among these, we showed in our previous study that
148  inulin was the most susceptible polysaccharide to rat cecal fluid (Shahdadi Sardou et al., 2019b).
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149 In the current study, we attempted to find the best possible combination of S, L and RS as a
150  coating and the coating level to achieve the targeted colon delivery of 5-ASA pellets. For this
151  purpose, a factorial design was employed to reach the point.

152 To increase the susceptibility of drug release to the colonic environment we also tried the

153  optimized coating on inulin-bearing 5-ASA pellet as well as inulin-free 5-ASA pellets to figure out if
154  there is any facilitation of drug release that the bacterially- degradable polysaccharide could provide
155 in the colon. Moreover, the possible therapeutic benefits were studied in an rat model of UC.

156 The GIT of the rats resembles closely that of man in anatomy (Bryda, Elizabeth, 2013) and

157  therefore they have been used in many studies as animal models for evaluation of colonic delivery
158  systems (Low et al., 2013; Mladenovska et al., 2007; Mura et al., 2011; Rajendiran et al., 2018; Wei
159  etal., 2008; Xu et al., 2014; You et al., 2009). Other animal models used rarely in the colonic

160  delivery studies including rabbits (Gadalla et al., 2016), dogs (Ji et al., 2007), and pigs

161  (Schoellhammer et al., 2015), were not used in our study as the use of these animals faces multiple
162  problems, such as different dietary requirements as compared to a human, difficulty in the animal
163  care, and some ethical issues (Jiminez et al., 2015).

164 2. Materials and methods
165 2.1. Materials
166 5-ASA was obtained from Arya pharmaceutical co. (Tehran, Iran). Lactose, Polyvinylpyrrolidone

167  (PVP K30), and Microcrystalline cellulose (Avicel PH-101) were purchased from Darupakhsh
168  (Tehran, Iran). Inulin (catalog # 12255) was purchased from Sigma Aldrich (USA). Eudragit S,
169  Eudragit L, and Eudragit RS were procured from Evonik nutrition and care GmbH (Germany).
170  Potassium dihydrogen phosphate, Sodium hydroxide, Isopropanol, Triethyl citrate, Butyl alcohol,
171 Acetonitrile, Methanol, Formalin, Trichloroacetic acid, Phosphoric acid, Ellman's reagent and

172 Thiobarbituric acid were obtained from Merck (Germany). These chemical compounds were of
173 analytical grade. Pentasa (5-ASA controlled-release capsules, 250 mg) were obtained from Shire
174  pharmaceutical company.

175 2.2. Preparation of pellets

176 Two combinations of the excipients were used along with 5-ASA to prepare pellets. The first 5-
177  ASA pellet formulation components are composed of 5-ASA (60% w/w), microcrystalline cellulose
178  (25%), lactose (13%), and polyvinylpyrrolidone (2%). The second formulation contained 5-ASA

179  (60%), microcrystalline cellulose (15%), lactose (5%), and inulin (20%). These two pellet

180  formulations were prepared by an extrusion spheronization method as described previously (Shahdadi
181  Sardou et al., 2021).

182 2.2.1. Design of experiments

183 A 32 full factorial design was applied to achieve the optimized coating composition for delivery of
184  5-ASA to the colon for inulin-free pellets. The independent variables were the ratio of S to L (X3

185  16:64, 32:48 and 48:32) using the constant amount of RS (20%) in the coating composition and the
186  coating level (X35, 10, and 15% w/w). The target points for responses were the drug release of 50-
187  70% within 10 h at pH 6.8 (Y1), provided that the drug release was <10% within 2 h at this pH (Y2)
188  and the lag time (the time before 2% drug release) <1 h at pH 7.2 (Y3).

189 2.2.2. Coating process of pellets
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190 The coating was carried out in a fluidized bed apparatus (Wurster insert, Werner Glatt, Germany).
191  An appropriate amount of S, L, and RS was dissolved in isopropanol/distilled water (9:1) under

192  agitation (Table 1). Triethyl citrate (10%, w/w based on polymer weight) and talc (1%, w/v) were

193  added to the solution as a plasticizer and anti-adhering agent respectively. The coating solution was
194  applied onto 50 g 5-ASA pellets under the following conditions: inlet air temperature 34-38 °C, outlet
195  air temperature 27-31 °C, atomization pressure 2 bar and spray rate of 0.5 g/min. Samples of coated
196  pellets were collected when the coating level reached 5, 10 and 15% (w/w).

197 2.2.3. Dissolution media preparation

198 Media simulated different parts of the GIT environment were used in dissolution studies. All

199  media were prepared according to the USP XXVI. These were gastric simulated medium with HCI
200 0.1 N at pH 1.2, small intestine-simulated media with phosphate buffers at pH 6.5, 6.8, and 7.2.

201 Colon-simulated medium (phosphate buffer pH 6.8) supplemented with 4% rat cecal content was also
202  used for testing the inulin-bearing 5-ASA pellets. The rat cecal content was added freshly to the

203  phosphate buffer before conducting the dissolution test. For this purpose, the rats were anesthetized
204  and sacrificed with CO; asphyxiation and their abdomens were opened with surgical scissors. The
205  cecum content was collected and transferred to the phosphate buffer pH 6.8 to prepare the simulated
206  colonic fluid (SCF) containing 4% w/v rat cecal content (Kotla et al., 2016). This medium was under
207  continuous aeration with CO2 gas throughout the experiment. The animal experiment was carried out
208 inaccordance with the guidelines of the National Institute of Health, and the ethics committee of

209  Mashhad University of Medical Sciences, Mashhad. Iran (IR. MUMS. REC. 1396.195).

210 2.2.4. Dissolution studies of 5-ASA pellets

211 The release of 5-ASA was evaluated using the USP apparatus | (Pharma test, PTWS, Germany) in
212 900 mL dissolution media. Dissolution test was performed for pellets containing 300 mg 5-ASA. The
213 speed of baskets was 100 rpm and samples were withdrawn at several time intervals by a peristaltic
214 pump (Alitea, Sweden) and analyzed by spectrophotometer (Shimadzu, UV/1204, Tokyo, Japan).
215  The amount of 5-ASA was measured-at 302 nm for 2 h and 330 nm for 10 h, in the gastric-simulated
216  medium or other media respectively.

217 The experiment was repeated for the pellets with optimum drug release profile using the

218  continuous mode of the dissolution test at 37 °C. The 5-ASA delivery was followed successively at
219 the simulated GIT media according to the transit time of the pellets from different regions of the GIT
220  (i.e. stomach, duodenum, jejunum, ileum, and colon). For dissolution study in continuous mode, the
221 baskets containing the pellets were transferred immediately from one dissolution medium to another
222 atthe end of the incubation period set for each medium. The dissolution test began with the acidic
223 media containing HCI 0.1 N resembling the gastric medium for 2 h and followed by phosphate buffer
224  (pH 6.5, for 1 h), phosphate buffer (pH 6.8, for 2 h), phosphate buffer (pH 7.2, for 1 h), which were
225  similar to the three parts (duodenum, jejunum, and ileum) of the small intestine media and the

226  residence time of the pellets. The last incubation was done in the phosphate buffer pH 6.8

227  with/without rat cecal content for 10 h that simulates the colon medium. The sampling of dissolution
228  medium was performed manually and the samples were analyzed by UV spectrophotometry at

229  relevant wavelengths except for the media supplemented by cecum content. In the media

230  supplemented with cecum content, the 5-ASA concentration was determined by high-performance
231 liquid chromatography (HPLC, Knauer) equipped with a Teknokroma column (BRISA LC2, C18 250
232 mmx4.6 mm, 5 um). At several intervals, 1 mL of the medium was taken and centrifuged at 15000
233 rpm at 4 °C for 30 min, from which the supernatant was withdrawn and mixed with acetonitrile at a
234  ratio of 1:3. Subsequently, this mixture was pumped through a 0.23 um pore size filter before the
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235 injection to the HPLC column. The column was run under the mobile phase of methanol-deionized
236 water (85:15), with a flow rate of 1.3 mL/min, and the amount of 5-ASA in the filtrate was measured
237 at 211 nm (Kotla et al., 2016; Liu et al., 2012). All experiments were conducted with three samples in
238  each simulated GIT media.

239 2.2.5. Morphology of pellets

240 The morphology of the uncoated inulin-free or inulin-bearing pellets was observed under a
241  stereomicroscope (Olympus, DP25, Okura, Japan) at magnification 8% equipped with a digital camera
242 (Sony, Japan). The images were analyzed using an image analysis software (Image.J 1.45f) in terms
243  of the longest and shortest Feret's diameters (dmax and dmin) Of the pellets and the area (A) thereof. The
244  aspect ratio and sphericity of the pellets were calculated as follows:

245 Aspect ratio = dmax /dmin (eq. 1)
246 Sphericity = 4nA/Py’ (e, 2)

247  Moreover, the surface and cross-sectional characteristics of the pellets were observed under a MIRA3
248  scanning electron microscope (TESCAN, Czech Republic) before and after the dissolution test. To
249  view cross-sectional, a few pellets were sliced in half with a surgical blade and then covered with

250 gold.

251 2.3. Animal model of colitis and treatment groups

252 The Wistar rats (male, weighing 240-260 g) had been deprived of food, but not of water for 24 h
253 before they were given 2 mL acetic acid (2% v/v in saline solution) enema using a polyethylene tube.
254  The tube was inserted up to 8 cm into the animal's rectum to inject the acetic acid and then quickly
255  (after 30 sec) was removed. The rats were devided into seven groups with four animals in each group.
256  The control group only received normal saline. Subsequently, the rats were fed with a regular diet for
257  the three following days before the start of the treatment study. The colitis-induced rats were

258  randomly divided into different groups. These were the treatment groups that received the 5-ASA
259  uncoated pellets, the optimized coated pellets with/without inulin in the matrix or Pentasa pellets

260 along with 1% w/v Na-CMC as the vehicle. In the control group, the rats received the vehicle only.
261  The treatment groups received equivalent pellets containing 120 mg/kg/day of the 5-ASA through
262  oral gavage for ten consecutive days. Rats were assessed for body weight during the study period.
263  Finally, on the 11th-day post-treatment, animals were sacrificed and their colon tissues were collected
264  (Muraetal., 2011; Xu et al., 2014).

265 2.3.1. Colitis activity index

266 The colitis activity index (CAI) which is resulted from averaged scores for weight loss, stool

267  consistency, and rectal bleeding (Lamprecht et al., 2005; Pertuit et al., 2007; Wang et al., 2016) was
268  used to assess the colitis treatment/severity. The score for CAl is in the range of 0 to 4 corresponds to
269 healthy to the maximal activity of colitis respectively. The CAl was 0 for animals with no weight

270  loss, and was from 1 to 4 based on the percent of weight loss (1 for 1-5%, 2 for 5-10%, 3 for 10-20%,
271 and 4 >20%). Similarly, the CAl was considered 0 for healthy defecation and normal consistency of
272 feces, whilst changes in stool consistency to diarrheas correspond to higher scores for CAl. The CAI
273 score was 2 when a loose and semi formed stool with no sign of stickiness to the animals anus was
274  observed, and the score was 4 for the very loose stool, sticking to the anus. In addition, no sign of
275  rectal bleeding corresponds to CAl score of 0, while the CAl was 2 for a trace of bleeding, and 4 for
276  marked rectal bleeding. The mean of these scores was regarded as the final CAl score.

277 2.3.2. Colon/body weight ratio
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278 The animals were weighed before being sacrificed by CO, asphyxiation. Then, their abdomen was
279  opened and the colon was removed and cut across its length. The cecum was removed and the colon
280  was washed and cleaned with an excessive amount of saline solution. The colon tissue, with mucosal
281  surface upward, was placed on a glass plate and was dabbed gently by a paper towel to remove the
282  excess water. Afterward, the colon was weighed precisely and the weight ratio of the colon to the rat
283  body was used as a criterion for the level of colonic tissue edema (Mura et al., 2011).

284 2.3.3. Length/weight ratio of colon

285 The part of colon from colo cecal junction to the anal verge was weighed after cecum content had
286  been removed. Also, the length of the colon was determined and the length/weight ratio was

287  calculated as cm/g (Pertuit et al., 2007).

288 2.3.4. Macroscopic evaluation of colitis severity

289 Study of histopathological features of the colonic tissue was performed in order to evaluate the
290  severity of colitis. Approximately from 1 cm above the anus, the distal colon for length of 10 cm was
291 opened longitudinally and immersed in formalin solution after being washed with saline solution.
292 Subsequently the colonic tissue was molded in paraffin and sliced with a microtome. The slices were
293  stained with hematoxylin and eosin and observed by an optical microscope equipped with a digital
294  camera and the histopathological properties were examined and scored in terms of pathological

295  severity. When no or mild inflammatory conditions were observed, the severity of colitis was scored
296 0. When there was a trace region of acute focal inflammatory and colonic crypt abscess, the severity
297  of colitis was scored 1. When the inflammation inflicted the majority of the colon tissue and there
298  was a sign of smooth muscle thickening, the severity of colitis was scored 2. If the inflammation had
299 led to the formation of ulcerated areas and inflammatory cell infiltration in the tissue sections, the
300 severity of colitis was scored 3. Finally, the utmost tissue damage shown as necrosis and gangrene
301  was given the highest score of colitis severity (i.e. 4) (Baldeep Singh Pabla, 2020; Shahdadi Sardou et
302 al., 2021).

303 2.3.5.Malondialdehyde and glutathione content of the colon tissue

304 According to previous study, the amount of malondialdehyde (MDA) and glutathione (GSH)
305  were measured in the colon tissue using a spectrophotometric method (Shahdadi Sardou et al., 2021).
306 2.4. Statistical analysis

307 Statistical analysis was performed using GraphPad Prism (version 7, San Diego, CA). One-way

308 and two-way (ANOVA) analyses of variance as well as Tukey—Kramer multiple comparisons were
309 carried out at the significance level of 5%.

310 3. Results and discussions
311 3.1. Dissolution study of pellets
312 To find out the best coating composition and level for delivery of 5-ASA to colon, inulin-free

313  pellets were coated at varied compositions and levels according to Table. 1 suggested by factorial
314  design. The release of 5-ASA from coated pellets was examined at the same pHs as those of the
315  different parts of GIT through which these pellets were supposed to pass (Fig.1 A-D)

316 There was a small drug release from the coated pellets (below 20%) at the acidic pH of 1.2. The
317  drug release was significantly higher from pellets with a low level of coating than others, especially
318  from those with the lowest level (5%) of coating (Fig. 1A). When the pellets were covered with a
319  sufficient layer of coating material (15%), there was no difference in drug release from the coated
320 pellets having varying S/L compositions. However, at the low coating level of 5%, the amount of
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321  drug release became more and more noticeable and higher when the proportion of L in the coating
322 composition increased.

323 At pH 6.5, the rate of the drug release was increased with an increase in the ratio of the L to S. It
324  seems that L is dissolved at pH 6.5, so 5-ASA is released more from the pellets coated with higher
325 ratio of L to S (Fig. 1B). The level of coating also had considerable influence over the amount of drug
326  release at this pH. With increase in the level of coating from 5% to 15% the rate of the drug release
327  decreased significantly. At pH 6.5 the pellets with a 15% coating level showed a lower release rate
328 than the pellets with a 10 or 5% level of coating, so that they showed a release of less than 20% in 10
329  hours. In comparison, pellets with the coating level of 5% with the highest and lowest level of L

330 released 75% and 35% of the drug in 10 h respectively (Fig. 1B).

331 With increase in pH from 6.5 to 6.8 (Fig. 1C), the rate of drug release increased substantially.
332 This denotes the sensitivity of the coating formulations to the change of pH in a way that the pellets
333 coated with a higher level of L displayed a higher rate of drug release. In comparison, the coating
334 formulation with the higher level of S prevented the fast release of the drug. For instance,

335  S48+L32+RS20 with a 15% level of coating released about 15% of drug content, while

336 S16+L64+RS20 with the same coating level released more than 50% of drug content. It is interesting
337  to note that all formulations showed a slow release profile of the drug. These results indicate that the
338  coating formulation is both time and pH-dependent. There was also a significant difference between
339  the pellets with 5, 10, 15% levels of coating. With the increase in the level of coating from 5% to
340  15%, the amount of drug release decreased almost by 30% in all formulations.

341 A similar trend was also observed in the rate of drug release from different formulations at pH 7.2
342  (Fig. 1D). Overall, the lag time of drug release decreased and the rate of drug release increased for all
343  formulations at this pH compared to pH 6.8. It is interesting to note that S48+L32+RS20 with the

344  level of coating 15% released all 5-ASA payload within 8 hours at pH 7.2, while the same

345  formulation released only 20% of the drug content within 10 h at pH 6.8.

346 Such changes of pH from 6.5 to 6.8 and then 7.2 caused the pellets coated with varying

347  proportions of S or L to behave differently in terms of drug release at different media. For example,
348 the pellets with 48% of S retained almost more than 80% of drug content at pH 6.5 till the end of
349  dissolution time, but they released all their drug content at pH 7.2. With pH increasing to 7.2, all
350 formulations having the lag time of less than 1 h, lost all their drug content within 8 h.

351 It is worth mentioning that the pH-dependent or time-dependent drug delivery systems has been
352  applied as a layer-by-layer coating over the 5-ASA pellets in some studies (Gupta et al., 2001; Xu et
353 al., 2014). In these studies, the 5-ASA pellets were first coated with a time-dependent layer (e.g.

354  ethylcellulose, RS or RL) and then, coated with an external pH-dependent layer (e.g. S or FS). Upon
355  contact with medium having the pH of dissolution of the coating, the external layer of the coating was
356 rapidly dissolved and the internal coating layer controlled the release rate thereafter. The layer-by-
357 layer coating suffers from some drawbacks such as the need for two-phase coating processes and also
358 the probability of the partial delivery of the drug, as the rate of drug release from time-dependent

359 layer is proportional to the thickness of the coating. In this study, the pellets were coated with a

360 combination of time- and pH-dependent polymers all at once; therefore, the coating provided a

361  sustained drug release at specific pH which corresponds to the dissolution of pH-dependent part in
362  coating and hence, the probability of the drug not to be released became very low.

363 3.2. Determination of optimum coating composition
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364 The selection of the optimum coating composition and coating level was figured out through

365  running the experiments based on factorial design (Fig.1 and Table 1). For this purpose, the

366  empirical data were analyzed for the best-fitted equations that could estimate the definite

367  mathematical relationships between the independent variables (Xs) and dependent variables (Ys). The
368  equations were as follows:

369 Y, =+ 133.45977 — 1.70575 X, — 2.12299 X, — 0.012500 X; X, + 0.008405 X, ? (eq. 3)
370 Y, =+ 99.54023 — 1.18592 X; — 8.71034 X, — 0.072500 X; X, + 0.185517 X,2 (eq. 4)
371 Y5 =+ 7.98851 — 0.037356 X; — 1.64943 X, + 0.012500 X; X, + 0.124138 X, (eq. 5)
372 X1 and X, were the ratio of S to L and the level of coating, respectively. For Y; 5-ASA release of

373 50-70% at pH 6.8 in 10 h, for Y, a drug release of <10% at pH 6.8 in 2 h and for Y3, the lag time <1
374  hatpH 7.2 were considered as target points.

375 Table 1 lists the experimental runs and the related empirical/predicted responses. In general, all
376  three models fitted perfectly to the empirical data. There was no or little variation between the

377  empirical and the predicted data for these three equations. Similarly, all three models showed a large
378  total sum of squares (TSS) as compared to the residual sum of squares (RSS) indicating an extremely
379 large signal-to-noise and enormously high predictability for the models. In accordance, there was an
380 extremely close to 1 coefficient of determinations (R?) and a large enough F-ratios for these models,
381 indicating that these models can all explain the variances in the dependent (response) values by the
382  independent factors.

383 Fig. 1 shows the release profile of 5-ASA from coated pellets and the spectrum of the predicted
384  results for any combinations of independent variables. As can be seen in Fig. 1C and D,

385  S16+L64+RS20 coating composition with 15% coating level met the three target points for 5-ASA
386  release in different media. In other words, the mentioned coating composition offered a 60-70% drug
387 release in 10 h at pH 6.8 (Y1, Fig. 1C, a), while showed a minimum drug release (< 10%) within the
388  first 2 h of incubation at this medium (Y2, Fig. 1C, b), and started releasing the drug with a lag time
389 oflessthan 1 h (Y3, Fig. 1D, C) at pH 7.2. The data were useful as they contributed to equations 3, 4,
390 and 5 with the full range of probable outcomes for any imagined combinations of independent

391  variables, which are displayed as surface plots in Fig.1 E, F, and G. These figures were similar to

392  those predicted by equations 3, 4, and 5.

393 With the optimum amounts predicted for X1 and X2 variables, 5-ASA pellets (inulin-free and
394 inulin bearing) were coated under such conditions and put into test.

395 3.3. Morphological characteristics

396 The aspect ratio and sphericity of inulin-free 5-ASA pellets were 1.08 + 0.09 and 0.88 + 0.09

397  respectively while the corresponding values for inulin-bearing 5-ASA pellets were 1.12 + 0.09 and
398  0.86 +£0.06. The aspect ratio of below 1.2 and sphericity of above 0.8 are considered as the spherical
399  features for the pellets (Chopra et al., 2002) and therefore these figures indicated that both types of
400  pellets were nearly spherical. Fig. 2 shows the superficial and cross-sectional image of the uncoated
401  and optimized coated pellets. The uncoated pellets showed spherical shape with roughly uneven

402  surfaces (Fig. 2A and D), while the surface of the optimal coated pellets looks smoother (Fig. 2B and
403  E). The coating thickness was uniform and approximately 25 um (Fig. 2C and F) on both types of
404  pellets.

405 3.4. Dissolution studies of 5-ASA pellets coated with optimized formulation
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406 Fig. 3A shows the release profile of 5-ASA from the uncoated pellets at pH 1.2 and 6.8. There
407  was a significant difference in the drug release curve between the inulin-free and inulin-bearing 5-
408  ASA pellets at these pHs. The amount of drug release was significantly higher from inulin-free

409  pellets compared to inulin-bearing pellets. This could be due to polysaccharide gelation upon contact
410  with water that might delay diffusion and drug release from the matrix to some extent (Chourasia and
411  Jain, 2004; Mensink et al., 2015; Pachuau, L.aEmail Author, Mazumder, 2013). Overall both sets of
412 pellets released almost all of their drug cargo in a short period indicating that the pellet structural and
413  physical integrity itself was unable to restrict the drug release at these pHs. Moreover, the rate of drug
414  release was higher in the gastric-simulated medium than in phosphate buffer pH of 6.8 for both the
415  inulin-free and the inulin-bearing pellets. Such a difference in the rate of drug release can be

416  attributed to the higher solubility of 5-ASA in the acidic media than in media with neutral pH

417  (Karkossa and Klein, 2018).

418 Fig. 3B-E shows the dissolution profile of the optimized coated inulin-free pellets in the GIT

419  simulated media. The coated pellets (S16+L64+RS20) showed no drug release at 15% level of

420  coating in the medium with pH 1.2 (Fig. 3B). With the increase in the pH from 6.5 to 6.8, the amount
421  of drug release was enhanced. In the media with pH 6.8, about 60% of the drug was released within
422 10 h of incubation (with 10% drug release within 2 h, Fig. 3D).

423 At pH 7.2, the release rate increased even further, and the pellets released all their drug content
424  within 8 h of incubation (Fig. 3E). These pellets started releasing the drug gradually during this
425  period after a lag time of about 30 min. As a result, one can conclude that the rate of drug release
426  increases proportionally with the increase in pH of the media, denoting the pH-sensitivity of the
427  coating layer. This could be attributed to the presence of Eudragit S and L with pH-dependent

428  dissolution in the coating. On the other hand, at pH 6.5 and 7.2 which corresponds to the pH of
429  dissolution of the L and S respectively, the peilet showed a gradual release of 5-ASA, indicating
430 time-dependent characteristic for release of drug due to presence of RS in the coating.

431 Since the GIT could suffer inflammation from the ileum to the rectum in the UC, it could be
432 beneficial to provide a 5-ASA dosage form that could deliver the drug gradually to all the inflicted
433 areas (Kobayashi et al., 2020). This goal was achieved with the combination of the pH- and time-
434  dependent systems in our study.

435 Most oral dosage forms of 5-ASA available in the market are formulated based on either pH- or
436  time-dependent systems (Gazzaniga et al., 2006; Tenjarla, 2015; Ye and van Langenberg, 2015). This
437  is probably the reason for the imperfect delivery profile of 5-ASA in the GIT (Lee et al., 2020). To
438  overcome this problem, a combination of S and L (pH-dependent polymer) with RS (a time-

439  dependent polymer) was used to coat the 5-ASA pellets, and it was revealed that this combination
440  could address the undesired 5-ASA delivery profiles observed with marketed formulations.

441 The optimum coating composition was also applied onto inulin-bearing 5-ASA pellets and both
442  sets of pellets (with and without inulin) and also Pentasa were evaluated by the continuous dissolution
443  testing (Fig 3F). It was observed that both types of 5-ASA pellets coated under optimum coating

444  conditions were able to pass the continuous dissolution test (Fig. 3F). These pellets did not release the
445  drug when they passed through media with pH 1.2, 6.5, and 6.8 for 2, 1, and 2 h residence times,

446  respectively. They started to release the drug at pH 7.2. Both inulin-bearing and inulin-free pellets
447  released all their drug content within 15 h in the continuous dissolution test. In contrast, Pentasa

448  released almost 55% of its drug content within the first 2 h, and the rest in the small intestine- and

449  colon-simulated media. Despite the differences observed for drug release from uncoated pellets (Fig
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450  3A), the drug release profiles were similar at pH 1.2, 6.5, 6.8 and 7.2 for both types of coated pellets.
451  However, there is a difference between these two pellets in terms of drug release in SCF. In SCF, the
452  inulin-bearing pellets released the drug at a higher speed than the inulin-free pellets. Whereas the

453  same pellets showed slower release of drug in phosphate buffer pH 6.8 (with no rat cecal content).
454  This difference indicates that the bacterial enzymes in the SCF might degrade the inulin in the pellets’
455  matrix, resulting in an increased rate of drug release (Imran et al., 2013; Kaur et al., 2017; Kotla et al.,
456  2014; Ravi et al., 2008).

457 Fig. 4 shows the SEM of the inulin-free and inulin-bearing coated pellets after dissolution test. As
458  can be seen in Fig. 4, the coated inulin-free pellets did not change markedly after dissolution test

459  however some signs of shrinkages were observed in the surface of inulin-bearing pellets after

460  dissolution test in both phosphate buffer pH 6.8 and SCF. The swelling properties of inulin could

461  account for these observations. Besides, inulin-bearing pellets showed more wrinkles on their surface
462  and became smaller in SCF compared to phosphate buffer pH 6.8 which could be due to the

463  degradation of the inulin by the bacterial enzymes in the SCF (Mensink et al., 2015) and confirmed
464  the results of dissolution studies. It is worth mentioning that the inulin-bearing pellets released the
465  drug more slowly than inulin-free pellets in pH 6.8 buffer, whereas in the SCF with the same pH, they
466  released the drug at a faster rate. The difference of release rate in the media with and without rat cecal
467  content might highlight the proportion of the released drug due to the enzymatic activity of the

468  bacteria and the degradation of inulin thereof (Riviere et ai., 2018).

469 Taken together, as both pellets exhibited desirable release behavior and morphological
470  characteristics, they were evaluated on rats with induced UC for their therapeutic efficacy in the final
471  stage.

472 3.5. Preclinical efficacy of 5-ASA peliets

473 Administration of coated inulin-free and inulin-bearing pellets improved the treatment of UC in
474  the animals (Fig. 5 and 6). The CAl is an averaged score based on the physical observations of the
475  disease (loss of weight, anal hemorrhage, and stool consistency) (Mura et al., 2011), which was given
476 by ablind investigator to the animal groupings. Following the injection of acetic acid into the colon,
477  the CAl increased up to 3 points within 2 days; however, the CAl decreased afterward following

478  treatment with 5-ASA pellets till day 15". All the physical symptoms of the disease were relieved to
479  some extent with 5-ASA peliets (Fig. 5A). Compared to Pentasa, the optimized coated pellets

480  enhanced the therapeutic value (Fig. 5A). The weight ratio of colon-to-body and the length/weight
481  ratio of the colon were changed (Fig. 5B and C), and all other physical and histopathological

482  symptoms of the disease were alleviated. It was found that the coated pellets acted better than Pentasa
483  inreducing the CAl. Besides, the molecular markers indicating tissue injury were reduced and

484  optimized coated pellets were superior compared to Pentasa (Fig. 5E and F) in this regard. The level
485  of MDA that is a marker of fatty acid oxidation was reduced and the amount of GSH that

486  demonstrates the anti-oxidative potential of the cells increased upon administration of coated pellets.

487 Finally, the assessment of the histological sections of the colonic tissues showed also some signs
488  of treatment compared to the control (Fig. 6). The tissues preserved their integrity to a large extent.
489 By contrast, the histopathological evaluation of the colonic tissues showed large scar areas with the
490  development of fibrous connective tissues into the inner muscular layer in the untreated or CMC-
491  vehicle treated groups. Neutrophils and crypt abscesses can also be seen in these sections. Pentasa
492  and the coated pellets demonstrated somehow alleviation in these histopathological features.

493  However, the uncoated pellets failed to relieve these inflammatory features. Some protrusions of
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494  fibrotic scars into the normal tissues were also observed in this group. The uncoated 5-ASA pellets
495  also failed to improve the other disease's features in the animals’ colonic tissues. The uncoated pellets
496  only reduced CIA marginally till the end of the treatment period (Fig. 5A). These pellets were also
497  the only treatment groups that improved the colon/body weight ratio (B), the length/weight ratio of
498  the colon (C), MDA (D), and GSH (F) levels marginally, but not significantly. Therefore, it seems
499 that coating of these pellets with proper polymeric layer can offer additional therapeutic values to the
500 5-ASA pellets.

501 In our study, we found that the pellets coated based on the combination of the pH- and the time-
502  dependent system could have more therapeutic value as compared to the pellets with a coating based
503  onasingle system. In almost all examinations of the UC in animals, our coated pellets acted

504  significantly better than Pentasa and improved the weight ratio of the colon/body (B), the

505 length/weight ratio of the colon (C), and the level of MDA (D), and GSH (F) further. Pentasa with
506 time-dependent release characteristics might give rise to a premature release profile and the release of
507 the majority of the drug before reaching the colon (Karrout et al., 2015). There was no significant

508 difference in terms of therapeutic benefits between 5-ASA pellets with or without inulin having the
509  same optimal coating. This might be related to the release of total drug content for both types of

510 pellets as evidenced by continuous dissolution testing.

511 4. Conclusion

512 In the present study, a coating formulation composed of S+L+RS was obtained through a factorial
513  design for colon-targeted delivery of 5-ASA pellets. The optimal coating composition and level were
514  S16+L64+RS20 and 15% wi/w respectively. The optimized coating was applied to 5-ASA inulin-free
515 and inulin-bearing pellets and it was found that both types of coated pellets were able to satisfy the
516  requirements for dissolution tests. These pellets were found to be more efficacious than uncoated

517  pellets and Pentasa, in the treatment of the animals suffering from induced UC. This shows that the
518  proposed 5-ASA formulation is highly probable to hit the same therapeutic point in the clinical trial.

519

520 Credit author statement

521 The contribution of authors in the manuscript entitled “Optimization study of
522 combined enteric and time-dependent polymethacrylates as a coating for colon targeted
523 delivery of 5-ASA pellets in rats with ulcerative colitis ™ is as follow:

524 Hossein Shahdadi Sardou, Abbas Akhgari, Amir Hooshang Mohammadpour, Ali
525  Beheshti Namdar, Hossein Kamali, Amir Hossein Jafarian, Hadi Afrasiabi Garekani,
526 Fatemeh Sadeghi

527 Conception or design of the work: Fatemeh Sadeghi, Hadi Afrasiabi Garekani,
528 Abbas Akhgari

529 Performing experiment and Data collection: Hossein Shahdadi Sardou, Amir
530 Hossein Jafarian

13



Journal Pre-proof

531 Data analysis and interpretation: Hossein Shahdadi Sardou, Fatemeh Sadeghi,
532 Hadi Afrasiabi Garekani, Abbas Akhgari

533 Methodolgy: Hossein Shahdadi Sardou, Abbas Akhgari, Amir Hooshang
534 Mohammadpour, Hossein Kamali, Amir Hossein Jafarian, Ali Beheshti Namdar,
535 Hadi Afrasiabi Garekani, Fatemeh Sadeghi

536 Resources: Fatemeh Sadeghi

537 Supervision: Fatemeh Sadeghi, Hadi Afrasiabi Garekani, Abbas Akhgari, Amir
538 Hooshang Mohammadpour

539 Funding acqization: Fatemeh Sadeghi

540 Writing original draft: Hossein Shahdadi Sardou

541 Writing, review and editing: Fatemeh Sadeghi, Hadi Afrasiabi Garekani

542

s43  Conflict of interest

544 The authors declare that they have no conflict of interest.

545  Acknowledgments

546 The data presented was a part of the Ph.D. thesis (Grant number: 960824) supported by Vice
547  Chancellor for Research and Technology of Mashhad University of Medical Sciences, Mashhad, Iran
548  (MUMS). The authors also would like to express their thanks to Akbarieh Company (representative
549  of Evonic Nutrition and Care GmbH) for the supply of Eudragits.

550 References

551  Abinusawa, A., Tenjarla, S;, 2015. Release of 5-Aminosalicylic Acid (5-ASA) from Mesalamine Formulations
552 at Various pH Levels. Adv. Ther. 32, 477-484. https://doi.org/10.1007/s12325-015-0206-4

553  Afrasiabi Garekani, H., Nokhodchi, A., Rayeni, M.A., Sadeghi, F., 2013. Preparation and characterization and
554 release properties of Eudragit RS based ibuprofen pellets prepared by extrusion spheronization: effect of
555 binder type and concentration. Drug Dev. Ind. Pharm. 39, 1238-1246.

556 https://doi.org/10.3109/03639045.2012.707207

557  Ahmed, I.S., 2005. Effect of Simulated Gastrointestinal Conditions on Drug Release from

558 Pectin/Ethylcellulose as Film Coating for Drug Delivery to the Colon. Drug Dev. Ind. Pharm. 31, 465—
559 470.

560  Akhgari, A., Garekani, H.A., Sadeghi, F., Azimaie, M., 2005. Statistical optimization of indomethacin pellets
561 coated with pH-dependent methacrylic polymers for possible colonic drug delivery. Int. J. Pharm. 305,
562 22-30. https://doi.org/10.1016/j.ijpharm.2005.08.025

563  Akhgari, A., Sadeghi, F., Garekani, H.A., 2006. Combination of time-dependent and pH-dependent

564 polymethacrylates as a single coating formulation for colonic delivery of indomethacin pellets. Int. J.

14



Journal Pre-proof

565 Pharm. 320, 137-142. https://doi.org/10.1016/j.ijpharm.2006.05.011

566  Amidon, S., Brown, J.E., Dave, V.S., 2015. Colon-targeted oral drug delivery systems: design trends and
567 approaches. AAPS PharmSciTech 16, 731-741. https://doi.org/10.1208/s12249-015-0350-9

568  Babazadeh, M., Edjlali, L., Rashidian, L., 2007. Application of 2-hydroxyethyl methacrylate polymers in
569 controlled release of 5-aminosalicylic acid as a colon-specific drug. J. Polym. Res. 14, 207-213.

570 https://doi.org/10.1007/s10965-007-9099-5

571  Baldeep Singh Pabla, D.A.S., 2020. Assessing severity of disease in patients with ulcerative colitis.

572 Gastroenterol Clin N Am 49, 671-688. https://doi.org/10.1136/gutjnl-2011-300486

573  Binienda, A., Fichna, J., Salaga, M., 2020. Recent advances in inflammatory bowel disease therapy. Eur. J.
574 Pharm. Sci. 155, 105550. https://doi.org/10.1016/j.ejps.2020.105550

575  Bryda, Elizabeth, C., 2013. The Mighty Mouse: The Impact of Rodents on Advances in Biomedical Research.
576 Mo. Med. 110, 207-211.

577  Cesar, A.L.A,, Abrantes, F.A., Farah, L., Castilho, R.O., Cardoso, V., Fernandes, S.O., Araljo, I.D., Faraco,

578 A.A.G., 2018. New mesalamine polymeric conjugate for controlled release: Preparation, characterization
579 and biodistribution study. Eur. J. Pharm. Sci. 111, 57-64. https://doi.org/10.1016/j.ejps.2017.09.037

580  Chapman, T.P., Frias Gomes, C., Louis, E., Colombel, J.F., Satsangi, J., 2020. Review article: withdrawal of 5-
581 aminosalicylates in inflammatory bowel disease. Aliment. Pharmacol. Ther. 52, 73-84.

582 https://doi.org/10.1111/apt. 15771

583  Chopra, R., Newton, J.M., Alderborn, G., Podczeck, F., 2001. Preparation of pellets of different shape and

584 their characterization. Pharm. Dev. Technol. 6, 495-503. https://doi.org/10.1081/PDT-120000288

585  Chopra, R., Podczeck, F., Newton, J.M., Alderborn, G., 2002. The influence of pellet shape and film coating
586 on the filling of pellets into hard shell capsules. Eur.-J. Pharm. Biopharm. 53, 327-333.

587 https://doi.org/10.1016/S0939-6411(02)00015-2

588  Chourasia, M.K., Jain, S.K., 2004. Polysaccharides for colon targeted drug delivery. Drug Deliv. 11, 129-148.
589 https://doi.org/10.1080/10717540490280778

590  Design, D., 2016. A novel pH — enzyme-dependent mesalamine colon-specific delivery system. Drug Des.

591 Devel. Ther. 10, 2021-2028. https://doi.org/10.2147/DDDT.S107283

592 Foppoli, A., Maroni, A., Moutaharrik, S., Melocchi, A., Zema, L., Palugan, L., Cerea, M., Gazzaniga, A.,

593 2019. In vitro and human pharmacoscintigraphic evaluation of an oral 5-ASA delivery system for colonic
594 release. Int. J. Pharm. 572, 118723. https://doi.org/10.1016/j.ijpharm.2019.118723

595  Franco, P., Marco, 1. De, 2020. Eudragit : A Novel Carrier for Controlled Drug Delivery in Supercritical

596 Antisolvent Coprecipitation. Polymers (Basel). 12, 234. https://doi.org/10.3390/polym12010234

597  Fude, C., Lei, Y., Jie, J., Hongze, P., Wenhui, L., Dongmei, C., 2007. Preparation and in vitro evaluation of
598 pH, time-based and enzyme-degradable pellets for colonic drug delivery. Drug Dev. Ind. Pharm. 33, 999—
599 1007. https://doi.org/10.1080/03639040601150393

600  Gadalla, H.H., Soliman, G.M., Mohammed, F.A., El-Sayed, A.M., 2016. Development and in vitro/in vivo
601 evaluation of Zn-pectinate microparticles reinforced with chitosan for the colonic delivery of

602 progesterone. Drug Deliv. 23, 2541-2554. https://doi.org/10.3109/10717544.2015.1028602

603  Gazzaniga, A., Maroni, A., Sangalli, M.E., Zema, L., 2006. Time-controlled oral delivery systems for colon
604 targeting. Expert Opin. Drug Deliv. 3, 583-597. https://doi.org/10.1517/17425247.3.5.583

605  Goyanes, A., Hatton, G.B., Merchant, H.A., Basit, A.W., 2015. Gastrointestinal release behaviour of modified-
606 release drug products: Dynamic dissolution testing of mesalazine formulations. Int. J. Pharm. 484, 103—
607 108. https://doi.org/10.1016/j.ijpharm.2015.02.051

608  Gupta, V.K., Assmus, M.W., Beckert, T.E., Price, J.C., 2001. A novel pH- and time-based multi-unit potential
609 colonic drug delivery system. Il. Optimization of multiple response variables 213, 93-102.

610 https://doi.org/10.1016/S0378-5173(00)00650-5

611  Hua, S., 2020. Advances in oral drug delivery for regional targeting in the gastrointestinal tract - influence of
612 physiological, pathophysiological and pharmaceutical Factors. Front. Pharmacol. 11, 1-22.

15



Journal Pre-proof

613 https://doi.org/10.3389/fphar.2020.00524

614 Imran, S., Gillis, R.B., Kok, S.M., Harding, S.E., Adams, G.G., 2013. Application and use of Inulin as a tool
615 for therapeutic drug delivery. Biotechnol. Genet. Eng. Rev. 28, 37-41. https://doi.org/10.5661/bger-28-33
616 Ito, H., Furuta, S., Sasaki, H., Yoshida, T., Takano, Y., Hibi, T., 2009. Pharmacokinetics and Safety of Single
617 and Multiple Doses of Asacol Tablets in Japanese Healthy Volunteers. Adv. Ther. 26, 749-761.

618 https://doi.org/10.1007/s12325-009-0059-9

619  Jain, S.K., Jain, A., 2008. Target-specifi c drug release to the colon. Expert Opin. Drug Deliv 5, 483-498.

620 https://doi.org/10.1517/17425240802078950

621  Ji, C., Xu, H., Wu, W., 2007. In vitro evaluation and pharmacokinetics in dogs of guar gum and Eudragit

622 FS30D-coated colon-targeted pellets of indomethacin. J. Drug Target. 15, 123-131.

623 https://doi.org/10.1080/10611860601143727

624  Jiminez, J.A., Uwiera, T.C., Inglis, G.D., Uwiera, R.R.E., 2015. Animal models to study acute and chronic
625 intestinal inflammation in mammals. Gut Pathog. 7, 29-31. https://doi.org/10.1186/s13099-015-0076-y
626  Kaffash, E., Saremnejad, F., Abbaspour, M., Ahmad, S., Afrasiabi, H., Hossein, A., Shahdadi, H., Akhgari, A.,
627 Nokhodchi, A., 2019. Statistical optimization of alginate-based oral dosage form of 5-aminosalicylic acid
628 aimed to colonic delivery : In vitro and in vivo evaluation. J. Drug Deliv. Sci. Technol. 52, 177-188.
629 https://doi.org/10.1016/j.jddst.2019.04.006

630  Karkossa, F., Klein, S., 2018. A biopredictive in vitro comparison of oral locally acting mesalazine

631 formulations by a novel dissolution model for assessing intraluminal drug release in individual subjects.
632 J. Pharm. Sci. 107, 1680-1689. https://doi.org/10.1016/j.xphs.2018.02.016

633  Karrout, Y., Dubuquoy, L., Piveteau, C., Siepmann, F., Moussa, E., Wils, D., Beghyn, T., Neut, C., Flament,
634 M.P., Guerin-Deremaux, L., Dubreuil, L., Deprez, B., Desreumaux, P., Siepmann, J., 2015. In vivo

635 efficacy of microbiota-sensitive coatings for colon targeting: A promising tool for IBD therapy. J.

636 Control. Release 197, 121-130. https://doi.org/10.1016/j.jconrel.2014.11.006

637 Karrout, Y., Neut, C., Wils, D., Siepmann, F., Deremaux, L., Flament, M.P., Dubreuil, L., Desreumaux, P.,
638 Siepmann, J., 2011. Peas Starch-Based Film Coatings for Site-Specific Drug Delivery to the Colon. J.
639 ofAppliedPolymer Sci. 119, 1176-1184. https://doi.org/10.1002/app

640  Kaur, R., Gulati, M., Singh, S.K., 2017. Role of synbiotics in polysaccharide assisted colon targeted

641 microspheres of mesalamine for the treatment of ulcerative colitis. Int. J. Biol. Macromol. 95, 438—450.
642 https://doi.org/10.1016/j.ijbiomac.2016.11.066

643 Kobayashi, T., Siegmund, B., Le Berre, C., Wei, S.C., Ferrante, M., Shen, B., Bernstein, C.N., Danese, S.,
644 Peyrin-Biroulet, L., Hibi, T., 2020. Ulcerative colitis. Nat. Rev. Dis. Prim. 6, 2-20.

645 https://doi.org/10.1038/s41572-020-0205-x

646  Kotla, N.G., Gulati, M,; Singh, S.K., Shivapooja, A., 2014. Facts, fallacies and future of dissolution testing of
647 polysaccharide based colon-specific drug delivery. J. Control. Release 178, 55-62.

648 https://doi.org/10.1016/j.jconrel.2014.01.010

649  Kotla, N.G,, Rana, S., Sivaraman, G., Sunnapu, O., Vemula, P.K., Pandit, A., Rochev, Y., 2018. Bioresponsive
650 drug delivery systems in intestinal in flammation : State-of-the-art and future perspectives. Adv. Drug
651 Deliv. Rev. 146, 248-266. https://doi.org/10.1016/j.addr.2018.06.021

652  Kotla, N.G,, Singh, S., Maddiboyina, B., Sunnapu, O., Webster, T.J., 2016. A novel dissolution media for
653 testing drug release from a nanostructured polysaccharide-based colon specific drug delivery system: An
654 approach to alternative colon media. Int. J. Nanomedicine 11, 1089-1095.

655 https://doi.org/10.2147/1IN.S97177

656  Lamprecht, A., Yamamoto, H., Takeuchi, H., Kawashima, Y., 2005. A pH-sensitive microsphere system for
657 the colon delivery of tacrolimus containing nanoparticles. J. Control. Release 104, 337-346.

658 https://doi.org/10.1016/j.jconrel.2005.02.011

659  Le Berre, C., Roda, G., Nedeljkovic Protic, M., Danese, S., Peyrin-Biroulet, L., 2019. Modern use of 5-

660 aminosalicylic acid compounds for ulcerative colitis. Expert Opin. Biol. Ther. 1, 363-378.

16



Journal Pre-proof

661 https://doi.org/10.1080/14712598.2019.1666101

662 Lee, S.H., Bajracharya, R., Min, J.Y., Han, J.W., Park, B.J., Han, H.K., 2020. Strategic approaches for colon
663 targeted drug delivery: An overview of recent advancements. Pharmaceutics 12, 68.

664 https://doi.org/10.3390/pharmaceutics12010068

665 Liu, J., Zhang, L., Jia, Y., Hu, W., Zhang, J., Jiang, H., 2012. Preparation and evaluation of pectin-based

666 colon-specific pulsatile capsule in vitro and in vivo. Arch. Pharm. Res. 35, 1927-1934.

667 https://doi.org/10.1007/s12272-012-1109-4

668  Low, D., Nguyen, D.D., Mizoguchi, E., 2013. Animal models of ulcerative colitis and their application in drug
669 research. Drug Des. Devel. Ther. 7, 1341-1356. https://doi.org/10.2147/DDDT.S40107

670  Maderuelo, C., Lanao, J.M., Zarzuelo, A., 2019. Enteric coating of oral solid dosage forms as a tool to improve
671 drug bioavailability. Eur. J. Pharm. Sci. 138, 105019. https://doi.org/10.1016/j.ejps.2019.105019

672  Mehta, K.A., Rekhi, G.S., Parikh, D.M., 2005. Extrusion/spheronization as a granulation technique, Handbook
673 of Pharmaceutical Granulation Technology, Second Edition. https://doi.org/10.1201/9780429320057-12-
674 14

675 Mensink, M.A., Frijlink, H.W., van der Voort Maarschalk, K., Hinrichs, W.L.J.; 2015. Inulin, a flexible

676 oligosaccharide I: Review of its physicochemical characteristics. Carbohydr. Polym. 130, 405—419.

677 https://doi.org/10.1016/j.carbpol.2015.05.026

678 Mladenovska, K., Raicki, R.S., Janevik, E.l., Ristoski, T., Pavlova, M.J., Kavrakovski, Z., Dodov, M.G.,

679 Goracinova, K., 2007. Colon-specific delivery of 5-aminosalicylic acid from chitosan-Ca-alginate

680 microparticles. Int. J. Pharm. 342, 124-136. https://doi.org/10.1016/j.ijpharm.2007.05.028

681  Muley, S., Nandgude, T., Poddar, S., 2016. Extrusion—spheronization a promising pelletization technique: In-
682 depth review. Asian J. Pharm. Sci. 11, 684-699. https://doi.org/10.1016/j.ajps.2016.08.001

683  Mura, C., Nacher, A., Merino, V., Merino-Sanjuan, M., Carda, C., Ruiz, A., Manconi, M., Loy, G., Fadda,
684 A.M.,, Diez-Sales, O., 2011. N-Succinyl-chitosan systems for 5-aminosalicylic acid colon delivery: In
685 vivo study with TNBS-induced colitis model in rats. Int. J. Pharm. 416, 145-154.

686 https://doi.org/10.1016/j.ijpharm.2011.06.025

687  Pachuau, L.aEmail Author, Mazumder, B.., 2013. Colonic drug delivery systems based on natural

688 polysaccharides and their evaluation. Mini-Reviews Med. Chem. 13, 1982-1995.

689 https://doi.org/10.2174/13895575113136660085

690  Pertuit, D., Moulari, B., Betz, T., Nadaradjane, A., Neumann, D., Ismaili, L., Refouvelet, B., Pellequer, Y.,
691 Lamprecht, A., 2007. 5-amino salicylic acid bound nanoparticles for the therapy of inflammatory bowel
692 disease. J. Control. Release 123, 211-218. https://doi.org/10.1016/j.jconrel.2007.08.008

693  Pretoro, G. Di, Zema, L., Gazzaniga, A., Rough, S.L., Wilson, D.l., 2010. Extrusion — spheronisation of highly
694 loaded 5-ASA multiparticulate dosage forms. Int. J. Pharm. 402, 153-164.

695 https://doi.org/10.1016/j.ijpharm.2010.10.003

696  Rajendiran, V., Natarajan, V., Devaraj, S.N., 2018. Anti-inflammatory activity of Alpinia officinarum hance
697 on rat colon inflammation and tissue damage in DSS induced acute and chronic colitis models. Food Sci.
698 Hum. Wellness 7, 273-281. https://doi.org/10.1016/j.fshw.2018.10.004

699  Ravi, V., Siddaramaiah, Pramod Kumar, T.M., 2008. Influence of natural polymer coating on novel colon

700 targeting drug delivery system. J. Mater. Sci. Mater. Med. 19, 2131-2136.

701 https://doi.org/10.1007/s10856-007-3155-x

702  Riviére, A, Selak, M., Geirnaert, A., Abbeele, P. Van Den, Vuyst, D., 2018. Complementary mechanisms for
703 degradation of inulin-type fructans and arabinoxylan oligosaccharides among bifidobacterial strains

704 suggest bacterial cooperation. Appl. Environ. Microbiol. 84, 1-16. https://doi.org/10.1128/AEM.02893-
705 17

706  Schoellhammer, C.M., Schroeder, A., Maa, R., Lauwers, G.Y., Swiston, A., Zervas, M., Barman, R., DiCiccio,
707 A.M., Brugge, W.R., Anderson, D.G., Blankschtein, D., Langer, R., Traverso, G., 2015. Ultrasound-
708 mediated gastrointestinal drug delivery. Sci. Transl. Med. 7, 168.

17



Journal Pre-proof

709 https://doi.org/10.1126/scitransimed.aaa5937

710  Shahdadi Sardou, H., Saremnejad, F., Bagheri, S., Akhgari, A., Afrasiabi Garekanid, H., Sadeghi, F., 2019a. A
711 review on 5-aminosalicylic acid colon-targeted oral drug delivery systems. Int. J. Pharm. 558, 367-379.
712 https://doi.org/10.1016/j.ijpharm.2019.01.022

713  Shahdadi Sardou, H., Akhgari, A., Afrasiabi Garekani, H., Sadeghi, F., 2019b. Screening of different

714 polysaccharides in a composite film based on Eudragit RS for subsequent use as a coating for delivery of
715 5-ASA to colon. Int. J. Pharm. 568, 118527. https://doi.org/10.1016/j.ijpharm.2019.118527

716  Shahdadi Sardou, H., Akhgari, A., Hooshang Mohammadpour, A., Kamali, H., Hossein Jafarian, A., Afrasiabi
717 Garekani, H., Sadeghi, F., 2021. Application of inulin/Eudragit RS in 5-ASA pellet coating with tuned,
718 sustained-release feature in an animal model of ulcerative colitis. Int. J. Pharm. 597, 120347.

719 https://doi.org/10.1016/j.ijpharm.2021.120347

720  Tenjarla, S., 2015. Dissolution of Commercially Available Mesalamine Formulations at Various pH Levels.
721 Drugs R. D. 15, 211-215. https://doi.org/10.1007/s40268-015-0097-5

722 Teruel, A.H., Gonzalez-alvarez, |., Bermejo, M., Merino, V., Marcos, M.D., Sancenon, F., Gonzalez-alvarez,
723 M., Martinez-mafiez, R., 2020. New insights of oral colonic drug delivery systems for inflammatory

724 bowel disease therapy. Int. J. Mol. Sci. 21, 6502. https://doi.org/10.3390/ijms21186502

725  Thakral, S., Thakral, N., Majumdar, D., 2013. Eudragit®: a technology evaluation. Expert Opin. Drug Deliv.
726 10, 131-149. https://doi.org/10.1517/17425247.2013.736962

727  Trenda, I., Szegedi, A., Yoncheva, K., Shestakova, P., Mihaly, J., Risti, A., Konstantinov, S., Popova, M.,
728 2016. A pH dependent delivery of mesalazine from polymer coated and drug-loaded SBA-16 systems.
729 Eur. J. Pharm. Sci. 81, 75-81. https://doi.org/10.1016/j.ejps.2015.10.003

730 Wang, Q.S., Wang, G.F., Zhou, J., Gao, L.N., Cui, Y.L., 2016. Colon targeted oral drug delivery system based
731 on alginate-chitosan microspheres loaded with icariin in the treatment of ulcerative colitis. Int. J. Pharm.
732 515, 176-185. https://doi.org/10.1016/j.ijpharm.2016.10.002

733  Wei, H., Qing, D., De-Ying, C., Bai, X., Li-Fang, F., 2008. Study on colon-specific pectin/ethylcellulose film-
734 coated 5-fluorouracil pellets in rats. Int. J. Pharm. 348, 35-45.

735 https://doi.org/10.1016/j.ijpharm.2007.07.005

736 Wei, X,, Lu, Y., Qi, J., Wu, B., Chen, J.; Xu, H., Wu, W., 2015. An in situ crosslinked compression coat

737 comprised of pectin and calcium chloride for colon-specific delivery of indomethacin. Drug Deliv. 22,
738 1017. https://doi.org/10.3109/10717544.2013.879965

739  Williams, C., Panaccione, R., Ghosh, S., Rioux, K., 2011. Optimizing clinical use of mesalazine (5-

740 aminosalicylic acid) in inflammatory bowel disease. Therap. Adv. Gastroenterol. 4, 237-48.

741 https://doi.org/10.1177/1756283X11405250

742  Wu, Q., Yao, S., 2013. Novel NaCS — CS — PPS microcapsules as a potential enzyme-triggered release carrier
743 for highly-loading 5-ASA. Colloids Surfaces B Biointerfaces 109, 147-153.

744 https://doi.org/10.1016/j.colsurfb.2013.03.035

745  Xu, C.T., Meng, S.Y., Pan, B.R., 2004. Drug therapy for ulcerative colitis. World J. Gastroenterol. 10, 2311-
746 2317. https://doi.org/10.3748/wjg.v10.i16.2311

747  Xu, M., Sun, M., Qiao, H., Ping, Q., Elamin, E.S., 2014. Preparation and evaluation of colon adhesive pellets
748 of 5-aminosalicylic acid. Int. J. Pharm. 468, 165-171. https://doi.org/10.1016/j.ijpharm.2014.04.040

749  Yan, Y., Ren, F., Wang, P., Sun, Y., Xing, J., 2019. Synthesis and evaluation of a prodrug of 5-aminosalicylic
750 acid for the treatment of ulcerative colitis. Iran. J. Basic Med. Sci. 22, 1452-1461.

751 https://doi.org/10.22038/1JBMS.2019.13991

752  Ye, B., van Langenberg, D.R., 2015. Mesalazine preparations for the treatment of ulcerative colitis: Are all
753 created equal? World J. Gastrointest. Pharmacol. Ther. 6, 137. https://doi.org/10.4292/wjgpt.v6.i4.137
754  You, Y., Jun, £J.F.£., Liu, G.H.A.Y., 2009. Effect of N -acetylcysteine on the Murine Model of Colitis

755 Induced by Dextran Sodium Sulfate Through Up-Regulating PON1 Activity. Dig Dis Sci 54, 1643-1650.
756 https://doi.org/10.1007/s10620-008-0563-9

18



Journal Pre-proof

757  Zeeshan, M., Ali, H., Khan, S., Ahmad, S., Weigmann, B., 2019. Advances in orally-delivered pH-sensitive

758 nanocarrier systems; an optimistic approach for the treatment of inflammatory bowel disease. Int. J.
759 Pharm. 558, 201-214. https://doi.org/10.1016/j.ijpharm.2018.12.074
760

761  Table 1. Variable factors, experimental and predicted responses as well as the analysis of variances
762  for each response.

Run | Variable factors Responses (Exp. /Pred.) Y,stat. | Y,stat. | Y;st&i3 | Xu

Xy X, | Yi(% of Y, (% of \Z TSS TSS TS%e4 | ratio

(S:L:RS) release) release) (min) ZEZ g E
1 16:64:20 5 90/91 45/44 5/4 | 4393.08 | 1398.77 419’237 with
2 16:64:20 | 10 80/79 21/22 5/6 RSS RSS RS%s | consid
3 16:64:20 | 15 65/67 9/8 15/17 | 10.55 5.22 5.24c9 ering
4 32:48:20 5 62/65 28/27 5/7 R’ R’ R%70 | the
5 32:48:20 | 10 52 /53 13/13 10/12 | 0.997 0.996 0.9991 | consta
6 32:48:20 | 15 38/40 8/7 20/21 | F-value | F-value | F-value | nt
7 48:32:20 5 48/50 12/11 10/9 | 58131 | 373.66 110%23 | ratio
8 48:32:20 | 10 30/32 6/5 15/15 | P-value | P-value | P-vafdé | ofRS
9 48:32:20 | 15 17/18 5/4 25/26 | 0.0001 | 0.0001 0.00015 | inthe
776  coatin
777 .

778 X, percentage of the pellet's weight increase (coating level);

779 Y, percentage of drug release at pH 6.8 in 10 h (experimental/predicted).
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782 RSS: residual sum of squares.

783  TSS: the total sum of squares.

784

785  Fig. 1. The drug release from the pellets coated under the experimental design condition at varied pH
786  conditions (A-D). The area (a), (b), and (c) indicate the targeted areas for optimum drug delivery. The surface
787  plot for the percent drug released in 10 h at pH 6.8 (E), percent drug released in 2 h at pH 6.8 (F), the lag time
788  before drug release at pH 7.2 (G). Data are shown as mean + standard deviation (n = 3). * points out the
789  statistical differences between the groups (p < 0.05). CL: coating level.

790

791  Fig. 2. Scanning electron microscopy of the A) uncoated, B) coated pellets and C) the cross-sectional image of
792  the optimum coated inulin-free pellets. D, E, and F show respectively the uncoated, coated pellets and the
793  cross-sectional image of the optimum coated inulin-bearing 5-ASA pellets.

794  Fig. 3. The release profile of 5-ASA from the uncoated pellets and the optimized coated pellets are suggested by the
795  experimental design. Release from the uncoated inulin-free or inulin-bearing pellets at two pHs (A), coated inulin-free
796  pellets at different pHs (B-E), coated inulin-free or inulin-bearing pellets, and Pentasa in the continuous dissolution test
797  (F). Data are shown as mean = standard deviation (n = 3).

798  Fig. 4. SEM of the optimized coated pellets after continuous dissolution test (t=15h). A) inulin-free pellets, B)

799 inulin-beraing pellets in phosphate buffer pH 6.8, C) inulin-bearing pellets in SCF.
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Fig. 5. Therapeutic properties of 5-ASA pellets and Pentasa in animal models of UC. Profile of colitis activity
index (CAI) (A). Colon/body weight ratio (B), length/weight ratio of the colon (C), colon damage score (D),
the level of MDA (E), and GSH (F). Data are shown as mean + standard deviation (n = 4). * indicates
significant differences between marked groups (p < 0.05).

Fig. 6. Histopathological characteristics of the colon's tissues of the rats subjected to different treatments.
Rat with normal colonic tissues (A), untreated rat (B), rat treated with CMC vehicle (C), rat treated with
uncoated pellets (D), rat treated with optimally coated inulin-free pellets (E) rat treated with optimally coated
inulin-bearing pellets (F), and rat treated with Pentasa (G).
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