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CHAPTER 1 

INTRODUCTION 

                                                                                                                                                       

  Although oral delivery has become a widely accepted route of 

administration of therapeutic drugs, the gastrointestinal tract presents several 

formidable barriers to drug delivery. For example, oral administration of peptide and 

protein drugs are limited due to instability of the drugs in acidic condition and 

hydrolytic enzymes from stomach and small intestine, respectively (Chourasia and 

Jain 2003: 33-66). Furthermore, in topical treatment of colon diseases such as 

inflammatory bowel disease (IBD), colorectal cancer and amoebiasis, site-specific 

drug delivery tenders a possibility to reduce the total amount of drug administered 

resulting in reduction systemic side effects which are a major issue in the treatment of 

these conditions by the oral pathway. Consequently, colonic drug delivery has gained 

increased importance not just for the delivery of drugs for the treatment of local 

diseases associated with the colon but also for its potential for the delivery of 

therapeutic proteins and peptides (Sinha and Kumria 2003: 3-18; Onishi et al. 2008: 

296-302).  

 To achieve successful colonic delivery, a drug needs to be protected from 

absorption and/or the environment of the upper gastrointestinal tract and then be 

abruptly released into the proximal colon, which is considered the optimum site for 

colon-targeting delivery of drugs. Therefore, various approaches have been used for 

targeting drugs to the colon, such as pH-, time-, pressure- and enzyme-dependent 

systems. However, there are some drawbacks in each strategy. For example, minor
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variations in pH between the small intestine and the colon makes the pH-dependent 

systems less specific, in terms of targeted release in the colon (Fadda and Basit 2005: 

273-279). Moreover in IBD patients, colonic pH is lower than that of healthy people 

which due to the by-product of pathological microorganisms (Friend 1981: 149-199). 

Therefore, colonic drug delivery strategy in each disease is different. In time-

dependent release mechanism, swelling and erosion behavior of polymers used in the 

system are vital factors to control drug release until the system reaches the colon. 

However, a major limitation with the time-based system is that in vivo variation of the 

small intestinal transit time may lead to drug release in the small intestine or in the 

terminal part of the colon. Pressure dependent systems hold some promise, but 

currently little is known about the luminal pressures of different regions of the 

gastrointestinal (GI) tract. Beside, this system is fabricated in single unit dosage form 

thus dose dumping effect in stomach and small intestine is possible. (Rathod and 

Shruti 2007). Enzyme-dependent system is considered to be preferable and promising, 

due to the abrupt increase of the bacteria population and associated enzymatic 

activities in the ascending colon. Nevertheless, the drug release rate from microbial 

trigger is relatively slow and it does not work well in some case (Nunthanid et al. 

2007: 253-259). Another approach is prodrugs, which are pharmacologically inactive 

derivatives of a parent drug molecule that requires spontaneous or enzymatic 

transformation in the biological environment to release the active drug. Nevertheless, 

toxic side effects of the metabolized drug and carrier moiety are concerns (Rubinstein 

2005: 33-37). Given the limitations of each colonic drug delivery strategy, a 

combination of two or more strategies has been developed for more specific colonic 
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drug delivery among. (Nunthanid et al. 2008: 253-259; Nunthanid et al. 2009: 356-

361; Oliveiraa et al. 2010: 1004-1009). 

 Drug delivery systems with small particles (micro or nanometer-scale) 

provide many advantages in carrying a drug to the colon of patients with IBD. The 

drug loaded silica nanoparticles could be delivered to the colon and specifically 

accumulated in inflamed colonic tissues allowing for selective medication delivery to 

such inflammation sites. The high surface area of the drug loaded nanoparticles 

promotes adhesion to the mucous of inflame colitis tissues. Higher uptake inside the 

colitis tissues was achieved (Moulari et al. 2008: 4554-4560). Nowadays, 

nano/microparticles for drug delivery have been fabricated from several techniques 

such as coacervation, solvent evaporation and polymerization (Lorenzo-Lamosa et al. 

1998: 109-118; Lamprecht et al. 2007: 632-638; Wang et al. 2009: 153-160). A novel 

nanoparticle preparation technique known as spinning disk processing (SDP), is a 

powerful tool to fabricate small multiple unit dosage forms with narrow size 

distribution (Tai et al. 2009: 3112-3119). SDP also offers potential industry scale 

production of nano particles by continuous flow processing (Loh et al. 2010: 4326-

4336).  

 In the last decade, chitosan has been widely applied in colonic drug 

delivery systems due to its degradability by colonic enzymes (Orienti et al. 2002: 51-

59; Tozaki et al. 2002: 51-61). Moreover, the acid conditions in the colon of IBD 

patients can enhance the solubilization of chitosan. Although, chitosan readily swells 

in acid media, it cannot deliver the drugs through the gastric fluid because of its 

solubility and erosion behavior. Thus enteric polymers, such as Eudragit® S100 and 
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Eudragit® L100 have been applied to protect chitosan carriers loaded drug from 

gastric fluid (Morishita et al. 1993: 29-37; Sinha and Kumria 2003: 41-47).  

 The objective of this study was to develop chitosan nano/microparticles for 

colonic drug delivery using a novel process of preparation, SDP. Eudragit S100 and 

L100 were used as protective polymers. To minimize time and research budget, the 

formulation and factors affecting the process of preparation were optimized under 

Box-Behnken design to acquire the small particles, high drug entrapment and abrupt 

drug release at proximal colon region. Physicochemical characterizations, 

morphology, cell toxicity, in vitro drug release and drug uptake of the particles were 

also investigated. 
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CHAPTER 2 

LITERATURE REVIEW 

Colonic drug delivery 

 The route of drug delivery generally preferred by patients is by oral 

administration. In the past, drugs have been formulated for rapid dissolution in the 

upper regions of the gastrointestinal tract (GIT) where many drugs are most 

efficiently absorbed. For a large number of drugs, the small intestine approach is 

generally adequate. However in the treatment of some diseases and conditions, 

colonic drug delivery can improve the therapeutic efficiency and patient compliance 

(Friend 1991: 149-199). Recently, several researchers have focused on ways to 

deliver drugs quantitatively to the large bowel and subsequently trigger the release of 

the active agent (Rathod and Shruti 2007; El-Kamel et al. 2008: 248-255). 

Nevertheless, very few studies focused on the uptake of drugs by colonic mucosa. In 

addition, the disease state can potentially alter the delivery and absorption 

characteristics of drugs from the colon. Consequently, characterization techniques the 

mimic the physiological environment are crucial to develop clinically relevant colonic 

drug delivery.  

Rationale for using colonic drug delivery system 

 Medical rationales for the development of orally administered colonic drug 

platforms include: (a) the opportunity to reduce adverse effects in the treatment of 

colon inflammation and colon motility disorders such as colon cancer and amoebiasis
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by topical application of drugs, active at the mucosal level (Krishnaiah et al. 2001: 

235-243; Paharia et al. 2007: 1-7; El-Kamel et al. 2008: 248-255); (b) specific 

systemic absorption at colonic region offers interesting possibilities for the treatment 

of diseases susceptible to the diurnal rhythm, such as asthma, arthritis and angina 

disease (Jose et al. 2010; Oliveiraa et al. 2010: 1004-1009); (c) formulations for 

colonic delivery are also suitable for delivery of drugs which are polar and/or 

susceptible to chemical and enzymatic degradation in the upper GIT such as protein 

and peptide drugs (Xing et al. 2003: 293-300) (d) increment of patient compliance by 

reduction of dosing frequency in colonic sustained release (Hardy et al. 1993: 712-

718) and changing invasive administration of the peptide drugs such as insulin to oral 

route (Kofuji et al. 2005: 95-103). Various disease conditions and therapeutic 

purposes require different site of drug targeting. Target sites, colonic disease 

conditions, and drugs used for treatment are shown in Table 1.  

Therapeutic approaches for inflammatory bowel disease  

 Inflammatory bowel disease (IBD) is a localized inflammation of the small 

and large intestine. IBD is comprised of two specific conditions: ulcerative colitis and 

Crohn’s disease. The etiology of IBD remains unknown. However, autoimmune 

disease or extrinsic factors such as microorganisms and chemical compounds were 

reported as causative influence. 
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Table 1: Colon targeting diseases, drugs and sites 

Target sites Disease conditions Drug and active agents 

Topical action  Inflammatory Bowel Diseases, 

Irritable bowel disease and  

Crohn’s disease  

Chronic pancreatitis  

Hydrocortisone, Budenoside,  

Prednisolone, Sulfasalazine, 

Olsalazine, Mesalazine, 

 Balsalazide 

Local action  Pancreatactomy and cystic 

 fibrosis,                            

Colorectal cancer  

Digestive enzyme supplements    

5-Fluorouracil 

Systemic action To prevent gastric irritation  

To prevent first pass metabolism 

 of orally ingested drugs 

Oral delivery of peptides  

Oral delivery of vaccines 

NSAIDS  

Steroids  

Insulin  

Typhoid 

Source: A.K. Philip and B. Philip “Colon Targeted Drug Delivery Systems: A Review 

on Primary and Novel Approaches,” Oman Medical Journal 25 (2010) : 70. 

 The location of inflammation along the GIT in ulcerative colitis and 

Crohn’s disease at diagnosis is different. In ulcerative colitis, sites of inflammation 

extend to the more distal regions of the colon over time, whereas in Crohn’s disease, 

the predominant site of inflammation is the distal ileum, as presented in Figure 1. The 

luminal pH of the distal intestine in patients with IBD (pH~5.0) can be lower than that 

seen in healthy volunteers (pH~7.4). The decreasing pH may result from the 
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inflammation and infection of the colon mucosa. Therefore, local pH within the lumen 

of the GIT can directly affect delivery systems, such as those relying on enteric 

coatings, and indirectly by altering local enzymatic activity. Since the pH gradient 

along the gastrointestinal tract forms the basis of several delivery systems (targeting 

the lower intestinal tract), understanding how this gradient varies in health and disease 

is important (Friend 2005: 247-265).  

 Recently, 5-aminosalicylic acid (5-ASA), steroidal drugs and non-steroidal 

drugs have been used for the treatment of ulcerative colitis and Crohn’s disease. Most 

of the currently used drugs are absorbed in the small intestine, causing systemic side 

effects which are a major issue in the treatment of these conditions. To untangle the 

problem, site-specific (targeted) drug delivery to the colon inflammation site may 

reduce the total amount of drug administered, thus reducing the systemic side effects 

(Linn and Peppercorn 1992: 85-89; Linn and Peppercorn 1992: 178-185). 

Figure 1 Inflammation sites of (a) Crohn’s disease and (b) ulcerative colitis.  

Source : Baumgart DC and Sandborn WJ, Crohn's disease [Online], accessed 25 

February 2011. Available from http://en.wikipedia.org/wiki/Crohn%27s_disease.  

a b 

 
 
 
 

 
 
 
 

 
 



9 

Approaches for colonic drug targeting 

 Several approaches have been used for colon specific drug delivery. These 

approaches exploit the physiological and diseased conditions of the GIT were applied 

as a drug release trigger, they include: 

1. Time-dependent delivery systems  

     Time-dependent delivery has been proposed as a means of targeting the 

colon. The time-dependent systems release their loaded drug after a preprogrammed 

time delay. To attain colonic release, the lag time should equate to the time taken for 

the system to reach the colon. This time is difficult to predict in advance, although a 

lag time of five hours is usually considered sufficient, given that the small intestinal 

transit time is reported to be relatively constant at three to four hours.  

Figure 2 Schematic of the Pulsincap™ capsule structure 

Source : S.M. Reddy et al., “Novel oral colon-specific drug delivery systems for 

pharmacotherapy of peptides and nonpeptide drugs,” Drugs of Today 35 (1999) : 537. 

 One of the earliest systems to utilize this principle was the Pulsincap™ 

device. Somewhat complex in design, the system consists of an impermeable capsule 

filled with drug and stoppered at one end with a hydrogel plug. On contact with 
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gastrointestinal fluids, the plug hydrates and swells and, after a set lag time, ejects 

from the capsule body, thereby allowing drug release to occur as presented in Figure 2. 

The lag time is controlled by the size and composition of the plug (Reddy et al. 1999: 

537-580). 

2. Pressure-dependent delivery systems  

     Another approach utilizes pressure to control the site (and potentially 

the rate) of drug release in the GIT. Due to the reabsorption of water from the large 

intestine, the viscosity of the luminal content increases (Friend 2005: 247-265). As a 

result, intestinal pressures increase due to peristalsis in the distal intestine providing a 

potential means to trigger release of a drug from a formulation susceptible to pressure 

changes. Takaya et al. designed the pressure-controlled colon delivery capsules by 

coating gelatin capsules with various thickness of ethylcellulose. The capsules 

containing a mixture of recombinant human granulocyte colony-stimulating factor 

(rhG-CSF) and propylene glycol were orally administered to beagle dogs, and the 

total blood leukocyte (BTL) level measured as a pharmacological index of rhG-CSF. 

The maximum BTL count appeared at 10 h then gradually decreased and returned to 

its normal level at 48 h. These results suggest the usefulness of ethylcellulose capsules 

for colonic drug delivery (Takaya et al. 1995: 474-478 ).  

3.  pH-dependent delivery systems 

      The pH in human GIT from the stomach to the colon ranges from 1 to 

around 7. The pH gradient has been applied as a drug release trigger for colonic drug 

delivery by using polymers which are insoluble at low pH levels but become 

increasingly soluble as pH rises. A pH-dependent polymer can protect a formulation 
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4. Enzyme-based delivery systems  

    Delivery of a drug in IBD patients can also be accomplished by using 

enzymes located near the target site. There is a steep gradient of enzyme activity 

along the GIT; these enzymes are derived from gut microflora (Friend 2005: 247-265). 

In humans, there are low amounts of microflora in the stomach and small intestine 

(roughly 103–104 colony forming units (CFU)/mL) when compare with the 

concentration of microflora from the terminal ileum to the ascending colon (1011–1012

CFU/mL). These bacteria survive by fermenting a wide range of substrates (e.g., 

oligosaccharides, polysaccharides, mucopolysaccharides, and the like) left undigested 

in the small intestine (Sinha and Kumria 2003: 3-18). Enzymes that ferment these 

substrates include azoreductases, h-glucuronidase, h-xylosidase, dextranases, 

esterases, nitroreductase, etc. These enzymes are exploited in colonic drug delivery by 

using them to degrade polymeric matrices and coatings (Sinha and Kumria 2001: 19-

38). Yang et al. have developed CODESTM which is a combined approach of pH 

dependent and microbially triggered colonic drug delivery system. It has been 

improved by utilizing a unique mechanism involving lactulose, which acts as a trigger 

for site specific drug release in the colon (Figure 4). The system consists of a 

traditional tablet core containing lactulose, which is over coated with an acid soluble 

material, Eudragit® E, and then subsequently overcoated with an enteric material, 

Eudragit L. The premise of the technology is that the enteric coating protects the 

tablet while it is located in the stomach and then dissolves quickly following gastric 

emptying. The acid soluble material coating then protects the preparation as it passes 

through the alkaline pH of the small intestine. Once the tablet arrives in the colon, the 
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bacteria enzymetically degrade the polysaccharide (lactulose) into organic acid. This 

lowers the pH surrounding the system sufficient to effect the dissolution of the acid 

soluble coating and subsequent drug release (Yang et al. 2002: 1-15) 

Figure 4 Schematics of the conceptual design of CODES™. 

Source : Libo Yang, James S. Chu and Joseph A. Fix, “Colon specific drug delivery 

new approaches and in vitro/ in vivo evaluation,” International Journal of 

Pharmaceutics 235 (2002) : 4. 

5. Prodrug approach for drug delivery to colon  

     Prodrug is a pharmacologically inactive derivative of a parent drug 

molecule that requires spontaneous or enzymatic transformation in vivo to release the 

active drug. For colonic delivery, the prodrug is designed to undergo minimal 

hydrolysis in the upper tracts of GIT, and undergo enzymatic hydrolysis in the colon 

thereby releasing the active drug moiety from the drug carrier. Metabolism of azo 
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compounds by intestinal bacteria is one of the most extensively studied bacterial 

metabolic processes. A number of other linkages susceptible to bacterial hydrolysis 

especially in the colon have been prepared where the drug is attached to hydrophilic 

moieties like amino acids, glucuronic acids, glucose, galactose, cellulose etc. 

Limitations of the prodrug approach are that it is not a very versatile approach as its 

formulation depends upon the functional group available on the drug moiety for 

chemical linkage. Furthermore, prodrugs are new chemical entities, and need a lot of 

evaluation before being used as carriers (Azadkhan et al. 1982).  

Figure 5 Hydrolysis of sulfasalazine (i) into 5-aminosalicylic acid (ii) and  

sulfapyridine (iii). 

Source : David R. Friend, “Colon-specific drug delivery,” Advanced Drug Delivery 

Reviews 7 (1991) : 170. 

 An example of a compound in this group is sulfasalazine (Figure 5). 

Chemically, sulfasalazine is sulfapyridine linked to a salicylate radical by an azo bond. 
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When taken orally, only a small proportion of the ingested dose is absorbed from the 

small intestine and the bulk of the sulphasalazine reaches the colon intact. There it is 

split at the azo bond by the colonic bacteria with the liberation of sulfapyridine (SP) 

and 5-aminosalicylic acid (Pertuit et al. 2007: 211-218).  

6. Azo-polymeric prodrugs  

      Newer approaches are aimed at the use of polymers as drug carriers for 

drug delivery to the colon. Both synthetic as well as naturally occurring polymers 

have been used for this purpose. Semi synthetic polymers have been used to form 

polymeric prodrug with azo linkage between the polymer and drug moiety (Mooter et 

al. 1995: 244-247). These have been evaluated for colonic drug delivery system. 

Various azo polymers have also been evaluated as coating materials over drug cores. 

These have been found to be similarly susceptible to cleavage by the azoreducatase in 

the large bowel. Coating of peptide capsules with polymers cross linked with 

azoaromatic group have been found to protect the drug from digestion in the stomach 

and small intestine. In the colon, the azo bonds are reduced, and the drug is released 

(Hita et al. 1997: 19-22).  

7. Integrated approaches 

     As described above, there are some foibles when using single drug 

release trigger. Nowadays, colonic drug delivery has been developed by integrating 

different functions into a single platform to subside the limitation of each strategy and 

gain accurately targeted drug delivery (Rubinstein 2005: 33-37). For example, 

Nunthanid and group have developed a new colonic drug delivery concept based on a 

combination of time-, pH-, and enzyme-controlled systems. A combination of 
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chitosan acetate (CSA) and hydroxypropyl methylcellulose (HPMC) was used as new 

compression-coats for 5 aminosalicylic acid (5-ASA) tablets. Compression-coated 

tablets with mixtures of HPMC and CSA in the ratio of 60:40 and 50:50 by weight 

(Figure 6) could provide drug release lag times of about 5–6 h which can ensure that 

drug release was not occur in the stomach and small intestine. The delay drug release 

mechanism of the coating polymer occurred via swelling and slow dissolution. 

Furthermore, the degradation of CSA by -glucosidase found in human colon 

enhanced the drug release once the system is in the colon (Nunthanid et al. 2008: 253-

259). 

Figure 6 Schematic of 5-ASA compression-coated tablets. 

Source : Jurairat Nunthanid et al., “Development of time-, pH-, and enzyme-

controlled colonic drug delivery using spray-dried chitosan acetate and hydroxypropyl 

methylcellulose,” European Journal of Pharmaceutics and Biopharmaceutics 68 

(2008) : 255 

 Insoluble and low swelling polymers such as ethylcellulose (EC) were also 

used in colonic drug delivery systems. Previous research reported that spray-dried 

chitosan CSA and EC were used as new compression coats for 5-ASA tablets. These 

coatings are able to suppress the release of 5-ASA until it reaches the colon. The drug 

release profile is time- and pH-control due to the water insolubility of EC and the gel 
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formation of CSA, the solubility of which depends on pH of the media (Nunthanid et 

al. 2009: 356-361). 

Polymers used in colonic drug delivery system 

Fundamentally, the drug release mechanism of most colonic drug delivery 

systems is dependent on polymer properties, such as solubility pH, bioadhesiveness, 

biodegradability, swelling and erosion behaviors. Therefore, selection of polymer as a 

coating material is a crucial part to control the drug release mechanism. Biopolymers, 

pH dependent and non pH dependent polymers, for instance pectin, guar gum, 

chitosan, ethylcellulose, cellulose acetatepthalate, hydroxymethyl cellulose and 

methacrylic acid copolymer have been applied to fabricate drug delivery systems with 

different drug trigger mechanisms (Krishnaiah et al. 2001: 235-243; Sinha and 

Kumria 2003: 41-47; Paharia et al. 2007: 1-7; Nunthanid et al. 2008: 253-259; 

Hodges et al. 2009: 144-150; Nunthanid et al. 2009: 356-361). Among the variety of 

polymers used in colonic drug delivery, chitosan and methacrylic acid copolymer are 

outstanding carriers. In particular, the combination of chitosan and methacrylic acid 

copolymer has been used to fabricate multi-trigger drug release systems with high 

drug targeting accuracy (Jose et al. 2010).  

1. Chitosan 

    Chitosan [a (1-4) 2-amino-2-deoxy-b-D-glucan, (Figure 7a)] is a 

functional linear polymer derived from chitin (Figure 7b), the most abundant natural 

polysaccharide on the earth after cellulose. In the last decade, chitosan is one of the 

biopolymers that has been widely applied as a drug carrier in colonic drug delivery 
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(Nunthanid et al. 2008: 253-259; Nunthanid et al. 2009: 356-361; Jose et al. 2010). 

This is because chitosan is degraded by the microorganisms, abundantly distributed in 

the human colon (Tozaki et al. 2002: 51-61). Moreover, it is considered to be non-

toxic with an oral LD50 in mice of more than 16 g/kg (Hirano et al. 1990). Chitosan 

also exhibits bioadhesive and drug permeation enhancer properties which could 

increase therapeutic efficiency and reduce dose requirement. 

(a) 

(b) 

Figure 7 Chemical structures of (a) chitosan and (b) chitin. 

Source : R. Hejazi and M. Amiji, “Chitosan-based gastrointestinal delivery systems,” 

Journal of Controlled Release 152 (2003) : 89. 
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2. Methacrylic acid copolymer 

     Methacrylic acid copolymers also known by the commercial names, 

Eudragit® S100 (ED-S100) and Eudragit® L100 (ED-L100), are anionic polymers 

synthesized from methacrylic acid and methacrylic acid methyl ester. Both of them 

have pH-dependent solubility. As presented in Figure 8, Eudragit® L 100 and S100 

contain approximately free carboxyl groups and ester groups in the ratios of 1:1 and 

1:2, respectively. The different portions of methacrylic acid and methacrylic acid 

methyl ester in their molecular structure account for the dissimilar solubility pH of 

both of them. ED-S100 is soluble at pH greater than 7.0, whereas ED-L100 is soluble 

at pH a lower pH of 6.0 or more (Morishita et al. 1993: 29-37). Consequently, they 

are rarely soluble in the region of the digestive tract which are strongly acidic but are 

freely soluble in natural to alkaline conditions found in the small intestine and colonic 

fluids.  

Figure 8 Chemical structures of Eudragit® S100 and L100. 

Source : R.I. Moustafine et al., “Characteristics of interpolyelectrolyte complexes of 

Eudragit E100 with Eudragit L100,” Journal of Controlled Release 103 (2004) : 192.  
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Swelling and erosion behavior  

 The swelling and erosion of polymers in various dissolution media exhibit 

significant effects on the control of drug release in colonic drug delivery system 

(Colombo et al. 2000: 198-204; Baumgartner et al. 2005: 299-306; Nazzal et al. 2007: 

195-198; Sriamornsak et al. 2007: 211-219; Nunthanid et al. 2009: 356-361). 

Although, the swelling properties of polymers were investigated by many techniques, 

such as gravimetric technique and optical observation technique, there are some 

limitations, for example, the interference during weighing, error from removing 

excess solvent from the samples in gravimetric technique, or the measurement of 

swollen gel under constrained condition in optical observation techniques (Colombo 

et al. 2000: 198-204; Sriamornsak et al. 2007: 211-219; Nunthanid et al. 2009: 356-

361; Viridén et al. 2009: 297-309).

 Magnetic resonance imaging (MRI) is an outstanding technique from 

medical application to the monitoring of swelling behavior of hydrophilic polymers 

especially in complicated drug delivery systems, through the nuclear magnetic 

resonance signal of the hydrogen nucleus, 1H which is the most sensitive signal 

(Clarke et al. 1995: 343-368; Baumgartner et al. 2005: 299-306; Richardson et al. 

2005: 1191-1209; Dvinskikh et al. 2009: 146-150). MRI can also achieve full three-

dimensional (3D) spatial resolution using orthogonal pulsed magnetic field gradients. 

As illustrated in Figure 10, MRI was applied to investigate swelling properties of 

many pharmaceutical materials, such as poly(vinyl acetate), hydroxypropyl 

methylcellulose (HPMC), starch, xanthan gum and bentonite (Mikac et al.; Tritt-Goc 

and Pislewski 2002: 79-86; Maestrelli et al. 2004: 257-267; Dvinskikh et al. 2009: 
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146-150; Tajarobi et al. 2009: 89-97; Thérien-Aubin and Zhu 2009: 369-379; Laity et 

al.: 109-119). 

   

Figure 10 MRI images of water penetration into poly(vinyl acetate) matrix tablets 

with 33% Propranolol HCl in 0.1 N HCl as a function of time. 

Source : S. Strübing et al., “Characterization of poly(vinyl acetate) based floating 

matrix tablets,” Journal of Controlled Release 126 (2008) : 152. 

 There are only a few studies on the swelling behavior of chitosan in drug 

delivery systems, for example, polyelectrolyte complex microspheres and alginate 

beads coated with chitosan in various media using gravimetric methods. The drug 

release from the systems was controlled as enteric release according to the different 

swelling behavior in simulated gastric and intestinal fluid (Colinet et al.; Lin et al. 

2005: 143-151). Nunthanid et al. studied the swelling of CSA in various media and its 

kinetics to explain the release of 5-ASA from the compression coated tablets for 

colonic drug delivery using an optical observation method (Nunthanid et al. 2009: 

356-361). However, MRI technique has not been used to evaluate the in situ swelling 

behavior of CS. To explain the drug release mechanism of the system contained 

chitosan (CS), the potential technique to investigate swelling and erosion behavior of 

CS is necessary.  
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Nano/microparticles in IBD 

 In treatment of IBD, many efforts have been made in the development of 

specific drug delivery systems. However, classical drug delivery systems are still not 

completely successful. Beside, incidences where the therapy fails due to insufficient 

drug concentrations at the site of action or adverse drug effects have been limited the 

respective therapy. These adverse effects are thought to be related to the lack of 

selective drug release as conventional colon drug delivery is triggered by factors 

widely independent from physiological condition of the inflammation and its location. 

Consequently, distinct drug loads are delivered unintentionally to areas with non-

inflamed tissue during intestinal passage of the drug carrier. While drugs delivered 

toward the inflamed tissue mitigate the disease, healthy tissue surrounding the site of 

inflammation risk absorbing the drug, potentially provoking adverse reactions (Hardy 

et al. 1993: 712-718; Felt et al. 1999: 185-193; Lamprecht 2009). From previous 

research, it was found that drug loaded silica nanoparticles and pH-Sensitive 

nanospheres could be delivered to colon and specifically accumulated in inflamed 

colonic tissues allowing for selective medication delivery to such inflammation sites. 

The confocal laser scanning microscopy (CLSM) images in Figure 11 show that the 

C-6-loaded pH-sensitive nanospheres adhesion and penetration into the inflamed 

colon tissue was higher than that of the non-inflamed part after oral administration of 

the nanospheres. This accumulation phenomenon was observed to be particle size 

dependent with an increased adhesiveness for particles with very small diameters 

which was caused by the abundant mucus intensifying particles uptake inside the 
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colitis tissue (Lamprecht et al. 2002: 961-971; Moulari et al. 2008: 4554-4560; 

Makhlof et al. 2009: 1-8).  

  Moreover, in the case of poorly soluble drugs, converting a conventional 

dosage form into nanoparticles can increase bioavailability simply through an increase 

in the surface area to volume ratio. Smaller particles mean a bigger surface area to 

interact with absorbing surfaces in the gastrointestinal tract. Solid nanoparticles of the 

compound quercetin (a health supplement) could increase solubility profile then the 

compound was absorbed more effectively almost 6 fold compared to the conventional 

suspension formulation (O'Donnell and Williams 2011: 4-20). Furthermore, 

nanoparticles have relatively higher intracellular uptake compared to microparticles 

and available to a wider range of biological targets due to their small size and relative 

mobility. Desai et al found that 100 nm nanoparticles had a 2.5 fold greater cellular 

uptake than 1 m microparticles, and 6 fold greater uptake than 10 m microparticles 

in a Caco-2 cell line (Desai et al. 1997: 1568-1573).  

  In addition, nanoparticle drug delivery express the advantages over single 

unit preparations, such as more uniform dispersion in the GIT, absence of dose 

dumping effect, more uniform drug absorption, less inter/intra-individual variability, 

and more flexible formulation process (Bodmeier and Paeratakul 1994: 47-54; 

Bodmeier and Paeratakul 1997: 17-26). 

 
 
 
 

 
 
 
 

 
 



25 

Figure 11 CLSM images of colon cross-sections prepared 24 h after oral 

administration of C-6-loaded pH-sensitive nanospheres; (A) non-inflamed 

colon mucosa, and (B) inflamed colon mucosa. 

Source : Abdallah Makhlof et al, “pH-Sensitive nanospheres for colon-specific drug 

delivery in experimentally induced colitis rat model,” European Journal of 

Pharmaceutics and Biopharmaceutics 72 (2009) : 6. 

Nano/microparticle preparation techniques 

 Nanoparticles have been fabricated via a number of methods. However, 

there are two methods that have been frequently used, there are dispersions of 

preformed polymers and ionic gelation or coacervation of hydrophilic polymers. 

Nevertheless, other methods such as spinning disk process (Loh et al. 2010: 4326-

4336), supercritical fluid technology (Byrappa et al. 2008: 299-327), polymerization 

of monomers (Wang et al. 2009: 153-160) and particle replication in non-wetting 

templates (PRINT) (Gratton et al. 2007: 10-18) have also been utilized for production 

of nanoparticles. In this study, three techniques (coacervation, spinning disk process 
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and solvent evaporation) have been applied to prepare the nano/microparticles for 

colonic drug delivery.  

  

1. Solvent evaporation technique 

 In this method, the polymer is dissolved in an organic solvent such as 

dichloromethane, chloroform or ethyl acetate which is also used as the solvent for 

dissolving the hydrophobic drug. The mixture of polymer and drug solution is then 

emulsified in an aqueous solution containing a surfactant or emulsifying agent to form 

an oil in water (o/w) emulsion. After the formation of stable emulsion, the organic 

solvent is evaporated either by reducing the pressure or by continuous stirring. 

Particle size was found to be influenced by the type and concentrations of stabilizer, 

mixing technique and polymer concentration. In order to produce small particle size, 

often a high-shear mixing may have to be employed (Jaiswal et al. 2004: 169-178; 

Freitas et al. 2006: 76-85). 

2. Coacervation technique 

 Coacervation is a separation technique, by addition of a third component 

resulting in chemical or physical interaction. Coacervation can be subdivided into 

simple and complex coacervation. In simple coacervation, the polymer is salted out by 

electrolytes, such as sodium sulfate, or desolvated by the addition of a water miscible 

non-solvent, such as ethanol, or by an increase or decrease in temperature. Conversely, 

complex coacervation is essentially driven by the attractive forces of oppositely 

charged polymers (Gander et al. 2006: 600 - 614). Much research has applied the 
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coacervation technique on the preparation of biopolymer nanoparticles. Nagarwal and 

co-workers developed a drug carrier for ocular drug delivery by using the 

coacervation technique. Because delivery of drugs to the posterior site of the eye by 

application of drug solution offer low drug penetration, nanoparticles drug delivery in 

this case is advantageous. In the study, chitosan nanoparticles have been prepared by 

adding sodium sulfate solution into chitosan solution under mild agitation and 

continuous sonication. The size of the particles was less than 100 nm, enabling the 

particles to penetrate across the corneal barrier (Nagarwal et al. 2009: 2-13).  

3. Spinning disk process 

 The spinning disk process (SDP) is a new technology steadily becoming 

more acknowledged by the pharmaceutical production industry and research to 

fabricate small multiple unit dosage forms (Tai et al. 2009: 3112-3119). As illustrated 

in Figure 12, the spinning disk is a horizontally oriented plate with controlled 

temperature and it is rotated via a motor operating at various speeds. Different liquid 

feed streams, supplied to the center of the plate, travel rapidly across the surface and 

form a thin film with uniform thickness. The liquid then leaves the disk at its edge 

after which the mixture can be collected (Oxley et al. 2000: 2175-2182). In the 

process, every molecule of the starting materials has the same experience in the short 

time, causing smaller particles with narrow size distribution to be produced 

(Brechtelsbauer et al. 2001: 65-68). Moreover, because it is a continuous process flow, 

this technology offers a potential production on an industrial scale (Loh et al. 2010: 

4326-4336).  
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Figure 12 Schematic of the spinning disk reactor. 

Design of Experiment (DoE) 

Design of Experiment (DoE) is a structured, organized method that is used 

to determine the relationship between the different factors (Xs) affecting a process 

and the output of that process (Y). DoE involves designing a set of experiments, in 

which all relevant factors are varied systematically. When the results of these 

experiments are analyzed, they help to identify optimal conditions, the factors that 

most influence the results, and those that do not, as well as details such as the 

existence of interactions and synergies between factors. DoE is widely used in 

research and development where a large proportion of the resources go towards 

solving optimization problems. The key to minimize costs is to conduct as few 

experiments as possible. DoE requires only a small set of experiments and thus helps 

to reduce costs. 
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Application of DoE and optimization in pharmaceutical research 

The composition of pharmaceutical formulations is often subject to trial 

and error. This approach is time consuming and unreliable in finding the best 

formulation. Optimization by means of an experimental design might be helpful in 

shortening experimenting time. Such a design with the concomitant mathematical 

models reveals effects and interactions of the variables. The independent variables are 

the different compositions of the mixtures of the chosen ingredients (drug, polymer 

and preparation factors). The dependent variables are the properties (responses) of the 

formulation. When all responses of interest have been expressed in models that 

describe the response as a function of the composition of the mixture, the models can 

be combined graphically or mathematically to find a composition satisfying all 

demands (Huisman et al. 1984: 185-194). 

Box- Behnken Design 

The Box-Behnken design is an experimental design for response surface 

methodology. This design is suitable for the exploration  of  quadratic  response  

surfaces  and constructs a second order polynomial model, thus helping  in  

optimizing  a  process  using  a  small number of experimental runs (Karnachi and 

Khan 1996: 9-17).  A three-factor, three-level Box-Behnken design was used in this 

study to reduce budget and research time. The design consists of replicated center 

points and the set of points lying at the midpoints of each edge of the 

multidimensional cube that defines the region of interest, as shown in Figure 13.  
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Figure 14 Example of response surface plot (3D) showing the effect of independent 

factors (X1 and X2) on the response (Y5, drug release after 24 h). 

Source : Anees A. et al., “Box-Behnken design for the optimization of formulation 

variables of indomethacin coprecipitates with polymer mixtures,” International 

Journal of Pharmaceutics 131 (1996) : 13. 

Multiple response optimization 

Regularly, to find a maximum or minimum response or the highest and 

lowest point in a surface response graph, a set of independent factors is calculated 

using a mathematical equation. However, in most experiments, there are several 

responses of interest. For this reason, the desirability function widely is used in multi-

response optimization for the analysis of experiments in which several responses have 

to be optimized simultaneously (Castillo et al. 1996: 337-345). In this technique, the 

desirability function approach is used to optimize multiresponse in practice.    
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The basic idea of the desirability function approach is to transform a 

multiresponse problem into a single response problem by means of mathematical 

transformations. The procedure calls for introducing each response Yj(x), j= 1, 2, …, 

m, a function dj (Yj(x)) with a range of  values between 0.0 and 1.0 that measures 

how desirable that response is Yj(x) takes on a particular value. Here x denotes the 

vector of factors or independent variables x´= (x1, x2, …, xk). Once this function is 

defined for each of the m responses of interest, an overall objective function (the total 

desirability) is defined as the geometric mean of the individual desirability:  

(1) 

The rationale behind using the geometric mean is that if any quality 

characteristic has an undesiable value (i.e., ) at some operating 

condition  then the overall result is usually a product which is wholly 

unacceptable, regardless of the values taken on by the other responses.  
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CHAPTER 3 

MATERIALS AND METHODS

1. Materials 

1.   Acetone (Lot No. 04011099, Lab-Scan, USA) 

2. Ammonia solution 25% (Merck, K39606032910, USA) 

3. Beta-glucosidase from almonds (Lot No. 1396234 23008190, Fluka, 

UK)   

4. Chitosan 45 kDa, 87%DD (Lot No. COA050507, Seafresh Co. Ltd., 

Thailand)  

5. Chitosan 200 kDa, 87%DD (Lot No. COA240702, Seafresh Co. Ltd., 

Thailand)  

6. Chitosan 800 kDa, 88%DD (Lot No. COA280604, Seafresh Co. Ltd., 

Thailand) 

7. Diclofenac sodium (Lot No. DS/0501/588A, Amoli Organics Ltd., 

India) 

8. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 

Lot DU21373, Bio Basic inc., Canada) 

9. Eudragit®L100 (Lot No. B070803075, Evonik, Germany) 

10. Eudragit®S100 (Lot No. B041005026, Evonik, Germany) 

11. Glacial acetic acid (Lot No. 6M387197A, Carlo Erba, Italy) 

12. Hydrochloric acid 36.5-38% (Lot No. E15W66, J.T.Baker, USA) 
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13. Liquid petrolatum (Lot No. 2008061822, P.C. Drug Center Co., LTD., 

Thailand) 

14. N-hexane (Lot No.04011099, ACI Labscan, USA)  

15. Sodium hydroxide (Lot No. B0274298, Merck, USA) 

16. Sodium sulphate (Lot No. 0807100, Ajax Finechem Pty Ltd, Australia) 

17. Tris (hydroxymethyl aminomethane) (Lot No. Y70885, Research 

organic, INC, USA) 

18. Theophylline (Lot No. 00099360-A, BASF Co. Ltd., USA) 

19. Twelve-well polycarbonate plates (Grenier bio-one, Cellstar, USA) 

2. Equipment 

1. Centrifuge (Universal 320r, Hettich, Germany)  

2. CO2 Incubator (HERA Cell 240, Heraeus, Germany) 

3. Differential scanning calorimeter (Sapphire, PerkinElmer, USA)  

4. Flow-through cell dissolution apparatus (DZ1, Pharma Test, Germany) 

5. Experimental design program (Design expert Version 8, Stat-Ease Inc, 

USA) 

6. Freeze dryer (FreeZone2.5, Labconco, USA) 

7. FT-IR spectrophotometer (Magna-IR system 750, Nicolet Biomedical 

Inc., USA)   

8. Hot air oven (Heraeus, Germany)  

9. Hydraulic press (Specac Inc., USA) 
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10. Image analyzer program (Mac-View Version 4, Mountech, Tokyo, 

Japan) 

11. Laminar air flow cabinet (Hera Safe, Heraeus, Germany) 

12.  Light microscope (CX41RF, Olympus, Japan) 

13. Magnetic Resonance Imaging instrument (PharmasenseTM, Oxford 

Instruments, UK) 

14. Micro-plate reading spectrofluorimeter (EL808, Biotek, USA) 

15. Particle size analyzer (LA-950, Horiba, Japan) 

16. Powder X-Ray diffractrometer (D8, Bruker, Germany) 

17. Protein assay kit (Micro BCATM, Pierce Chemical Company, 

Rockford, IL, USA)  

18. Scanning electron microscope (SEM; MX2000, Camscan, UK) 

19. Sonicator (KA-200, K.A. Products Ltd., Part, Thailand) 

20. UV-Spectrophotometer (Lamda2, Perkin-Elmer, USA) 

21. Spinning disk reactor (Triton SDR Type P100, Protensive Ltd., UK) 

22. Spray dryer (model SD-60, Labplant, UK) 

23. Transmission electron microscope (TEM; JEM-2100, Jeol, Japan) 

24. Ultrasonic processor (UP400S, Hielscher, Germany) 

25. USP dissolution apparatus II (PTWS3C, Pharma Test, Germany) 

26. Weighing balance (CP224S, Sartorius, Germany) 

27. Zeta-potential analyzer (Zeta Plus, Brookhaven, USA) 
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3. Methods 

1. Preliminary study 

     The aim of this preliminary study was to estimate appropriate 

diclofenac sodium:chitosan (DS:CS) weight ratio and molecular weight of CS in the 

preparation of core particles. Then the selected core particles were coated by varying 

appropriate portions of ED-S100 as an enteric polymer. Physical properties of the 

cores and coated particles i.e. zeta-potential, particle size and size distribution, were 

characterized as well as in vitro drug release.  

1.1 Preparation of core particles 

         The core particles were fabricated following the schematic process, 

as shown in Figure 15, using the precipitation technique. The process started with 

dissolving 100 mg of DS in 20 mL of distilled water (step 1). In step 2, the solution of 

DS was dispersed in the solution of CS with 45 kDa (CS-45) dissolved in 0.5% v/v 

aqueous acetic acid at 1:2, 1:4 and 1:6 weight ratios of DS:CS. The dispersion of DS 

particles in the solution of CS was poured into 3.5% w/v ammonia (NH4OH) solution 

under stirring condition (step 3A). Next step, the dispersion was centrifuged at 7,500 

rpm for 45 min (Centrifuge, Universal 320r, Hettich, Germany) and the particles were 

washed with 250 mL of distilled water for 3 times to obtain the core particles (step 

4B). Finally in step 5A, the dispersion of DS-CS core in distilled water was 

centrifuged and the core particles were dried using freeze dryer (FreeZone2.5, 

Labconco, USA) for 24 h. The ratio of DS:CS which provided the smallest particle 

size was selected to prepare subsequent both of core particles using CS of 200 and 

800 kDa (CS-200 and CS-800). 
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1.2 Preparation of coated particles 

         The core particles with suitable ratio of DS:CS and proper molecular 

weight of CS were coated with ED-S100 at weight ratios, of core:ED-S100 of 1:2 and 

1:4, respectively. In the preparation of coated particles, step 1 and 2 were similar to 

the preparation of the core particles as shown in Figure 15. Afterwards, the dispersion 

of DS particles in the solution of CS was dropped into the solution of ED-S100 

dissolved in 3.5% w/v ammonia solution (step 3B) under stirring condition. Then a 

solution of 20% w/v sodium sulfate, a desolvating agent, was added to salt out the 

coated particles from the medium (step 4B). In step 5B, the dispersion of coated 

particles were separated by centrifugation at 7000 rpm for 45 min, then the excess 

sodium sulfate was washed out from the coated particles with 250 mL of distilled 

water for 3 times. Finally, the dispersion of the coated particles in distilled water was 

centrifuged and the coated particles were freeze dried over 24 h (step 6B).   

 1.3 Characterization of core and coated particles 

            Physical properties of the cores and coated particles i.e. zeta-

potential, particle size and size distribution, were characterized as well as in vitro drug 

release profiles.  

  1.3.1 Particle size  

                     The size of the core particles in the dispersions (Step 4A) and 

the coated particles (Step 5B) were measured in a particles size analyzer (LA-950, 

Horiba, Japan) using light scattering technique. Particle size was investigated as a 

function of DS:CS ratios, CS molecular weight and ED-S100 coating.  
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Figure 15 Fabrication schematic of the core and coated particles. 
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  1.3.2 Zeta-potential 

                     To monitor the effectiveness of the particle coating process, 

the zeta-potential of the core particles (step 4A) and coated particles (Step 5B) were 

evaluated using a zeta-potential analyzer (Zeta Plus, Brookhaven, USA). 

 1.3.3 Powder X-ray characterization 

                          Core particles of DS and CS at 1:2, 1:4 and 1:6 ratios were 

analyzed by X-Ray diffraction technique (Powder X-Ray diffractrometer, D8, Bruker, 

Germany) under the following conditions: graphite monochromatized Cu K

radiation; voltage 45 kV; electric current 40 mA; slit: DS1°, SS1°, RS, 0.15 nm; 

scanning ratio: 2  = 5° min−1. 

  1.3.4 In vitro drug release study of core particles

                    In vitro release of DS from the core particles prepared using 

various DS:CS ratios and molecular weight of CS were studied using a USP 

dissolution apparatus II (PTWS3C, Pharma Test, Germany). Tris-HCl buffer, pH 6.8 

(500 mL), was used as a dissolution medium to represent the small intestinal fluid. 

The in vitro drug release tests were conducted at of paddle speed of 50 rpm, at 

37±0.5°. Medium samples were collected at 10, 20, 30, 60, 90, 120, 150 and 180 min. 

The amount of drug released was analyzed by UV spectrophotometry (Lamda2, 

Perkin-Elmer, USA) at maximum wavelength of 275.5 nm. 

   1.3.5 In vitro drug release study of coated particles 

                           The in vitro drug release study of coated particles was 

conducted using dissolution media, stirring condition and temperature to mimic the 

gastro intestinal condition of IBD patients. This in vitro drug release protocol was 
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adapted from Lorenzo-Lamosa’s study (Lorenzo-Lamosa et al. 1998: 109-118). At 

first, the coated particles containing 5 mg of DS were dispersed in 100 mL of 0.1 N 

HCl shaking at 50 rpm at 37±0.5 °C for 2 h using an environmental shaker (Incubator 

ES-20, Biosan, Latvia) to simulate gastric condition (stage I). Afterwards, 0.1 M 

tris(hydroxymethyl)aminomethane (Tris) was added to adjust the pH of the medium 

to 6.8 and the shaking was continued for 3 h to simulate small intestine condition 

(stage II). Lastly, 0.1 N HCl was employed to adjust the medium pH to 5.0 and the 

test was run until 24 h to simulate the colon condition of IBD patients (stage III) 

(Friend 1991: 149-199; Nunthanid et al. 2007: 253-259). Medium samples were 

collected at 2, 3, 4, 5, 6, 7, 8, 10, 12 and 24 h, and the amount of DS was analyzed by 

UV spectrophotometry at maximum wavelength of 275.5 nm. 

 2. Preparation of CS nano/microparticles (CS-NMPs) for colonic drug 

delivery 

          After the preliminary study, the appropriate ratio of DS:CS, molecular 

weight of CS and portion of ED-S100 were selected to prepare the CS-NMPs. The 

CS-NMPs were fabricated by two methods, namely spinning disk processing and 

solvent evaporation, for comparison purpose. 

2.1 Spinning disk processing (SDP)

               The fabrication process of CS-NMPs is illustrated in Figure 16. The 

method of preparation composed of 3 steps of mixing in a spinning disk reactor 

(Triton SDR Type P100, Protensive Ltd., UK). In the first step, 100 mg of DS in 

distilled water was mixed in the SDP with CS previously dissolved in 0.5% v/v acetic 

acid. In step 2, the dispersion of DS in CS solution (from step 1) was collected, then 
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mixed again in the SDP with a solution containing various ratios of ED-S100 and ED-

L100 dissolved in 3.5% w/v ammonia. In step 3, dispersion of core particles in ED 

solution (from step 2) was collected, then mixed in the SDP with the 20 %w/v sodium 

sulfate solution to salt out the CS-NMPs from the medium. In step 4, the dispersion of 

CS-NMPs was separated from the medium by centrifugation at 7000 rpm for 45 min. 

The supernatant was discarded and the excess sodium sulfate was washed out by 

dispersing of the CS-NMPs in distilled water. Finally, the CS-NMPs in distilled water 

were centrifuged and freeze dried over 24 h (step 5). The Box-Behnken design and 

multiple response optimization methodology were applied in the development of the 

processes to prepare the CS-NMPs by SDP.  

  2.1.1 Box-Behnken design. 

                           In this experiment, a Box-Behnken design comprising 12 

experiments with 3 center points was used. Factors affecting the SDP production of 

the CS-NMPs, i.e., SDP spinning speed (X1), coating:core ratio (X2) and ED-

L100:ED-S100 ratio (X3) were varied under the three level, three factor design (12 

experiments with 3 center point of design), as shown in Tables 2 and 3. Particle size 

(Y1), drug entrapment efficiency (Y2), and percentages of drug release at 2, 5, 6 and 

24 h (Y3, Y4, Y5 and Y6) were monitored in all formulations. After all responses were 

completed, partial least square (PLS) models and response surfaces were generated to 

explore the influences of independent and confounding factors on independent factors.  

   

  

 
 
 
 

 
 
 
 

 
 



    

      

  

  

Figure 16 Fabrication 

Dispersi
in CS s

DS, 100 mg in 
distilled water, 

20 mL 

Step 1 

schematic of the CS-NMPs by SDP. 

ED-S100 and ED-L100 
in 3.5% w/v NH4OH 

solution, 40 mL 

Step 2 

ion of DS 
solution

CS in aqueous acetic 
acid (0.5% v/v),  

40 mL 

Na2
(20%

added as 

Step 3 

Dispersion of 
core particles in 

ED solution

CS-NMPs po

centrifuged and discarded 
supernatant then freeze 

dried for 24 h 

CS-NMP

centrifuged and discarded 
supernatant then washed 

with water  

Step 4 

Step 5 

42 

  

2SO4 solution 
%w/v), 50 mL

a desolvating agent

owder

Ps

 
 
 
 

 
 
 
 

 
 



43 

Table 2 Variables in the fabrication of CS-NMPs using SDP. 

             Independent variables 

X1  Disk speed (round per minute) 

X2   Coating*1: core ratio*2 (w/w)  

X3   ED-L100: ED-S100 ratio (w/w) 

  Dependent variables 

Y1  Size ( m) 

Y2  Entrapment efficiency (%)

Y3  Drug release at 2 h (%) 

Y4  Drug release at 5 h (%) 

Y5  Drug release at 6 h (%) 

Y6  Drug release at 24 h (%) 

*1coating = mixture of ED S100 and L100 

*2core = contained fixed DS: CS of 1:2 

  2.1.2 Multiple response optimization 

                In this study, several responses were simultaneously 

optimized to find the most proper formulation and preparation condition. In the 

optimization process, the polynomial equations from the Box-Behnken design relating 

to the dependent and independent variables were used to maximize the desirability 

value. All the response goals were combined into one desirability function 

(mathematical method) which can provide optimum solution with different 

requirements (Myers et al. 2002). To develop the ideal CS-NMPs, the particles should 
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be small, with high drug entrapment efficiency and offering specifically colonic drug 

release profile. Consequently, the optimization was performed to search for the levels 

of X1-X3 which minimize Y1, Y3, Y4, and maximize Y2, Y5, Y6. All of the DoE and 

optimization processes were performed using the Design Expert® program (Version 8, 

Stat-Ease Inc, USA) 

   

Table 3 Experimental runs under three level, three factor Box-Behnken design 

  

 2.1.3 Validation       

                 Using the optimum data generated from the computer 

simulation, the best formulation was prepared and the similar characterization 

subjects were verified for physicochemical properties and in vitro drug release profile. 

The observed values from the optimum solution were compared with the calculated 
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theoretical values to validate the precision of the response prediction equations and 

PLS models.  

  2.1.4 Characterization of CS-NMPs prepared by SDP  

                           The size, drug entrapment efficiency and in vitro drug release 

of the CS-NMPs in all formulations prepared by SDP were investigated. The 

formulation that provided the smallest CS-NMPs was selected for evaluation of 

particle morphology, zeta-potential, differential scanning calorimetry (DSC) 

thermogram, powder x-ray diffraction pattern, Fourier transform infrared (FTIR) 

spectroscopy and in vitro cytotoxicity. 

 2.1.4.1 Particle size  

                                       The particle size of all formulations was analyzed in 

the same manner as described in section 1.3.1 (preliminary study). 

 2.1.4.2 Drug entrapment efficiency 

                                       The entrapments of DS in all formulations of the CS-

NMPs were determined by using the direct method. The CS-NMPs were dispersed in 

0.1 N NaOH under stirring for 24 h and then sonicated for 2 h. Then the dispersion 

was filtered through a 0.45-μm cellulose acetate membrane. It was confirmed that no 

drug content was found in the filter cake of CS. The amount of drug in CS-NMPs was 

determined by analysis of the drug content in the filtrate using a spectrophotometer at 

max, 275.5 nm. All measurements were performed in triplicate. The percentage of 

drug entrapment efficiency was calculated by the following equation:  

(2) 

 
 
 
 

 
 
 
 

 
 



46 

   2.1.4.3 In vitro drug release of CS-NMPs prepared from 

SDP 

                                                Drug release profiles of CS-NMPs prepared 

from all formulations were evaluated under simulated physiological conditions similar 

to those used for the in vitro drug release experiments in the preliminary study 

(section 1.3.4). The optimized CS-NMPs under section 2.1.2 were used to study the 

effect of enzyme on the drug release profile by using 0.5 % w/v -glucosidase in pH 

5.0 Tris-HCl buffer as the dissolution medium in the state III (at the beginning of 6 h) 

(Zhang et al. 2002: 197-205; Nunthanid et al. 2007: 253-259). 

  2.1.4.4 Particle morphology 

                                                Surface structure of the smallest CS-NMPs was 

visualized under the scanning electron microscope (SEM; MX2000, Camscan, UK) 

and transmission electron microscope (TEM; JEM-2100, JEOL, Japan). Preparation 

of SEM sample involved the sprinkling of the sample powders on stubs to which 

double side adhesive tape had been attached. The particles are applied in such a 

fashion that a gradient in density was obtained. Excess powders were removed by 

gently tapping the holder. The samples were sputter coated with gold to increase their 

conductance. TEM analyses were performed to investigate morphology of CS-NMPs 

in dry powder form. TEM samples were prepared by mounting the CS-NMPs on 

copper glider grids of 3.5 mm with a single aperture. 

In addition, to investigate the morphology of 

CS-NMPs in each state of the in vitro drug release operation in section 2.1.4.3, the 

CS-NMPs were collected from state I at 2 h (0.1 N HCl), II at 5 h (Tris-HCl buffer, 
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pH 6.8) and III at 6 h (Tris-HCl buffer, pH 5.0) to simulate condition of the 

gastrointestinal tract fluids of the IBD patient. The samples were imaged by light 

microscope (CX41RF, Olympus, Japan) (state I) and TEM (State II and III).  

 2.1.4.5 Zeta-potential 

                                       Zeta-potential of the smallest CS-NMPs were 

monitored in all fabrication processes by zeta potential analyzer to evaluate the 

coating efficiency. The zeta-potential value was measured in the same manner as 

described in section 1.3.1 (preliminary study)   

 2.1.4.6 Thermal properties 

                                       The thermogram of the smallest CS-NMPs was 

determined by differential scanning calorimetry (Sapphire, PerkinElmer, USA) using 

indium as a standard. About 2-3 mg sample of CS-NMPs was accurately weighed and 

placed in a closed aluminium solid pan. The aluminium pan was then transferred into 

the furnance. The thermal characteristic of the samples was determined at a heating 

rate of 10OC per min from 20-300OC using an empty closed aluminium solid pan as a 

reference. The measurement was done under nitrogen purge at a flow rate of 10 mL 

per min. 

 2.1.4.7 Powder X-ray characterization 

                                      The smallest CS-NMPs sample was analyzed by X-

Ray diffraction technique under the following conditions: graphite monochromatized 

Cu K  radiation; voltage 45 kV; electric current 40 mA; slit: DS1°, SS1°, RS, 

0.15 nm; scanning ratio: 2  = 5° min−1. 
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 2.1.4.8 Fourier transformed infrared (FTIR) spectrum 

                                    To investigate the effects of the CS-NMPs preparation 

process on the drug-polymer interaction, DS, diclofenac, CS, CSA, ED-S100 and the 

smallest CS-NMPs were pulverized and blended with KBr and compressed. The 

measurements on prepared discs were carried out using an FTIR spectrophotometer 

(Magna-IR system 750, Nicolet Biomedical Inc., USA). 

 2.1.4.9 In vitro cytotoxicity 

                                       The cytotoxicity of the smallest CS-NMPs was 

determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assy. This assay measures the conversion of MTT to insoluble formazan by 

dehydrogenase enzymes of mitochondrial of living cells. Caco-2 cells (passage no 8-

28) were seeded, at a density of 103 cells/well, into 96-well microtiter plates. After 

48 h incubation at 37 °C, growth medium was replaced with fresh medium containing 

0, 0.01, 0.025, 0.05, 0.075 and 0.1 g/mL of CS-NMPs. The cells were incubated for 

5 hours at 37 °C, then the samples were removed and the cells were washed once with 

100 L of PBS before they were incubated with 100 L of MTT (1 mg/mL in PBS) 

for an additional 2 hours at 37 °C and 5% CO2. The medium was removed and the 

formazan crystals were dissolved by adding 100 μL of 10% sodium dodecyl sulphate 

in 0.01M HCl: Isopropanol (1:1 v/v) overnight. The optical density (OD) was 

measured at 570 nm (reference filter 690 nm) using a microplate-spectrofluorimeter. 

                                In each experiment, a transfer medium control (Hank's 

buffered salt solution, HBSS), a negative control (0.1% dextran in HBSS) and a 

positive control (0.1% SDS in HBSS) were included in order to exclude possible 
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effects of the transfer medium (HBSS). Survival (viability) was determined by 

comparing the OD of the wells containing cells treated with CS-NMPs of various 

concentrations with those of cell incubated with transfer medium (treated cells). The 

cytotoxicity was measured in three independent experiments, each with five replicates 

per treatment point. 

 2.1.5 Cellular uptake of nanocores 

                The nanocores of DS:CS at 1:2 and 1:4 weight ratios were 

prepared in the same manner as CS-NMPs except that step 2, which involved the 

adding of ED in 3.5% w/v ammonia solution and repeat step 3, addition of 

desolvating agent were omitted. The drug uptake study was protocol adapted from a 

previous research (Ma and Lim 2003: 1812-1819). In this study, the nanocores were 

diluted with the uptake medium (HBSS buffered to pH 7.4) to give DS concentration 

of 1 mg/mL. Caco-2 cells (passage 48–52) cultured for 12 days on 12-well 

polycarbonate plates at a seeding density of 5 × 105 cells/cm2 were washed twice with 

pre-warmed uptake medium and equilibrated for 10 min with 1 mL of the medium at 

37°C. After the uptake medium was aspirated, the cells were incubated with 0.5 mL 

of test samples for up to 4 h at 37°C. The experiments were terminated by removing 

the test samples and washing the cells with ice-cold PBS. The cell lysate, obtained by 

solubilizing the cells per well with 1 mL of 0.1M NaOH/5% SDS, were measured for 

DS and protein contents using the microplate spectrofluorimeter (EL808, Biotek, 

USA) and protein assay kit (Micro BCATM, Pierce Chemical Company, Rockford, IL, 

USA), respectively. The plate reader was calibrated with standard DS solution over 

the concentration range of 3.47 to 27.78 mg/mL in a cell lysate solution (Caco-2 cells 
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culture for 12 days on 12-well plates and solubilize in 0.1 M NaOH/5% SDS at the 

concentration of 1 × 106 cells/mL). The uptake of DS pure solution (1 mg/mL) was 

also studied for comparison purpose. Uptake of DS and the nanocores was expressed 

as the amount of DS associated with 1 mg of cellular protein (mean ± SD, n = 3). 

 2.2 Solvent evaporation technique 

               For the solvent evaporation technique, the coated particles were 

fabricated following the scheme Figure 17. Firstly, the core particles were prepared by 

dispersion of DS solution (step 1) into a solution of CS dissolved in 0.5% v/v acetic 

acid solution (step 2). To coat the DS particles by precipitation technique, the DS-CS 

dispersion was poured into a 3.5% W/V ammonia solution (step 3). Then, the 

dispersions were centrifuged, washed with distilled water and freeze dried to obtain 

the core particle powder (step 4). Next, the core particle powder (100 or 50 mg) was 

dispersed into 5 mL of an organic solvent (acetone:ethanol, ratio 2:1) into which ED-

S100 and/or ED-S100 was been previously dissolved (step 5). This organic phase was 

then poured into 30 mL of liquid N-hexane (step 6). The system was maintained 

under agitation at room temperature for 3 h to allow the evaporation of the solvent. 

Finally, the coated particles were filtered and washed with N-hexane, then dried at 

room temperature (step 7). The amount of coating polymer (ED-S100+ED-L100) and 

the ratio between ED-L100:ED-S100 were varied to study the effects on acquire the 

colonic drug release profile. 
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Figure 17 Fabrication process of coated particles using solvent evaporation method  

 2.2.1 Characterization of coated particles prepared by solvent 

evaporation technique 

 2.2.1.1 Particle morphology 

                                       The morphology of the coated particle prepared by 

solvent evaporation technique was determined using light microscope (CX41RF, 

Olympus, Japan). 

  2.2.1.2 In vitro drug release of coated particles prepared by 

solvent evaporation method 

                                       Drug release profiles of all coated particles prepared 

by solvent evaporation technique were evaluated under physiological mimic condition 

which was similar to in vitro drug release topic in the preliminary study.  
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  2.2.1.3 Drug entrapment efficiency of coated particles 

prepared by solvent evaporation method 

                                        The entrapments of DS in all formulations of the 

coated particles prepared by solvent evaporation technique were determined by using 

the direct method which was similar to drug entrapment efficiency evaluation of the 

CS-NMPs prepared from SDP (Section 2.1.3). The percentage of drug entrapment 

efficiency was calculated by the equation 6. 

 3. Swelling behavior of CS measured by magnetic resonant imaging (MRI) 

technique    

     The swelling and erosion of polymers in dissolution media have been 

reported according to significant effects on controlled release drug delivery systems 

including colonic system (Colombo et al. 2000: 198-204; Baumgartner et al. 2005: 

299-306; Nazzal et al. 2007: 195-198; Sriamornsak et al. 2007: 211-219; Nunthanid et 

al. 2009: 356-361). Therefore to understand the drug release mechanism, MRI which 

is a novel method for monitoring the behavior of polymer was used to observe real-

time in situ swelling behavior of spray dried chitosan acetate (CSA) to explain the 

release mechanism of the system composed of chitosan.  

  3.1 Preparation of CSA 

                  CSA was prepared from CS-45, CS-200 and CS-800 by a spray 

drying technique as described in a previous report (Nunthanid et al. 2009: 356-361). 

Briefly, the CS flakes were dissolved in an aqueous acetic acid solution. The solution 

was spray-dried (model SD-60, Labplant, UK) under the following conditions: 140 ºC 
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inlet temperature, 80-90 ºC outlet temperature, and feeding rate of 5 mL/min. The 

resultant powders were collected and stored in a desiccator until further investigation.  

  3.2 Preparation of CSA tablets 

              To prepare CSA tablets for the swelling study, CSA (300 mg) was 

compressed into tablets using a hydraulic press (Specac Inc., USA) operating at a 

fixed compression force of 2 tons for 20 s and a 9.5 mm diameter flat-faced punch set. 

Drug loaded CSA matrix tablets containing 275 mg of CSA and 25 mg of each model 

drug were also prepared under the same condition for in vitro drug release test. 

  3.3 Swelling study 

               An MRI instrument similar in design to that shown in Figure 18, was 

used to investigate the real-time in situ swelling and erosion behaviors of CSA tablets 

prepared from CS-45. In general, MRI typically observes the mobile 1H associated 

with the free water. If orthogonal magnetic field gradients were applied across the 

uniform static magnetic field during NMR acquisition, it was possible to spatially 

encode the signal in three dimensions. The signal intensity of a spin-echo image was 

dependent on the 1H density which was related to water concentration as well as the 

T1 (spin-lattice relaxation) and T2 (spin-spin relaxation) values, which in term were 

related to water mobility (Nott: 78-83): as indicated by the following equation:  

Signal intensity  PD · exp(-TE/T2) · (1-exp(-TR/T1)) 

where TE and TR were the experimental echo and repetition time parameters, 

respectively. PD is the 1H density. T1/T2 contrast images were used to highlight 

various features related to water-concentration and water–mobility. 
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was collected at predetermined time intervals. The amount of drug released was 

analyzed using UV-spectrophotometer at maximum wavelength of 271 nm for DS and 

275 nm for TH. Additionally, the release profiles of DS and TH from the matrix 

tablets of CSA prepared from CS with higher molecular weight (CS-200 and CS-800) 

were also evaluated in the pH 6.8 Tris-HCl buffer. 

  3.5 Relationship between swelling and drug release kinetics  

               The swelling and drug release kinetics of CSA tablets in each 

medium were calculated by the following equations (Higuchi 1963: 1145-1149; 

Korsmeyer et al. 1983: 25-35);  

Korsmeyer-Peppas model; 

 S  =  ks tn    (4) 

Mt/M    =  ktn    (5) 

Higuchi’s model; 

S  =  k'
s t1/2    (6) 

Mt/M   =  k' t1/2    (7) 

First order kinetics; 

log S   =  k"
s t    (8) 

log Mt/M  =   k" t    (9) 

Zero order kinetics; 

 S  =  k'''
s t    (10) 

Mt/M    =   k'''t    (11) 
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     where S, t, ks, k'
s, k"s and k'''

s are % swelling, time (h) and the swelling 

constants of each model, respectively. Mt/M , k, k', k" and k''' are the drug release 

fractions and drug release constants of each model, respectively. The percentage 

swelling was plotted against the drug release fraction to determine their relationship, 

if any. 

4. Statistic analyses 

      All data were analyzed using ANOVA and paired t-test for significance 

(p<0.05) (Microsoft Excel® 2007 software).  
 
 
 

 
 
 
 

 
 



58 

CHAPTER 4 

RESULTS AND DISCUSSION 

1. Preliminary study 

 1.1 Characterization of core and coated particles

1.1.1 Particle size  

                   The size of the core particles prepared with various DS:CS 

ratios and molecular weights of CS are shown in Table 4. The mean size of the CS-45 

core particles at DS:CS, 1:2, 1:4 and 1:6 weight ratios, were in the range of 1.72 to 

10.06 m in diameter. It was found that the core particles at 1:2 ratio of DS:CS were 

the smallest (1.72±0.34 m in diameter) and an increment of CS portion enlarged the 

size of the core particles. At 1:2 ratio of DS:CS, the core particles prepared from CS-

200 and CS-800 were larger than that of CS-45. It is possible that higher portion or 

molecular weight (CS-200 and CS-800 kDa) of CS produced more viscous solution 

resulting in low dispersion of CS solution during the precipitation of CS in ammonia 

solution. Therefore, CS aggregated and formed large sized of core particles. This 

finding is similar to the results of He et al. who found as increase in the molecular 

weight of CS (from 140 to 320 kDa) and concentration of CS solution (0.1-0.5% w/v) 

to enlarge the size of CS particles (He et al. 1999: 53-65). 

               The core particles prepared with 1:2 ratio of DS:CS were chosen 

for coating with ED-S100 because of their smallest size. As shown in Table 4, the size 

of the coated particles prepared with 1:2 and 1:4 core:coating ratio (or 1:2:6 and 

1:2:12 ratio of DS:CS:ED-S100) ranged from 28.65 to 33.13 m in diameter. At 1:2:6
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ratio of DS:CS:ED-S100, the particles were smaller than that prepared with 1:2:12 

ratio.  

Table 4 Particle size and zeta-potential of core and coated particles with various 

drug:polymer and coating ratios (n=3). 

Samples Particle size ( m) Zeta-potential 

(mV) 

Core particles with ratio of 1:2, DS:CS-45 1.72±0.34 62.25±1.48 

Core particles with ratio of 1:4, DS:CS-45 2.68±0.04 68.90±1.98 

Core particles with ratio of 1:6, DS:CS-45 

  

10.06±1.12 72.15±2.11 

Core particles with ratio of 1:2, DS:CS-200 10.81±0.63 60.72±5.82 

Core particles with ratio of 1:2, DS:CS-800 22.31±2.02 75.37±6.62 

Coated particles with ratio of 1:2:6, 

DS:CS-45:ED-S100  

28.65±1.35 -29.97±1.73 

Coated particles with ratio of 1:2:12, 

DS:CS-45:ED-S100  

33.13±0.10 -35.69±1.53 
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 Increasing the ED-S100 portion enlarged the size of the particles. 

This is because the ED-S100 deposited on the surface of the coated particles. This 

finding agrees with previous research by Paharia and coworkers. They reported that 

drug-pectin microspheres coated with ED-S100 were larger when the coating portion 

was raised (Paharia et al. 2007: 1-7).  

 1.1.2 Zeta-potential  

            The zeta-potential value was utilized to confirm the efficiency of 

the coating process since the expression of ED polymer (negative) or particle core 

(positive) charge could inform the coating status (Huanbutta et al. 2008: 79-83). As 

given in Table 4, the zeta-potential of the core particles prepared with the ratio 1:2, 

1:4 and 1:6 of DS:CS exhibited positive values ranging from 60.72 to 75.37 mV. The 

zeta-potential changed to negative values after coating with the ED-S100 solution.  

The result of zeta-potentials revealed that particles of DS alone had negative zeta-

potential, which changed to positive value upon CS deposition. Once, the core 

particles were coated with ED-S100 (negative charge synthetic polymer), the zeta-

potentials again shifted to negative values. 

  1.1.3 Powder x-ray characterization 

            The powder x-ray diffraction patterns of stating materials and 

core particles of DS and CS in various ratios are shown in Figure 20. The powder x-

ray diagram of diclofenac presented many sharp crystalline peaks. On the contrary, 

the x-ray diffraction pattern of the CSA showed only a typical amorphous hollow. The 

core particles of DS and CS at 1:2 and 1:4 also demonstrated sharp peak at the similar 

position with diclofenac peaks. However, powder x-ray pattern of core particle at 1:6 
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release percentage of  around 80%. This could be because of the swelling property of 

CS. Nunthanid et al. found that chitosan acetate swelled very well in Tris-HCl buffer, 

pH 6.8. The compression coated tablet with proper ratio of chitosan and ethyl 

cellulose could retard the drug release in pH 6.8 medium (Nunthanid et al. 2008: 253-

259). On the contrary, high portion of CS could disperse drug into solid dispersion 

form as reported in powder X-ray results. Therefore, solubility of DS was enhanced 

resulting in high percentage of drug release. This result is consistent with a previous 

study that found drug (naproxen) dissolution parameters to be improved with 

increasing chitosan content (Mura et al. 2003: 67-75). However, drug released from 

all the core particles were completed within 3 h. The reason for the poor sustained 

drug release from the core particles could be due to their size. The core particles were 

in the micrometer size range (around 1-10 micrometer in diameter), thus the CS in the 

particle could only form a thin gel layer after the core particles were immersed in the 

medium. This layer was not an efficient barrier; therefore, DS could be released from 

the cores particles effortlessly.  

       From the drug release results, it can be concluded that DS:CS at 

1:2 ratio provided the longest sustained drug release with low CS portion in pH 6.8 

Tris-HCl buffer, suggesting that this formulation would probably delay the drug 

release in the small intestinal fluid. The effect of molecular weight of CS on core 

properties was evaluated on the particles prepared with DS:CS ratio of 1:2 since they 

have small sizes and were able to most efficiently retard the drug release. As shown in 

figure 22 and in support of the previous research (Alsarra et al. 2005: 385-395), the 

core particles with CS could retard the drug release compared to particles of the pure 
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2. CS nano/microparticles for colonic drug delivery. 

 2.1 Spinning disk process 

  2.1.1 Box-Behnken design 

                 The observed responses (Y) for 15 formulations developed 

accord to Box-Behnken design principle are shown in Table 5. Form the observed 

response data, PLS models (Table 6) were generated to reveal the relationships 

between dependent and independent variables. 

Table 5 The observed responses for 15 formulations prepared according to the Box-

Behnken design principles 

Formulation No. Y1 Y2 Y3 Y4 Y5 Y6

1 21.30 65.23 1.62 15.59 65.67 106.73 

2 7.91 77.70 6.21 12.80 68.13 103.14 

3 59.22 47.42 1.20 5.21 35.15 45.15 

4 16.49 55.74 8.01 5.63 36.81 38.21 

5 64.91 77.60 5.93 6.29 14.20 19.91 

6 30.65 63.85 7.88 8.11 13.14 13.30 

7 66.60 70.68 2.81 68.81 98.89 103.16 

8 18.59 69.65 8.18 79.43 95.14 96.14 

9 24.83 97.78 6.37 20.86 25.93 78.27 

10 68.05 78.38 5.95 8.57 24.50 33.88 

11 25.95 101.57 5.83 77.56 95.68 96.31 
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Table 5 The observed responses for 15 formulations prepared according to the Box-

Behnken design principles (continued) 

Formulation No. Y1 Y2 Y3 Y4 Y5 Y6

12 56.00 73.85 4.82 15.06 26.95 36.73 

13 31.43 84.34 6.44 8.43 44.84 45.87 

14 34.62 85.72 5.88 6.32 34.17 43.37 

15 31.60 80.88 6.68 7.33 27.40 49.53 

Table 6 Partial least squares regression (PLS) models from the optimization process
       
 Partial least squares regression (PLS) model p-value            r2

Y1 = -9.41*10-3X1 + 29.64X2 – 0.1X1X2 + 387.72X3
2 – 7.21 < 0.0001         0.9395 

Y2 = 27.53X2 + 1.29*10-2X1X2 – 6.53*10-5 X1
2 < 0.0001        0.9443 

Y3 = 4.68×10-3X1 + 7.53X2 – 1.25X2
2 - 9.70 0.0008      0.9446 

Y4 = 1.01X2– 156.56X3 + 699.26X3
2 + 7.93 0.0002      0.8894 

Y5 = -13.81X2 + 186.60X3  < 0.0001      0.8763 

Y6 = -22.56X2 + 148.11 X3 + 102.03 0.0003      0.7348 

 2.1.2 Characterization of CS-NMPs prepared by SDP 

  2.1.2.1 Particle size 

                                  As presented in Table 5, the particle size of CS-NMPs of 

all formulation (Y1, Table 2) measured by light scattering technique was varied 

between 7.91 and 68.05 m in diameter. From the response surface plot (Figure 24)

and the PLS models (Table 6), it was found that the spinning disk speed (X1), 
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coating:core ratio (X2) and ED-L100: ED-S100 ratio (X3) played important roles in 

influencing the size of the CS-NMPs. High disk speed could minimize the particle 

size. This is because an increase in the speed of rotating disk (N) indicates higher 

angular velocity ( ) defined as 

      (12) 

Higher angular velocity translates into thinner film thickness ( ) and higher shear 

stress ( ) which indicate more efficient mixing capacity as presented in equations (13) 

and (14) 

                  (13) 

      (14) 

where , , ,  and are velocity component, volumetric flow rate, disk radial 

distance, dynamic viscosity and mean film velocity component, respectively. 

Moreover, high angular velocity provides shorter residence time on the disk (tres) 

which is the main factor influencing the size characteristic of particles as exhibited in 

equation (15) 

   (15)

where  and are the radial distances of the inlet from the center of the disk and the 

radius at the exit, respectively. The mean residence time and the film thickness are the 

two most important parameters which characterize the hydrodynamics of fluid 

flowing on a horizontal rotating disk that can affect particle formation (Boodhoo and 

Jachuck 2000: 235-244; Oxley et al. 2000: 2175-2182). From all equations above, it 
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Table 7 Effects of factors affecting drug release at 2, 5, 6 and 24 h (Y3, Y4 Y5 and Y6) 

Independent variables Y3 Y4 Y5 Y6 

Disk speed (X1)  + NS NS NS  

Coating:core ratio (X2) +/  +    

ED-L100:ED-S100 ratio (X3)  NS +/                 +                   + 

X1 X2  NS NS NS NS 

X1 X3  NS NS NS NS

X2 X3  NS NS NS NS 

NS = Not significant, + = Positive effect,    = Negative effect 

  2.1.3 Multiple response optimization and validation 

             The multiple response optimization process was applied to gain 

the optimum solution with various requirements. The constraints (Table 8) were set 

under prediction area of PLS models. The response surface of desirability (Figure 31) 

was simulated using PLS models. Under these conditions, the model predicted 

responses following Table 5 at X1, X2 and X3 values of 555.94, 2.00 and 0.28, 

respectively. As shown in Table 8, the actual response values from the experiment 

were close to predicted values. All of the differences between actual and predicted 

responses were under prediction ability of the PLS model. This demonstrates the 

reliability of the optimization procedure. In addition, Figure 32 depicts the in vitro

drug dissolution profile of the optimized formulation. The release profiles expressed 

that the CS-NMPs could successfully deliver drug to the simulated colonic medium 

with low drug leak in simulated gastric and small intestine medium (19.67%). 
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Moreover, the presence of -glucosidase in pH 5.0 Tris-HCl buffer accelerates the 

drug release as shown in Figure 32. After adding the enzyme in the pH 5.0 medium 

(state III), the rate of drug release was slightly increased and the time for the 50% of 

drug release (t50%) was about 8 h while the t50% of those with no enzyme was about 

9.3 h. It was suggested that the degradation of CS by -glucosidase enzyme enhanced 

the erosion of the coating material and hence the rate of drug release was increased. 

Nunthanid et al., also reported that the degradation of the chitosan compressed tablets 

by -glucosidase enzyme enhanced the drug release (Nunthanid et al. 2008: 253-259). 

Table 8 Constraint, predicted and actual values of experimental responses  

Responses  Constraint  Predicted value Actual value  

Y1  7.91<Y1<68.05 21.75   19.67±3.78  

Y2  47.20<Y2<100.00 96.11   88.45±6.42 

Y3  1.20<Y3<8.18  2.92   2.93±3.02 

Y4  5.21<Y4<79.43 21.90   20.36±6.82 

Y5  13.14<Y5<98.89 77.17   67.48±6.91 

Y6  13.30<Y6<100.00 98.36   91.87±4.39 
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2.1.4 Characterization of CS-NMPs (formulation No. 2) 

                        After fabrication of CS-NMPs following the optimum solution, 

the produced CS-NMPs provided desired properties as shown in Table 8. However, 

when comparing the particles properties to the CS-NMPs from formulation No. 2, it 

was found that the size of particles and protection of drug leak in state II of NMPs 

from formulation No. 2 were lower than that of the optimized formulation. Moreover 

from 15 formulations (Box-Behnken design), the CS-NMPs from formulation No.2 

were the smallest particles with colonic drug release profile. Consequently, CS-NMPs 

from formulation No.2 was selected for further characterizations including 

morphology, zeta-potential, differential scanning calorimetry, powder X-ray 

diffraction, FTIR spectroscopy and cytotoxicity test.           

 2.1.4.1 Morphology study  

                                    Figure 33 shows the SEM images of DS and CS-NMPs 

(formulation No. 2) in different magnifications. The SEM images exhibited that DS 

was in crystal rod shape and the longitudinal size of DS was about 200 m (Figure 33 

a). As presented in Figure in 33 b, 33 c and the cross section view in Figure 34, the 

CS-NMPs were the nano-structure of the nanoparticles in spherical aggregated form. 

The size of aggregated form of the CS-NMPs was around 1-3 m in diameter and the 

size of a single particle of CS-NMP was about 100 nm in diameter. TEM images 

(Figure 35) also show the aggregated spherical nanoparticles which the size in 

diameter was less than 50 nm. 
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Figure 33 SEM images of (a) DS at magnification of 50X and CS-NMPs from 

Formulation No. 2 at magnification of (b) 1000X and (c) 10,000X. 
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 2.1.4.2 Zeta-potential determination 

                    In the fabrication process of CS-NPMs in step 2, the 

anionic drug (DS) was dispersed in the CS acidic solution.  The value of zeta potential 

of DS-CS particles was +68.90 mV which indicated that the anionic drug was 

surrounded by the protonated CS in the dispersed system. When adding the dispersed 

system into the solution of ED dissolved in ammonia solution (step 3), the zeta 

potential of the coated particles was changed into negative charge (-34.11 mV). After 

the desolvation process (step 4), the zeta potential of the final product dispersed in 

distilled water was also negatively charged (-42.11 mV). This indicated the complete 

coating of ED on the core particles. This result is consistent with the previous report 

which found that the zeta potential of the negative charge active ingredient (I. 

paraguariensis extract) was changed to positive charges after encapsulation with 

chitosan (Harris et al. 2010) 

   2.1.4.3 Differential scanning calorimetry (DSC) 

       Figure 36 shows DSC thermograms of DS, diclofenac 

(acid form), CS-NMPs (formulation No.2), CSA and ED-S100, respectively. The 

thermogram of DS exhibited an exotherm at 280 °C, followed by an endothermic peak 

of decomposition as mentioned (Adeyeye and Li 1990; Palomo et al. 1999: 83-94). 

Diclofenac in acid form showed a characteristic endothermic peak at 168 °C, this peak 

corresponded to the melting point of the acid compound (Palomo et al. 1999: 83-94). 

The DSC thermogram of CSA expressed endothermic dehydration peals around 60-

80 °C then an exothermic degradation peak appeared about 275-280 °C. ED-S100 
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showed a broad endothermic melting peak at 220 °C. The CS-NMPs (formulation No. 

2) exhibited a small endothermic peak of DS which shifted from 285 to 255 °C. This 

indicated that the active drug might change the form of crystalline and the drug 

polymer interaction might occur. 

       

Figure 36 DSC thermograms of DS, diclofenac sodium, CS-NMPs (formulation No.2), 

CSA and ED-S100. 

  2.1.4.4 Powder x-ray diffraction characterization

                         The powder x-ray diffraction (PXRD) patterns of the 

starting materials, physical mixture (PM) and CS-NMPs from formulation No. 2 are 

showed in Figure 37. The PXRD pattern of chitosan acetate (CSA) and ED-S100 

exhibited typically halo patterns of amorphous structure while DS and diclofenac in 

acid form revealed sharp crystalline peaks. The CS-NMPs demonstrated broad peaks 

at 10.32 and 19.58° due to the active drug while PM expressed sharper peak than CS-
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NMPs at 20.78°. This indicated that the drug in CS-NMPs might interact with the 

polymers or change from salt to acid form. Moreover, some of the active drug in CS-

NMPs was in amorphous state. 

Figure 37 Powder x-ray diffractograms of DS, diclofenac (acid form), CS-NMPs 

(formulation No. 2), physical mixture (PM) at 1:2 ratio of DS:CS ED-

S100, ED-L100 and CSA.  

   

  2.1.4.5 FTIR spectroscopy 

                         FITR spectra of DS, diclofenac, CSA, ED-S100, PM 

and CS-NMPs (from formulation No. 2) are presented in Figure 38. FTIR spectrum of 

pure DS showed characteristic peaks at 1574 and 1399 cm-1 due to C=O stretching of 

carboxylate anion in salt form while diclofenac in acid form showed a sharp peak at 

1693 cm-1 due to the carbonyl group. ED exhibited peaks at 1731 and 1159 cm-1 due 
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to C=O stretching of carboxylic acid and C-O stretching of ester, respectively. CSA 

showed peaks at 1559 cm-1 and 1410 cm-1 due to asymmetric and symmetric COO- of 

acetate salt. The CS-NMPs showed a peak at 1693 cm-1 due to diclofenac acid. It is 

probably that DS changed to acid form during the fabrication process. 

Figure 38 FTIR spectrum of diclofenac, DS, CS-NMPs (formulation No. 2), physical 

mixture (PM) at 1:2 ratio of DS:CS, ED-S100 and CSA. 

  

  2.1.4.6 Cytotoxicity test 

                         The MTT assay was performed to assess the cytotoxic 

activity of the CS-NMPs in the Caco-2 cell lines used. As presented in Figure 39, the 

CS-NMPs in all concentrations (0.01-0.10 mg/mL) did not affect the cell viability. 
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CS-NMPs were imaged by light microscope (state I) and TEM (state II and III). As 

displayed in Figure 41, the CS-NMPs in 0.1 N HCl (state I) were highly aggregated 

together in 0.1-1.0 mm size range (Figure 41a).  When the CS-NMPs moved state II 

(pH 6.8), the partilcles started to disintregate into aggreated nanoparticles (250-1000 

nm), as illustrated in Figure 41b. Finally, when the particles reached state III (pH 5.0), 

they disintegated into single unit and their sizes were around 20-50 nm (Figure 41c). 

Therefore, it is posible that this colonic drug delivery system could selectively acttach 

at the inflamation sites of the IBD pateint colon due to high mucous production 

(Lamprecht et al. 2002: 961-971; Moulari et al. 2008: 4554-4560; Makhlof et al. 

2009: 1-8). Moreover, due to the size of particles  in state III, it can also confirm that 

the nanocores were uptake into Caco-2 cell via clathrin-mediated endocytosis 

pathway (Desai et al. 1997: 1568-1573; Ma and Lim 2003: 1812-1819)  

 
 
 
 

 
 
 
 

 
 



92

Figure 41 Morphology of CS-NMPs from formulation No. 2 in various media 

including (a) 0.1 N HCl (by light microscope), (b) pH 6.8 and (c) pH 5.0 

Tris-HCl buffers (by TEM). 
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 2.2 Solvent evaporation 

  2.2.1 Characterization of CS-NMPs prepared by SDP  

       2.2.1.1 Particle morphology 

          Figure 42 displays the images from light microscope of 

coated particles at 1:2:6 ratio of DS:CS:ED-S100 which prepared by solvent 

evaporation method. The coated particles were in spherical shape with diameter size 

around 100-150 m. The spherical core particles were contained inside the coated 

particles. This size result is consistent with a previous study (Lorenzo-Lamosa et al. 

1998: 109-118).  

    

Figure 42 Images of the coated particles of DS:CS:ED-S100 at 1:2:6 ratio prepared by 

solvent evaporation method. 

  

  2.2.1.2 Drug entrapment efficiency of coated particles prepared 

by solvent evaporation method 

       As presented in Table 9, drug entrapment efficiency of 

the coated particles prepared by solvent evaporation method in various drug:polymer 
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and polymer:polymer ratios ranged from 37.52 to 105.29 %. The particles with high 

amount of ED-S100 (1:2:15 ratio of DS:CS:ED-S100) offered high drug entrapment. 

The percentages of drug entrapment efficiency of the coated particles at 1:2:15 ratio 

of DS:CS:ED in various portions of ED-S100 and L100 were around 87.11 and 

105.29. 

  

Table 9 Drug entrapment efficiency of coated particles prepared by solvent 

evaporation technique 

Coated particles Drug entrapment efficiency (%) 

Coated particles at 1:2:6 ratio of DS:CS:ED-S100 37.52±2.29 

Coated particles at 1:2:12 ratio of DS:CS:ED-S100 45.87±5.38 

Coated particles at 1:2:15 ratio of DS:CS:ED-S100 98.01±6.47 

Coated particles at 1:2:15 ratio of DS:CS:ED-L100 105.29±7.87 

Coated particles at 1:2:15 ratio of DS:CS:ED 

(ED-S100:L-100, 2.9:0.1) 

95.29±7.09 

Coated particles at 1:2:15 ratio of DS:CS:ED 

(ED-S100:L-100, 2.75:0.25) 

94.10±9.52 

Coated particles at 1:2:15 ratio of DS:CS:ED 

(ED-S100:L-100, 2.5:0.5) 

102.09±8.78 
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  2.2.1.2 In vitro drug release of coated particles prepared by 

solvent evaporation method 

                                    From the drug release profile as given in Figure 43, it is 

clear that the amount of ED-S100 played an importance role on the release profile of 

DS from the coated particles. The coated particles at 1:2:6 and 1:2:12 ratio of 

DS:CS:ED-S100 prevented drug leak for 2 h (in 0.1 N HCl) whereas the coated 

particles at 1:2:15 ratio of DS:CS:ED-S100 could protect drug leak of less than 20 

percent for 5 h (in 0.1 N HCl and pH6.8 Tris-HCl buffer). The above can summarize 

that higher amount of ED-S100 could delay DS release in simulated gastric and small 

intestinal media. However, adding too much of ED-S100 on the coated particles 

obstructed completeness of drug release as mentioned in the previous research 

(Lorenzo-Lamosa et al. 1998: 109-118). 

The coated particles at 1:2:15 ratio of DS:CS:ED-S100 

could delivery drug through 0.1 N HCl and pH 6.8 Tris-HCl buffer but complete drug 

release was not gained. Therefore, pH solubility of coating (ED-S100) was modified 

using mixture between ED-S100 and ED-L100. Figure 44 and 45 show the in vitro

drug release profiles of coated particles at 1:2:15 ratio of DS:CS:ED with various 

portions of ED-S100 and ED-L100. DS released over 80% at 3 h when ED-L100 only 

was employed as a coating (Figure 44). Nevertheless, using mixture of ED-S100 and 

ED-L100 at 2.9:0.1 and 2.75:0.25 as coating could offer colonic drug release profiles.     
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Figure 44 In vitro drug
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   The swelling of CSA in both pH 6.8 and pH 5.0 Tris-HCl buffers was 

slower and the tablets tended to split at 430 and 560 min, respectively. The rate of 

water ingress into the inside core of the tablet, at pH 5.0, was slower than at pH 6.8 

according to the higher gel formation as a barrier in the lower pH medium. As a result, 

the tablet splitting and rupture occurred owing to the swelling of partial hydrated 

inside CSA (Figure 47). This result is in agreement with the disintegration property of 

swelling polymers that used as tablet disintegrants such as gums and cellulose 

derivatives (Bagul et al. 2006). 

Figure 47 Splitting of swollen CSA tablets prepared from CS-45 at 1000 minutes, in 

(a) pH 5.0 and (b) pH 6.8 Tris-HCl buffers. 

   Figure 48 demonstrates percentage of swelling of CSA in various media 

at various time intervals. The swelling of CSA in 0.1 N HCl was the highest and 

fastest whereas the swelling rate of CSA in pH 6.8 and 5.0 was lower. This result is 

consistent with the result from MRI mentioned above. However, CSA swelling in 0.1 

N HCl reported by previous research using an optical observation technique was the 
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least according to the rapid gel erosion (Nunthanid et al. 2009: 356-361). The 

different result was due to MRI technique could monitor the concentration of 1H 

which presented in water. Therefore, polymer swelling was accurately monitored 

while the optical observation could not detect the exact boundaries between the clear 

hydrated gel and the solvent (Laity et al.: 109-119). 

Figure 48 Percentage of swelling of CSA tablets prepared from CS-45 in various 

media against time.  
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  Figure 49 shows the glassy region (black area inside the tablet) of CSA 

tablets in various pH media at various time intervals. The glassy region considerably 

expanded in higher pH media. For instance, at 100 min, the area increased from 30 

mm2 to 38.25 and 45.7 mm2 in pH 6.8 and pH 5.0 buffers, respectively. This result is 

consistent with the previous studies by Ren et al. (Ren et al. 2005: 2403-2410) and 

Sriamornsak et al. (Sriamornsak et al. 2008: 37-44). It could be explained that the 

pressure from the tablet compression process was released during gel formation 

resulted in the expansion of the glassy cores. Furthermore, the smaller expansion of 

the glassy region in pH 6.8 medium was due to the restriction of the more rigid 

structure of the outer gel layer as reported by Yao et al. that the elastic modulus of 

chitosan gel in an acid medium was higher than in an alkali medium (Yao et al. 1999: 

794-798). 
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protonated NH3
+ of CS. Puttipipatkhachorn et al. (Puttipipatkhachorn et al. 2001: 143-

153) reported that CS could interact with negative charges of the acidic drugs and, 

thus retard the drug release. The effect of molecular weight of CS on the drug release 

in pH 6.8 Tris-HCl buffer was also observed (Figure 53). The drugs release from the 

tablets made of high molecular weight CS was higher than those with low molecular 

weight. This is probably due to the faster disintegration of high molecular weight of 

CSA tablets as presented by the MRI images in Figure 50. 

Figure 51 The release profiles of DS from CSA matrix tablets prepared from CS-45 

in various media. 
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Figure 52 The release profiles of TH from CSA matrix tablets prepared from CS-45 

in various media.  
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 3.3 Relationship between swelling and drug release

           Water uptake or hydration results in swelling of polymers which is the 

main factor in controlling the drug release from the swelling system. To determine the 

relationship between swelling and drug release, kinetics of the swelling of CSA and 

the drug release of CSA matrix tablets prepared from CS-45 in various media was 

analyzed by the application of Korsmeyers-Peppas, Higuchi’s, first order and zero 

order kinetics models. As presented in Table 10, the swelling kinetics of CSA tablets 

in Tris-HCl buffers, pH 5.0 and 6.8, is Fickian diffusion, since they fitted well with 

both Higuchi’s (r2 in range of 0.993-0.994) and Korsmeyer-Peppas model (r2 in range 

of 0.993-0.994 with n value close to 0.45 of a cylindrical shape). The results are in 

good agreement with the study of Bajpai et al. (Bajpai et al. 2002: 9-21) which 

suggested that a Fickian diffusion is characterized by a solvent diffusion rate slower 

than the polymer relaxation rate. This was due to the fact that the polymer is in the 

rubbery state and polymer chains have a higher mobility that allows an easier 

penetration of the solvent (Bajpai et al. 2002: 9-21). In 0.1 N HCl, the swelling of 

CSA was not quite stable and did not fit with any kinetics models. This might was 

because of the very loose gel structure hence there was some interference from the gel 

erosion process. The results are consistent with Nunthanid et al. (Nunthanid et al. 

2009: 356-361) who reported that CSA rapidly eroded in 0.1 N HCl. The drug release 

kinetics of DS and TH from the CSA matrix tablets made of CS-45 in all media are 

Fickian diffusion as they best fitted with Higuchi’s model (r2 in range of 0.981-0.999) 

as presented in Table 11. Furthermore, the drug release from CSA matrix tablets made 

of high molecular weight of CS in pH 6.8 Tris-HCl buffer also obeyed Higuchi’s 
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model and their kinetics constants (k') were also higher than that of CS-45 indicating 

the higher rate of drug release. In addition, as the swelling rate (k'
s) was increased, the 

drug release rate (k') was decreased which implied that the high swelling rate delayed 

the rate of drug release from the matrix tablets. Figures 54 and 55 show the 

relationship between the release fraction of the model drugs (DS and TH) from CSA 

matrix tablets and percentage of CSA swelling. The linear relationship was found 

between the drug release and swelling in pH 6.8 and 5.0 Tris-HCl buffers indicating 

that the swelling behavior played an important role on controlling the drug release 

mechanism by diffusion. In 0.1 N HCl, the non-linearity relationships were observed 

which means that the diffusion of the drugs through the gel was not the key release 

mechanism of this system. It was consistent with the results of swelling kinetics 

which indicated the effect of gel erosion during the swelling process. However, the 

drug release kinetics obeyed Fick’s law according to the long distance of gel barrier. 
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CHAPTER 5 

CONCLUSIONS 

  

 This study was designed to develop the colonic drug delivery system in 

form of nano/microparticles for IBD patients. In the system, CS, ED-S100 and ED-

L100 were applied to deliver the model drug (diclofenac sodium, DS) to colon. The 

suitable core particles for further coating were prepared by using 1:2 ratio of 

diclofenac sodium:chitosan (45 kDa). Next, spinning disk process was used as a novel 

preparation technique to prepare the coated particles in nano/micrometer size. Several 

factors affecting the chitosan nano/microparticles including disk speed, coating:core 

ratio and ratio between ED-L100 and ED-S100 were varied under Box-Behnken 

design to get small particles size, high drug entrapment efficiency and offering 

colonic drug release profile. Response surface plots and partial least square models 

were generated to explore the relationship between dependent and independent factors. 

The finding could be summarized as follows : 

1. High disk speed provided small particle size but low drug entrapment. 

Too fast rotation of the disk could not produce chitosan nano/microparticles with acid 

resistant property.  

2. High portion of coating (Eudragit®) enlarged the chitosan 

nano/microparticles. Enteric release profile was obtained from the chitosan 

nano/microparticles with high coating amount. Nevertheless, too high portion of the 

coating could not provide complete drug release. 
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3. Ratio between ED-S100 and ED-L100 played an important role on 

controlling of drug release. High portion of ED-S100 retarded drug release in state II 

and III (Tris-HCl buffers, pH 6.8 and 5.0). 

  The prepared core particles prepared from SDP enhanced drug uptake 

into Caco-2 cells three folds compared to the pure drug solution. Moreover, CS-NMPs 

in concentration of 0.01-0.10 mg/mL did not cause was cell toxicity. The optimum 

solution to fabricate CS-NMPs from design of experiment was 555.94 rpm of 

spinning disk speed, 1:2 weight ratio of core:coating and 0.28:1 weight ratio of ED-

L100:ED-S100. In optimized CS-NMPs, the drug released over 90% within 24 h and 

only 20.36% of the DS was released in the simulated gastric and small intestine fluids. 

High percentage of drug entrapment (98.56%) was also obtained from the optimized 

formulation. The observed responses of the optimum solution were close to predicted 

response from PLS models which mean the success of response predicting 

mathematical equations. However, CS-NMPs from formulation No. 2 also expressed 

colonic drug release profile with the smallest size. From SEM images, the CS-NMPs 

from formulation No. 2 were aggregated together into spherical shape and the size of 

single particle was around 100-150 nm in diameter. The active drug in CS-NMPs 

changed from salt to acid after the SDP. 

 The proposed mechanism of colonic drug delivery of the CS-NMPs 

prepared by SDP is illustrated in Figure 56. In stomach, the active drug will be 

protected by mixture of ED-S100 and ED-L100 from gastric fluid. Afterwards, ED 

layer will gradually dissolve and CS will swell to retard the drug release when the 

nano/micro-system transfers to the small intestine (neutral pH condition). Lastly, the 
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CS-NMPs will reach the colon of IBD patient (pH~5.0) and disintegrated into the 

single particles (CS-nanocores, about 20-50 nm in diameter) according to the 

dissolving of CS in acid condition. The CS-nanocores will gently dissolve and 

disintegrate into nanoparticles (about 20-50 nm, from TEM result) in acid condition. 

The colonic bacterial enzyme also has some effect on the drug release of CS 

nanocores. The CS-nanocores (positive charge) will attach to the mucous layer 

(negative charge) which produced from inflamed colonic epithelium cells by 

bioadhesive force then the CS-nanocores will be introduced via endocytosis pathway 

as mentioned in the previous report (Ma and Lim 2003: 1812-1819).  

 To summarize, this system is composed of two major drug trigger releases 

which are pH- and time- dependent. Beside, enzyme from colonic microflora partly 

enhances drug release in colonic medium of IBD patients. Due to the several drug 

release triggers, this system shows an ability to solve the problems of gastric 

emptying time variation. In case of short gastric emptying time, the CS-NMPs with 

partly dissolved ED layer will attach at the inflammation sites in colon then the 

colonic medium will penetrate through ED layer causing swelling of CS and drug will 

be released through pore diffusion. On the other hand, if gastric emptying time is 

longer than the average, CS which insoluble in alkali condition will shield the active 

drug inside from the small intestinal fluid until the nanocores reach the inflamed 

colon of the IBD patients and the drug will be released.                        
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Figure 56 Proposed colonic drug delivery mechanism of CS-NMPs prepared by SDP. 

  The coated particles for colonic drug delivery were also prepared by solvent 

evaporation method (conventional method) for comparison with SDP. The 

formulation of DS:CS:coating at 1:2:15 which coating composed of ED-S100:L100 at 

2.75:0.25 could prepare the particle with 132 m of average diameter size and the 

percentage of drug entrapment was 95.29. The drug released in the simulated colonic 

fluid over 85% within 24 h and only 18.87% of drug was released in simulated gastric 

and small intestine fluids. To compare the effect of preparation method, the size and 

zeta potential values of the core and coated particles prepared by SDP and solvent 

evaporation methods at the same drug polymer ratio were investigated. As shown in 

Table 12, SDP could fabricate the core of DS:CS at 1:2 weight ratio and the coated 

particles of DS:CS:ED-S100 at 1:2:12 smaller than that of solvent evaporation 

method. The zeta potential values of core (1:2 weight ratio of DS:CS) and the coated 
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particles  (1:2:12 weight ratio of DS:CS:ED-S100) were in the same direction, as 

presented in Table 13. From both methods, the zeta-potential of the core particles 

were positive then changed to negative in the coated particles which mean the core 

particles with CS were completely coated with Eudragit®.     

Table 12 Particle size of the core at 1:2 ratio of DS:CS and the coated particles at 

1:2:6 ratio of DS:CS:ED-S100  prepared by solvent evaporation  and SDP 

methods. 

Table 13 Zeta-potential values of the core at 1:2 ratio of DS:CS and the coated 

particles at 1:2:6 ratio of DS:CS:ED-S100 prepared by solvent evaporation 

and SDP methods 

In addition, MRI technique combined with flow-through cell apparatus has 

been proven to be useful in the study of relationships between swelling and drug 

Method of preparation Particle size (μm) 

Core particles  Coated particles 

Solvent evaporation method  28.23±2.48 65.82±2.76 

SDP method 0.76±0.31 1.03±0.21 

Method of preparation Zeta-potential (mV)

Core particles Coated particles 

Solvent evaporation method 25.74±4.48 -36.75±1.32 

SDP method 17.10±1.47 -10.00±0.87 
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release kinetics of CSA matrix system. They reveal an important role of polymer 

swelling on drug release mechanisms following Fickian diffusion control. In 

conclusion, CS system has a potential to provide enteric and colonic drug delivery 

purposes regarding the slowest drug release in simulated gastric fluid and the better 

release in simulated intestinal fluid and colonic fluid in IBD patients. 
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Figure 59 Contour plot showing the effect of disk speed (X1) and coating:core ratio 

(X2) on the percentage of drug entrapment (Y2). 

Figure 60 Contour plot showing the effect of disk speed (X1) and coating:core ratio 

(X2) on the percentage of drug release at the 2 h (Y3). 
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Figure 61 Contour plot showing the effect of coating:core ratio (X2) and ratio of ED-

L100:ED-S100 (X3) and on the percentage of drug release at the 5 h (Y4). 

Figure 62 Contour plot showing the effect of coating:core ratio (X2) and ratio of ED-

L100:ED-S100 (X3) and on the percentage of drug release at the 6 h (Y5). 
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Figure 63 Contour plot showing the effect of coating:core ratio (X2) and ratio of ED-

L100:ED-S100 (X3) and on the percentage of drug release at the 24 h (Y6). 

Figure 64 Plot of predicated versus actual response (Y1, size in m)  
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Figure 65 Plot of predicated versus actual responses (Y2, drug entrapment efficiency 

(%))  

Figure 66 Plot of predicated versus actual responses (Y3, drug release at the 2 h (%))  
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Figure 67 Plot of predicated versus actual responses (Y4, drug release at the 5 h (%))  

Figure 68 Plot of predicated versus actual responses (Y5, drug release at the 6 h (%))  
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Figure 69 Plot of predicated versus actual responses (Y6, drug release at the 24 h (%))  

Table 14 Swelling data of CSA45 tablet in 0.1 N HCl from MRI instrument. 

Time (min) All tablet area 

(mm2) 

Glassy region  

(mm2) 

Rubbery region 

(mm2) 

10 44.66 30.03 14.63 

20 47.58 31.35 16.23 

30 77.22 30.95 46.27 

40 86.57 29.42 57.15 

50 85.27 29.26 56.01 

60 90.11 28.47 61.64 

70 92.51 28.33 64.18 

80 90.13 25.85 64.28 

90 89.45 25.35 64.10 

100 88.59 22.88 65.71 

110 88.49 20.95 67.54 

120 88.65 18.07 70.58 
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Table 14 Swelling data of CSA45 tablet in 0.1 N HCl from MRI instrument 

(continue). 

Time (min) All tablet area 

(mm2) 

Glassy region  

(mm2) 

Rubbery region 

(mm2) 

150 95.01 15.05 79.96 

180 99.67 12.07 87.60 

210 105.94 9.69 96.25 

240 109.84 5.94 103.9 

270 112.63 1.21 111.42 

300 121.21 0.01 121.2 

330 119.79 0 119.79 

360 122.25 0 122.25 

Table 15 Swelling data of CSA45 tablet in pH 5.0 Tris-HCl buffer from MRI 

instrument. 

Time (min) All tablet area 

(mm2) 

Glassy region  

(mm2) 

Rubbery region 

(mm2) 

10 46.06 31.13 14.93 

20 51.67 35.95 15.72 

30 55.81 37.08 18.73 

40 59.27 38.29 20.98 

50 63.12 38.95 24.17 

60 66.29 38.81 27.48 

70 66.51 42.64 23.87 

80 68.32 41.22 27.10 

90 70.25 45.08 25.17 

100 72.44 45.72 26.72 

110 74.36 42.94 31.42 
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Table 15 Swelling data of CSA45 tablet in pH 5.0 Tris-HCl buffer from MRI 

instrument (continue). 

Time (min) All tablet area 

(mm2) 

Glassy region  

(mm2) 

Rubbery region 

(mm2) 

120 775.87 39.44 736.43 

150 80.85 35.29 45.56 

180 85.52 33.02 52.50 

210 90.63 32.15 58.48 

240 91.51 27.17 64.34 

270 94.03 23.59 70.44 

300 96.83 18.51 78.32 

330 98.97 15.81 83.16 

360 102.04 10.87 91.17 

390 104.15 7.38 96.77 

420 104.84 2.56 102.28 

450 107.24 1.87 105.37 

480 110.99 0.34 110.65 

510 109.65 0.08 109.57 

540 111.33 0.17 111.16 

570 113.61 0.12 113.49 

600 112.03 0.16 111.87 

630 112.08 0.13 111.95 

660 113.37 0.10 113.27 

690 116.90 0.10 116.80 

720 114.47 0.00 114.47 
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Table 16 Swelling data of CSA45 tablet in pH 6.8 Tris-HCl buffer from MRI 

instrument 

Time (min) All tablet area 

(mm2) 

Glassy region  

(mm2) 

Rubbery region 

(mm2) 

10 45.57 30.93 14.64 

20 51.91 35.34 16.57 

30 58.40 35.64 22.76 

40 60.72 36.44 24.28 

50 63.62 38.25 25.37 

60 65.90 36.87 29.03 

70 69.29 36.85 32.44 

80 70.65 34.58 36.07 

90 73.14 34.21 38.93 

100 75.14 32.72 42.42 

110 77.22 32.23 44.99 

120 79.61 31.45 48.16 

150 83.99 29.28 54.71 

180 89.27 23.56 65.71 

210 92.86 19.69 73.17 

240 96.96 14.47 82.49 

270 103.12 14.29 88.83 

300 104.36 6.59 97.77 

330 108.82 6.57 102.25 

360 111.68 6.55 105.13 

390 113.10 3.25 109.85 

420 116.36 1.18 115.18 

450 118.47 0.08 118.39 

480 120.05 0.01 120.04 

510 122.06 0.00 122.06 
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Table 17 Swelling data of CSA45 tablet in distilled water from MRI instrument. 

Time (min) All tablet area 

(mm2) 

Glassy region  

(mm2) 

Rubbery region 

(mm2) 

10 48.60 30.75 

20 55.19 34.31 

30 61.07 33.53 

40 64.52 33.44 

50 70.05 32.16 

60 72.18 30.55 

70 76.89 32.55 

80 80.52 31.56 

90 83.44 31.11 

100 85.36 28.51 

110 87.68 29.73 

120 89.16 29.08 

150 -* -* -* 

* =  Tablet floated could not monitor swelling progress   

Table 18 List of abbreviations 

 Symbol Definition 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5- 

 diphenyltetrazolium bromide  

5-ASA 5-aminisalicylic acid 

3D  three-dimensional  

 angular velocity 

C degree Celsius
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Symbol Definition 

 disk radial distance  

  dynamic viscosity  

  film velocity component 

g microgram

L microliter 

m micrometer 

% percent 

C degree Celsius 

g microgram

L microliter 

                        m micrometer 

%w/v percent volume by volume 

%w/v percent weight by volume 

%w/w percent weight by weight 

 shear stress 

 velocity component  

 volumetric flow rate  

ANOVA  analysis of variance   

BTL  blood total leukocyte 

cm2 square centimeter
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 Symbol Definition 

CFU  colony forming units 

CS            chitosan 

CS-45 chitosan 45 kDa 

CS-200 chitosan 200 kDa 

CS-800 chitosan 800 kDa 

CSA               chitosan acetate 

DoE  Design of Experiment  

DS diclofenac sodium 

DTZ  diltiazem hydrochloride  

EC  ethylcellulose 

ED                Eudragit®

ED-L100           Eudragit® L100 

ED-S100 Eudragit® S100 

FTIR  Fourier transform infrared 

DSC  Differential scanning calorimetry 

g gram 

HBSS  Hank's buffered salt solution 

HCl hydrochloric  

HPMC  hydroxypropyl methylcellulose 

GIT gastro intestinal tact 

h hours 

 
 
 
 

 
 
 
 

 
 



147 

 Symbol Definition 

IBD inflammatory bowel disease 

K constant 

mg milligram 

min minute 

mL milliliter 

MRI  magnetic resonance imaging 

Mt/M  drug release fractions 

N  rotating disk 

Na2SO4 sodium chloride 

NaOH sodium hydroxide 

                        NH4OH                          ammonia solution 

NMPs nano/microparticles  

nm nanometer 

OD  optical density 

o/w  oil in water 

                        PLS                                      partial least square 

PRINT  particle replication in non-wetting  

templates 

  radial distances of the inlet from the 

center of the disk 
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 Symbol Definition 

  radius at the exit 

S % swelling 

SD  standard deviation 

SDP  spinning disk process  

SDS  sodium dodecyl sulphate  

SP  sulphapyridine  

SEM scanning electron microscopy 

t time 

T0  total cross sectional area of the original      

  dry tablets  

T1  spin-lattice relaxation 

T2  spin-spin relaxation 

                     tres                                         residence time on the disk 

Tt  total cross sectional area 

TEM transmission electron microscopy 

                        Tris  tris(hydroxymethyl)aminomethane  
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