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Abstract

Local drug delivery in contrast to the established systemic drug delivery provides distinctive

advances for the safe and effective therapy of inflammatory bowel disease (IBD). The pre-

ferred accumulation of small sized nanoparticles in the inflamed gut mucosa explored a new

area of targeted drug delivery in the treatment of IBD. The objective of this studywas to design

a local and targeted nanoparticulate carrier system for the treatment of IBD. For this purpose,

budesonide loaded poly (lactic-co-glycolic acid) (PLGA) nanoparticles were prepared by oil in

water (O/W) emulsion evaporation techniques. Similarly, pH-sensitive nanoparticles were

also prepared by coating budesonide loaded PLGA nanoparticles with methyl-methacrylate-

copolymer. The prepared uncoated and coated PLGA nanoparticles were characterized for

their size, size distribution, shape, drug loading and in-vitro drug release profile. The coated

nanoparticles showed adifferential pH-dependent release profile, while uncoated PLGAnano-

particles showed no effect upon pH change. Furthermore, budesonide loaded uncoated PLGA

nanoparticles were first tested for therapeutic efficacy in an inflamed 3D cell culture model,

where the drug loaded PLGA nanoparticles significantly affected the secretion of the inflam-

matorymarker IL-8 in comparison to other formulations. After all in vitro characterization and

stability tests, in vivo therapeutic efficacy was assessed using artificially induced colitis animal

models. Results from the in vivo studies demonstrated the potential of nanoparticles for tar-

geted drug delivery to the inflamedmucosa andmoreover this concept can be improved by pH

sensitive nanocarriers as observed in this study. However, further experiments are necessary

to build up a bridge between research and application to the patient.
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Kurzzusammenfasung

Die lokaleWirkstofffreisetzungbietet bei der Behandlung von chronisch entzündlichenDarme-

rkrankungen (CED) imHinblick auf die Sicherheit und Effektivität der Therapie deutliche Vorte-

ile im Vergleich zur etablierten systemischen Therapie. Die Akkumulation von Nanopartikeln

in der entzündeten Darmschleimhaut eröffnet hierbei neue Anwendungsmöglichkeiten. Das

Ziel der vorliegenden Arbeit war die Entwicklung eines nanopartikulären Drug Delivery Sys-

tems zur gezielten Behandlung von CED. Mit Budesonid beladene Nanopartikel aus Polylactid

co Glycolid (PLGA) wurden mit einer Öl in Wasser Emulsionsmethode hergestellt. Durch das

Beschichten vonmit budesonid beladenenPLGANanopartikelnmitMethacrylsäuremethylest-

ern konnten zudempH-sensitiveNanopartikel entwickelt werden. Sowohl die nicht beschicht-

eten als auchdie beschichtetenNanopartikelwurdenhinsichtlich ihrerGröße, Größenverteilu-

ng, Morphologie und Wirkstoffbeladung sowie der Wirkstofffreisetzung in-vitro charakter-

isiert. Bei den beschichteten Nanopartikel wurde, im Gegensatz zu beschichteten Partikel,

eine deutliche pH-Abhängigkeit des Freisetzungsprofils festgestellt. Die therapeutischeWirk-

samkeit von budesonid beladenen, nicht beschichteten PLGA Nanopartikel wurde in einem

3D-Zellkul-turmodell getestet. Im Vergleich zu anderen Formulierungen beeinflussten die

PLGA Nanopartikel signifikant die Ausschüttung des inflammatorischen Markers Interleukin-

8. Anschließend wurde die therapeutischeWirksamkeit der Partikel auch in vivo in tierischen

Colitis-modellen untersucht. Die Ergebnisse dieser in-vivo-Studien zeigten das Potential von

Nanopartikeln als Drug Delivery Systeme zur gezielten Wirkstofffreisetzung in der entzünde-

ten Darmmukosa. Darüber hinaus konnte durch die in vivo-Ergebnisse auch gezeigt werden,

dass der Einsatz pH-sensitiver Nanopartikel die therapeutische Wirksamkeit weiter erhöht.

Um die noch bestehende Lücke zwischen Forschung und tatsächlicher Anwendung am Pa-

tienten zu überbrücken, sind jedoch noch weitere Untersuchungen nötig.
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CHAPTER 1. INTRODUCTION

1.1 Background and literature overview

Inflammatory bowel disease (IBD) comprises many chronic idiopathic inflammatory condi-

tions of the gastrointestinal tract with Crohn's disease (CD) and ulcerative colitis (UC) being

the most prevalent and commonly studied [1, 2]. Although IBD has been extensively investi-

gated for more than half a century, the pathogenesis still remains unknown [3]. UC and CD

present similar symptoms for example diarrhea, bloody stool, weight loss, abdominal pain,

fatigue and fever. However, pathological lesions and clinical manifestation can distinguish CD

from UC. In UC inflammation mainly affects the innermost mucosa without involvement of

deeper tissues like muscularis or serosa and is confined to the colon and rectum. In the case

of CD, inflammation is transmural i.e. affecting the entire wall of the intestine down to the

serosal layer, and can occur over the entire length of the large and small intestine, sometimes

even involving the mouth [4, 5].

The pathogenesis for CD and UC is to some level understood. IBD is believed to be caused

by an exuberant continuous inflammatory response to commensal intestinal bacteria in a ge-

netically susceptible host. Generally the risk factors which are most firmly established for the

development of IBD are related to genetics, for example mutations in NOD2 encoding genes.

The risk of CD in a sibling of a CD patient is significantly higher, and approximately 15 % of the

patients with IBD have a first degree relative with the disease; the pattern of inheritance is

however not clear [6, 7]. In addition, several environmental risk factors seem to contribute

to the pathogenesis, but are less well understood and difficult to tackle. Possibly relevant en-

vironmental factors include prenatal events, breastfeeding, childhood infections, microbes,

smoking, use of oral contraceptives, diet, hygiene, occupation, pollution and stress [8, 9]. In-

cidence rates of IBD are highest in North America, the UK and northern Europe, but have

stabilized in these areas in recent years. An increase in incident rates has however been re-

ported in previously low incidence areas such as developing countries; Asia and southern Eu-

rope, hinting again at life style associated risk factors. The highest prevalence rates have been

recorded for white individuals (43.6 per 100 000), considerably higher than in Asian peoples

(5.6 per 100 000) or Blacks (4.1 per 100 000) [10, 11].

As mentioned, IBD is thought to result from an over-reaction of the intestinal immune sys-

tem to the indigenous intestinal flora and other luminal antigens. Multiple complex path-
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CHAPTER 1. INTRODUCTION

ways might be involved in the deregulation of the inflammatory cascade, as evidenced by in

vivo investigations in human IBD patients and transgenic animal models of colitis [12]. In IBD

lowered epithelial resistance and increased permeability of the inflamed and non-inflamed

mucosa have been observed and different mechanisms for the increased permeability rang-

ing from T-cell mediated disruption of tight junction proteins to enteric neuron dysfunction

have been proposed [13–15]. Moreover, an increased level of interleukin 12 (IL-12) cytokine

has been observed in a patients suffering from CD which leads to increased T helper cells

(Th1) responses and interferon γ (IFN-γ) release. The overbearing activation of Th1 cells

and macrophages produces uncontrolled inflammation and activation of metalloproteinases

which then cause tissues damage [16, 17]. Furthermore, resistance of activated T cells to nor-

mal apoptosis, leading to continuous inflammatory cycles, has been proposed as a key step

in the pathogenesis of CD [18].

1.1.1 Drug molecules for IBD therapy

Traditionally, the aim of IBD therapy has been to ameliorate the symptoms of active disease

and to prolong remission phases. Treatment of IBD depends on different factors relating to

both drug and patient. Drug related characteristics include pharmacodynamics and pharma-

cokinetics while patient-oriented factors are mainly dependent on the severity of disease,

location of inflammation and response to initial therapy. As a permanent cure is not available

to date, patients depend on life-long application of drugs [19].

Nowadays, a wide arsenal of drugs such as 5-aminosalicylates, corticosteroids, immuno-

suppressives and tumor necrosis factor alpha (TNF-α) antibodies are available for IBD therapy

applied in a multi-tiered approach. Still, at one point of their life 70-80% of patients with CD

and 25-40% of UC patients have to undergo abdominal surgeries (in most cases resections)

due to failure of other therapeutic options [20]. Furthermore, severe adverse effects of long

term medication negatively affect the quality of life of IBD patients demonstrating the need

for better targeted formulations.

As induction andmaintenance of remission are themain objectives in IBD therapy therefore

5-aminosalicylic acid (5-ASA, mesalazine) is recommended as a first line therapy for patients

with mild to moderate UC, being in practice as oral and rectal formulations. Furthermore,

pro-drugs such as sulfasalazine (5-ASA linked to sulfapyridine), balsalazide (5-ASA linked to

3



CHAPTER 1. INTRODUCTION

4-aminobenzoyl-β-alanine) or the 5-ASA dimer olsalazine are available [21, 22]. No differ-

ence in 5-ASA pharmacokinetics and systemic exposure were found on comparing an orally

administered mesalazine formulation to a mesalazine pro-drug [23]. Aminosalicylates act by

inhibiting the cyclooxygenase and 5 lipoxygenase pathways of arachidonic acid metabolism,

and can also modulate immune responses [24]. Sulfasalazine has shown great benefits for in-

duction of remission at doses of 3000-4500 mg per day in patients with active CD, but due to

sulfapyridine-related intolerance in some patients, the use of sulfasalazine is limited [25, 26].

In patients who do not respond to 5-ASA or prednisone, other systemic glucocorticoids are

applied [27]. Corticosteroids have an effect on both immune and inflammatory responses,

mainly by inhibiting pro-inflammatory cytokines [28].

In a population based study of IBD patients treated with corticosteroids, 58% of patients

with CD showed complete remission after one month of treatment, 26% showed partial re-

mission and in 16%patients no remissionwas achieved. InUCpatients, 54% showed complete

remission in the same period, 30% showed partial remission and 16% illustrated no response

to therapy. However, after one year outcomes statistics revealed that 28% of patients with CD

and 49% of patients with UC had a prolonged response, 32% of patients with CD and 22%with

UC had become corticosteroid dependent and 38% of patients with CD and 22% of patients

with UC needed surgery [29]. These epidemiological based findings illustrate that, although

corticosteroids remain a first line therapy in active IBD treatment, corticoid dependency and

acquired corticoid resistance still present common problems [30]. Such findings therefore

accentuate the need for steroid-sparing medication in IBD.

Locally acting glucocorticoids, such as budesonide, can help to reduce the rate of adverse

events but their use does not overcome the issue of corticoid resistance. Budesonide has a

strong affinity for the corticosteroid receptors, but a very low systemic bioavailability of only

10% to 15% after oral administration due to extensive first pass metabolism in the liver by

cytochrome P-450 enzymes [31]. In one targeted delivery study where budesonide was de-

signed and formulated as a pH and time dependent dosage form for ileum and colon delivery,

a distinct decrease in systemic corticosteroid side effects was noted [32]. Furthermore, it

was hypothesized in a controlled trial that budesonide 9 mg per day is better in efficacy than

placebo and more effective than an oral daily dose of 4000 mg of 5-ASA for the induction of

remission in active disease.

4
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In patients with severe IBD and in those who do not respond to corticosteroids, treatment

with immunosuppressive agents such as cyclosporine or methotrexate is the next line of ther-

apy. Patients who receive oral 5-ASA compounds, cyclosporine, or tacrolimus or those who

are steroid dependent can also be treated with azathioprine and mercaptopurine. However,

the safety and efficacy data of azathioprine and mercaptopurine for the therapy of UC are

conflicting [33].

Advances in the immunological study of IBD and efforts in the field of bioengineering have

led to new therapeutic strategies targeting main features of the inflammatory process [34].

TNF-α is a mediator of inflammation [35, 36] and an end-stage object of the inflammatory

cytokine cascade. It induces inflammation and is involved in many systemic and cutaneous

inflammatory diseases [37]. TNF-α production in the intestinal mucosa of IBD patients is

considered to play a major role in the initiation and proliferation of the disease. Thus, TNF-

neutralization has been recommended as a target therapeutic intervention in various inflam-

matory diseases including arthritis and IBD [38–41].

The human chimeric monoclonal antibody to TNF-α, infliximab, previously known as cA2,

is a genetically constructed IgG1 murine antibody which binds both the soluble sub unit and

the membrane-bound precursor of TNF-α [42, 43]. Infliximab is now used for the induction

andmaintenance therapy of CD and UC [44–47]. Its mechanism of action is to block biological

activities of TNF-α, acting as an agonist, apparently inhibiting TNF-α interactionwith its recep-

tor [48]. In addition to infliximab, two other biological agents, adalimumab and certolizumab,

that also inhibit TNF-α, have been approved by the FDA for IBD therapy.

Certolizumab pegol is a pegylated, Fab´fragment of a humanized monoclonal antibody and

has high binding affinity for TNF-α [49]. The pegylation enhances the stability and increases

half-life thus allowing for a reduction in the dose and also resulting in a decreased antigenic-

ity [50]. In patients with moderate to severe CD, certolizumab pegol showed effective induc-

tion of remission [51], with better efficacy compared to other monoclonal antibodies such as

infliximab and adalimumab. Certolizumab does not contain an Fc portion and therefore does

not induce antibody cellular cytotoxicity or apoptosis [52]. In a clinical study induction and

maintenance of remission was achieved with certolizumab pegol therapy, which was associ-

ated with modest improvement in response rates but no remarkable progress in remission

rates [49].
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CHAPTER 1. INTRODUCTION

The biological based therapies mentioned above are all applied intravenously or subcuta-

neously, and as such all face issues with stability/half-life and risks of infections due to unspe-

cific, systemic immune effects. Instead, local therapy would be beneficial, but targeting to the

inflamed intestinal mucosa and stability in the GI environment has to be assured.

1.1.2 Drug delivery strategies for IBD therapy

In inflammatory bowel diseases, disease severity, pattern and location of disease within the

gastrointestinal tract are important treatment parameters [21, 22, 53]. Rectal formulations

such as suppositories, foams and enemas have been efficiently applied in UC when it occurs

in lower parts of the colon. However, rectally administered dosage forms are not effective in

case of a pancolitis, where inflammation occurs in the ascending or transverse colon areas.

The oral route has been considered to be an effective route of delivery for various formula-

tions in the treatment of CD, which can affect any part of the GIT from mouth to anus. Still,

limitations exist, in particular systemic absorption from the gut and small intestine and ex-

tensive first pass metabolism of active pharmaceutical ingredients, leading to only a fraction

of the active compound reaching the actually inflamed areas [24]. Thus, treatment for IBD

needs a carrier system that could deliver the therapeutic agent exclusively to the target site to

avoid systemic absorption and reduce adverse effects. An increase in local drug concentration

would also result in enhanced therapeutic activity and a reduction in dose and frequency of

drug application.

Colon targeted delivery systems are an established tool for site directed delivery of various

therapeutic agents in the treatment of IBD but the pathophysiological changes observed in

the inflamed intestine in CD andUC can limit the reliability and effectiveness of these targeting

strategies.

Prodrugs cleaved and thus activated by colonic enzymes have been successfully evaluated

in the treatment of IBD. The most common example in this context is sulfasalazine with its

active compound 5-ASA showing a cleavage rate into sulfonamide and mesalazine of about

75% [54, 55]. In general, the prodrug strategy can be varied by using amino acid conjugates,

glycoside conjugates, azo conjugates, glucoronide and sulphate conjugates [56]. The main

risk factor of this drug delivery approach is its dependency on the enzymatic activity of the

colonic microflora. In the case of UC, the bacterial population is mostly unchanged, but in CD

6



CHAPTER 1. INTRODUCTION

Cecum ~ 7

Transverse 
colon ~ 6.6

Ascending 
colon ~ 6

Descending
colon ~ 7

Stomach 
pH ~ 1 - 3

Figure 1.1: Schematic presentation of the gastrointestinal tract illustrating pH values at differ-

ent areas of the gut.

variations in enzymatic activity have been observed, leading to uncertainty as to the repro-

ducibility of this therapy [57].

Furthermore, pH dependent drug release systems have been broadly applied which with-

stand lower pH and release the drug only at the weakly acidic to neutral pH of the distal ileum

and colon (pH ≥ 6; Figure 1.1). Some pH controlled formulations have been marketed in Eu-

rope and the US, but still a controversy exists about the reliability of the targeting method.

These formulations were developed for a healthy human gut, while patients with IBD often

show lower colonic luminal pH ranging from 5-7, but sometimes dropping as low as pH 2.3,

2.9 or 3.4 risking incomplete drug release and reduced efficacy of the formulation [58–60].

Apart from the aforementioned challenges to the current therapy another important factor

is diarrhea, which is a major symptom of IBD [61] , minimizing the residence time of the

therapeutic agent at the site of action and thus broadly reducing the efficacy of the available

medications. The currently available drug delivery system such as enteric coated capsules,

tablets, granules or pellets are less efficient because of the high frequency of diarrhea (66%

– 92%) associated with IBD [62], therefore an alternative delivery strategy is needed.

7



CHAPTER 1. INTRODUCTION

1.2 Nanomedicine and IBD

There aremanydefinitions of the terms “nanobiotechnology”, “nanomedicine” and “nanoma-

terial” according to different scientific disciplines. Unfortunately there is no clear or meaning-

ful definition available of nanomedicine either in international conferences, journals, articles,

text books or unpublished talks. After careful consideration in a consensus conference, the

European Science Foundation's (ESF) Forward Look Nanomedicine defined nanomedicine as

the science and technology of diagnosis, treatment and prevention of disease, injury, pain and

the improvement of human health [63]. The aim of nanomedicine is further defined as using

engineered devices and nanostructure at a molecular level for the control, repair, defense

and improvement of all human biological systems. Worldwide debates are however ongoing

to specifically and exclusively define what really constitutes “nanomaterial” for the purposes

of safety regulation. The European Commission (EC) Joint Research Centre Report [64] uses a

working definition for the nanoscale as being approximately 1 to 100 nm; any material in this

dimension is then considered nanomaterial. Moreover, the term nanotechnology has been

differentiated from nanomedicine. Nanotechnology is the field of science and technology of

objects dominated by surface atoms whereas nanomedicine is a branch of science of deliv-

ering drugs or biochemicals to specific cell types through endocytosis either in the form of

nano-sized drug particles or nano sized carriers, typically in a size range between 50 nm and

several hundreds of nanometers [65].

Nanomedicine (NM) i.e. using nanotechnology for medical purposes has generated much

excitement and promise for the development of novel therapeutics and diagnostics [66]. The

potential of nanomedicines for active or passive targeting to diseased areas, to protect cargo

molecules from degradation, and to control drug release over time (thus decreasing dosing

frequency) is of course very attractive. This holds also for oral drug delivery, where especially

in the context of inflammatory bowel diseases an increasing interest is recently observed [67–

71]. Similarly as in cancer therapy, targeting the sites of inflammation and formation of local

drug depots may enhance and prolong the intended pharmacological effects, while at the

same time reduce systemic adverse effects. Besides small molecules, the protection against

the harsh environment of the gastrointestinal tract allows local delivery of fragile biologicals,

opening up the oral route for new compounds and also new therapeutic targets. This review

8



CHAPTER 1. INTRODUCTION

discusses various approaches for the drug therapy of IBD, focusing on the potential of NM

and the steps still needed to be taken towards translation into the clinic.

NMs are used as carriers, having the ability to incorporate both hydrophilic and hydropho-

bic drugs and to be administered to the body by various routes [72]. NMs have the ability to

overcome biological barriers and protect their cargo against degradation, and are therefore

able to effectively deliver their passenger compound to the site of action. NMs have been

described to passively accumulate in diseased regions of the body by virtue of their size alone

e.g. in tumor tissue or sites of infection and inflammation due to changes in vascular perme-

ability and retention [73]. Moreover, active ligand and receptor mediated targeting can be

utilized to allow for an increased accumulation of NMs at the site of action.

In NMs carrier material, particle size and surface charge play a key role as such physical

properties determine cellular uptake and interaction with biomolecules. Another important

aspect of NMs is their high surface area-to-volume ratio. Small particles possess more inter-

action sites as compared to large size particles which may help to regulate pharmacokinetics

of drug release [74]. Nanoparticles can be either colloidal dispersions of nanocrystalline drug,

solid excipient particles in which the drug is dispersed, adsorbed or dissolved in thematrix, or

nanocapsules in which the drug is confined to an aqueous or oily core surrounded by a shell

like wall [75]. NMs are preferably made from biocompatible and biodegradable polymers, of

either natural origin, e.g. gelatin and albumin, or synthetic origin, e.g. poly lactide (PLA), poly

glycolide (PGA) and their co-polymer poly lactide-co-glycolide (PLGA). Drug release from such

nanoparticles occurs either by diffusion, swelling, erosion or degradation in the body. Var-

ious approaches have been reported for the preparation of nanoparticles such as emulsion

evaporation/diffusion, nanoprecipitation, or salting-out techniques [76].

The treatment options and strategies available for IBD prior to the last decade were not

efficient and their use is now limited due to the adverse effects which are mainly related to

the lack of targeted delivery [77] and the inconsistent nature of IBD which varies greatly from

patient to patient. NMs present new possibilities to overcome these limitations. By passive

targeting alone, it is possible to facilitate the accumulation of drug loaded nanocarriers in the

inflamed intestinal areas. Lamprecht et al [78] initiated the interaction ofmicro- and nanopar-

ticles with the inflamed mucosa as a targeting principle in IBD. A size dependent deposition

of fluorescently labeled polystyrene particles was observed in a trinitrobenzenesulfonic acid
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(TNBS) rat model of colitis. Particles were found in abundance at the thicker mucus layer ad-

jacent to the inflamed tissues and in far lower quantities in the healthy tissue. Furthermore,

the study revealed an inverse relationship between particles size and adherence of particles to

the inflamed intestinal mucosa: particles of approximately 100 nm in size exhibited stronger

adherence to the inflamed area compared to 1µm and 10 µm sized particles.

Interaction with the intestinal mucus, which is significantly increased in production in the

case of IBD [79] can account for some of the selectivity observed. In addition, immune cells

such asmacrophages and T-cells play an important role in the pathogenesis of IBD and strongly

invade the inflamed tissue. In particular antigen presenting cells such as macrophages and

dendritic cells actively engulf particulate carrier systemsby endocytosis [80, 81]. Microspheres

prepared from biodegradable polymers and copolymers such as polylactic acid and polygly-

colic acid [82, 83] and various starches and cross linked starches [84, 85] are observed to be

successfully internalized by macrophages, however the exact mechanism of phagocytosis is

still not clearly understood [86]. Still, uptake by immune cells might significantly contribute to

the drug carrier accumulation in the inflamed intestine and also provide a successful strategy

to target key players in the inflammation process.

1.2.1 Nanomedicines for small molecule drugs

Rolipram, a phosphodiesterase IV inhibitor, was loaded into PLGA nanoparticles andwas tried

as a first model drug to passively target the inflamed intestine in a study conducted by Lam-

precht et al. [87]. In this study, drug loaded particles were prepared by the emulsion evapora-

tion method with a high encapsulation efficiency of approximately 85 %. In vitro drug release

results showed a biphasic release profile with an initial burst release of up to 40% followed by

slow and sustained release for 7 days. In vivo testing was carried out in Wistar rats suffering

from TNBS colitis. After oral application of rolipram loaded PLGA nanoparticles clinical activ-

ity score and myeloperoxidase (MPO) activity were significantly reduced, as was the case for

animals receiving free rolipram solution. However, animals which were on rolipram solution

displayed a strong relapse within 5 days after treatment was stopped, while animals treated

with nanoparticles showed a continuous reduction in inflammation level. Furthermore, the

rate of central nervous system adverse effects usually associatedwith oral rolipram treatment

was significantly reduced further supporting the depot formation and passive targeting effect
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of rolipram PLGA nanoparticles (NP).

In addition to PLGA, polycaprolactone (PCL) can be used as matrix material for rolipram

loaded nanoparticles [78]. While encapsulation efficiency is comparable for both biodegrad-

able polymers, in vitro drug release in simulated intestinal fluid containing pancreatin is faster

from PCL NP than from PLGA NP. Rolipram PCL NP released 80% of the drug after 48 hours

while PLGA NP released only 50 % after 48 hours and 80% after 7 days. A correlation to in

vivo efficacy has not been attempted so far, but the residence time of 3-5 days should favor

the PLGA rolipram formulation. Nanoparticle targeting to the inflamed intestine can not only

be applied to experimental drugs such as rolipram, but can also improve pharmacokinetics of

traditional IBD therapeutics where state-of-the-art delivery devices fail. As an example, 5-ASA

loaded PLGA nanoparticles were prepared by a modified emulsion diffusion and nanoprecip-

itation method [88]. Particles ranged from 135 to 210 nm in size but entrapment efficiency of

hydrophilic 5-ASAwas low at 1.5 to 2.5%. Particles were administered once a day either orally

or rectally to male Wistar rats suffering from acetic acid induced colitis. While nanoparticle

therapy improved the clinical disease activity score and maintained the anti-inflammatory

effect, the relevance of the results has to be questioned, as no comparison to commercial

5-ASA formulations was conducted (only the free drug solution was used as a control). The

animal model used is also less well established than the DSS or TNBS colitis models, limiting

comparability.

Several strategies have been investigated to limit premature drug release from nanopar-

ticles in the upper GI thereby reducing the risk of drug degradation and systemic absorp-

tion. As for traditional macroscopic formulations, the use of pH sensitive polymer coatings

(e.g. polymethacrylates) is a popular approach. In this regards tacrolimus (FK506) loaded

PLGA nanoparticles were prepared and entrapped within pH sensitive Eudragit P-4135F mi-

crospheres [89]. In vitro release profiles of this formulation demonstrated strongly pH depen-

dent kinetics, with drug release only occurring at pH ≥ 7.4. In-vivo testing of therapeutic effi-

cacy in a TNBS rat colitis model however showed only limited anti-inflammatory potential of

the formulation, as only some disease parameters (myeloperoxidase activity and colon/body

weight) were significantly different to those of the non-treated control. Still the nanoparticle

in microparticles system was superior to free tacrolimus solution, to non-encapsulated PLGA

tacrolimus nanoparticles and to plain tacrolimus loaded Eudragit® S100 microspheres [90].
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The overall poor performance of the nanoparticle in microparticles carrier system may be

associated with the preparation method and the high drug solubility in the organic solvents

used for PLGA particle preparation and subsequent coating to microparticles. In agreement

with this hypothesis, reduced encapsulation efficiency and accelerated in vitro release have

been reported for Eudragit® S100 coated PLGA microparticles [32].

In contrast to coatingwith Eudragit® S100,Makhlof et al. [91] blended PLGA and the pH sen-

sitive polymer (Eudragit® S100) in a 1:1 and 2:1 W/W mixture of PLGA and Eudragit® S100,

was co-precipitated to entrap budesonide as a model drug. The 1:1 ratio formulation demon-

strated good entrapment efficiency of greater than 85% and reduction in drug release was

comparatively good at pH 1.2 and pH 6.8 to 20 to 28%, respectively. Only at pH 7.4 the total

residual drug amount was released, within a 24 hour period. The enhanced degradation of

chitosan particles by colonic enterobacteria is also a useful strategy to target drug release to

the distal part of the intestine. In this regard, Crcarevska et al [92] described a one-step spray

drying process to formulate budesonide loaded chitosan-Ca-alginate microparticles coated

with Eudragit® S100. Particles coated with Eudragit® S100 showed a very low release at pH

2 and 6.8. Instead 60% of drug release occurred at pH 7.4 after 24 hours. For in vivo testing

the formulations were administered by oral gavage at a dose of 167 µg/kg/day for 5 consecu-

tive days in the form of a 1 ml suspension. Clinical activity score and colon body weight ratio

were evaluated. Their results showed significant reduction in colitis severity after application

of particles coated with Eudragit® S100 compared to both particles without coating and to

budesonide alone.

Apart from the pH sensitive nanospheres, another approach to retard the initial burst re-

lease in the upper part of GI system was proposed by Pertuit et al [93]. 5-ASA was covalently

coupled to PCL and particles were prepared by an emulsion solvent evaporation or nanopre-

cipitation method. Particles ranged in size from 200 to 330 nm. The in vitro release profile

showed a low burst release of 20% in PBS pH 6.8 in the first hour which was associated to

non-coupled 5-ASA or to immediate hydrolytic cleavage of 5-ASA-PCL on the particle surface.

Therapeutic activity was studied in the TNBS colitis model. Clinical activity score andMPO ac-

tivity revealed that 5-ASA NP administered orally at a dose of 0.5 mg/kg body weight showed

less efficiency compared to 5-ASA solution 100 mg/kg but was comparable to 30 mg/kg drug

solution, giving an approximately 60 fold increase in therapeutic efficacy.
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In contrast to coupling of drug and polymer followed by particle preparation from themod-

ified material, particles may also be pre-formed with the drug then being covalently linked to

the surface. Moulari et al [94] attached 5-ASA to the surface of porous silica nanoparticles

by a four step reaction process using a succinimide anhydride linker. Final particle size was

approximately 140 nmwith a high loading rate of 151 ± 62 mg 5-ASA per 1000 mg of silica NP,

and particles had a negative zeta-potential. The in vitro drug release profile was studied in

PBS and simulated intestinal fluid at pH 6.8. Results showed almost no release in the first 5-6

hours of release profile study in both PBS and simulated intestinal fluid. An 80% drug release

was achieved after 48 hours in simulated intestinal fluid due to cleavage of the succinimide

bridge by enzymes such as pancreatin, while no drug release was noted in PBS after 48 hours.

The release of Me5ASA after a period of 6 to 8 hours, may be explained by the high degree of

surface modification and resulting steric hindrance of enzyme access to the cleavage site. It

also may allow for a colon delivery of a maximum drug dose and help to avoid 5-ASA absorp-

tion in the upper GIT.

In addition to the aforementioned nanoparticle-based strategies, the use of liposomes,

which may also be considered as nanomedicines, have also been applied to IBD treatment.

Because of stability issues in the harsh environment of the GI tract liposomes have mostly

been applied parenterally. However, Jubeh et al [95] compared the adhesion of differently

charged liposomes to inflamed intestinal tissue vs. healthy tissue, and from this work the au-

thors concluded that anionic liposomes are useful for the topical delivery of anti-inflammatory

drugs in IBD therapy due to their high adherence to the inflamed tissue as compared to neu-

tral or cationic liposomes. The same authors [96] reported a strategy for the local delivery of

anti-oxidants in IBD which would circumvent issues related to the stability of liposomes, thus

encouraging the use of such carriers. In this work, liposomes were loaded with superoxide

dismutase, tempamine and catalase and applied rectally via enemas two times a day for three

consecutive days. TheMPO activity, thiobarbituric acid reactive species (TBARS) amounts and

colonweightwere evaluated, and itwas reported that negatively charged liposomesmitigated

the BNDS (dinitrobenzene sulfonic acid) induced colitis. Another liposomal strategy was re-

ported by Kesisoglou et al [97]. In this study, 5-ASA was encapsulated in non-phospholipid

liposomes, while 6-mercaptopurine (6-MP) was encapsulated into phospholipid liposomes.

Both were administered intraluminally to healthy rats and to rats with colitis. 5-ASA loaded
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non-phospholipid liposomes showed a reduced drug bioavailability while 6-MP loaded phos-

pholipid liposomes failed to improve local delivery.

1.2.2 Delivery of next generation IBD therapeutics

In addition to established small molecule drugs, nanoparticulate drug delivery systems also

have the ability to incorporate biologicals, the next generation of IBD therapeutics which so

far for stability reasons have been restricted to intravenous application. Encapsulation into

nanoparticles provides not only targeting to the site of the inflammation but also affords pro-

tection from the harsh gastric and intestinal environment and resolves issues related to the

half life time of labile biologicals in the systemic circulation.

Low molecular-weight heparin (LMWH) has been shown to be efficient for the therapy of

IBD when administered parentally [98, 99], but due to hemorrhagic adverse effects [100], its

use as a typical therapeutic option in the pharmacotherapy of IBD has been prevented. To

reduce this risk, Yann et al [101] proposed a local delivery strategy for LMWH to locally target

the inflamed intestinal mucosa - as heparin has a minimal tendency to cross the intestinal

mucosa, this would ultimately reduce adverse effects. In their study, heparin was loaded into

pH sensitive microspheres prepared from Eudragit p-4135 by double emulsion techniques.

To determine inflammation, colon body weight, alkaline phosphatase and myeloperoxidase

activity were assessed. Orally delivered LMWH microspheres have shown promising results

and mitigated the colitis to the same extent as rectally administered LMWH solution when

myeloperoxidase activity was quantified, moreover the orally deliveredmicrospheres and the

rectally administered solution was observed to be superior to the subcutaneously adminis-

tered LMWH solution. The bioavailability studies of LMWH from orally delivered LMWH mi-

crospheres revealed a notably low systemic availability i.e. less than 5% availability of LMWH

indicating a low potential for adverse effects.

Laroui et al [102] described a nanoparticulate system for delivery of the anti-inflammatory

tripeptide Lys-Pro-Val (KPV) which was loaded alongside the stabilizer protein BSA into (PLA)

nanospheres by a double emulsion evaporation method. To avoid premature release from

the biodegradable polymeric carrier and subsequent degradation after oral administration

the formulation was orally co-admini-stered to mice with a chitosan-alginate hydrogel. In

situ in the mouse stomach hydrogel beads are formed protecting the nanoparticles. In vitro
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studies at pH 1-3 showed no swelling or collapse of the beads ensuring stability during gastric

passage. Release of cargo started at pH 5 which can facilitate nanoparticle delivery to the

colon. An in vivo efficacy study in a DSS colitis model showed enormous benefits resulting

from oral KPV nanoparticle application. Not only was the drug intact after gastric passage,

but mucosal targeted delivery by daily gavage for 7 days increased anti-inflammatory activity

by a factor of 15,000 compared to intravenous (iv) application as quantified by histological

parameters and TNF-α and IL-1β cytokine levels.

Furthermore, the nanoparticulate delivery approach is not only restricted to peptides and

proteins butmay also be applied to (siRNA) andother nucleotidedrugs. Accordingly, TNF-α-si-

RNA was loaded into polylactide nanoparticles [103] of approximately 380 nm size and in

vitro anti-inflammatory effect and TNF-α silencing was confirmed on pre-inflamed mouse

macrophages. An in vivo study was conducted in a DSS colitis model and to ensure stabil-

ity during gastric passage the nanoparticles were co-applied with in situ forming hydrogel

beads as reported previously [102]. Indeed, tissue TNF-α levels were statistically significantly

reduced in mice treated with nanoparticle formulation. As another similar approach for the

orally delivery of siRNA, to down regulate the expression of TNF-α, the siRNAwas encapsulate

into type B gelatin nanoparticles which were then further entrapped in poly (epsilon capro-

lactone) (PCL) microspheres, in order to form nanoparticles-in-microsphere [104]. The ther-

apeutic efficacy of this carrier system was evaluated using a DSS-induced acute colitis model

following oral administration of the nanoparticles-in-microsphere delivery system. Gene si-

lencing led to down regulation of the level of TNF-α, and also suppressed the expression of

IL-1β, INF-γ and chemokines (MCP-1). A reduction in myeloperoxidase activity and an in-

crease in body weight were also noted, suggesting the clinical potential of a TNF-α loaded

nanoparticles-in-microsphere delivery system.

A rather sophisticated system for the delivery of biologics described so far is based on

thioketal nanoparticles (TKN) [105]. The novel polymer poly-(1-4 phenylenacetone dimethy-

lene thioketal) is sensitive to reactive oxygen species (ROS) but resistant to acid-base-and

protease-catalysed degradation. After loading with anti-TNF-α siRNA (by a single O/W emul-

sion method), the nanoparticles of approximately 600 nm in size were seen to accumulate

in the inflamed intestinal tissue and also were efficiently taken up by macrophages. In in-

flammation, the activated immune cells release ROS as a mediator; the thioketal is sensitive
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to ROS, meaning that the thioketal nanoparticles only release their cargo upon interaction

with ROS. Furthermore, orally applied siRNA encapsulated in β1,3-D-glucan particles [106]

was evaluated in IBD therapy, aiming to silence Map4k4, a key mediator of the inflammatory

cascade. Results showed potent gene silencing in mouse macrophages both in vitro and in

vivo at a dose of 20µg/kg, so creating a new strategy for siRNA oral delivery.

1.3 From mouse to men - translation into the clinic

A variety of IBD animal models have been used as experimental tools to better understand

disease pathogenesis, to investigate the complex interactions that may contribute to the dis-

ease and to follow up on appropriate treatment strategies. The available IBD animal models

comprise chemically induced models, adoptive transfer models and genetically modified an-

imals [107].

Chemical agents which have been used to induce IBD in animal models include acetic acid

[108], DSS [109, 110], carrageenan [111], TNBS [112, 113] and very recently sodium hydrox-

ide [114], with the DSS and TNBS models being the most commonly used. Both agents cause

destruction of the intestinal barrier. Inflammation induced by TNBS, a haptenating substance,

is more chronic due to an increase in production of IL-12 and IL-17, while the inflammation

induced by DSS is acute, with a prominent IL-4 and IL-10 cytokine response and a simulta-

neously observed decrease in TNF-α, IL-6 and IL-17 [115]. Repeated cycles of low dose DSS

application can shift the immune response to a more chronic phenotype. Regardless, epithe-

lial damage is the primary feature of both the DSS and TNBS models. In contrast, adoptive

transfermodels are based on transferring T cells or other immune cells from onemouse into a

histocompatible host. Colitis arises by disruption of T cell homeostasis. The adoptive transfer

model is responsive to a variety of treatment options and has proven immensely helpful in

understanding the T cell contribution to the pathogenesis of IBD [116].

Themost relevant IBDmodels are the genetically modified animals, as genetics are thought

to have a considerable role in the disease pathogenesis in humans. In most transgenic animal

models key genes encoding cytokines related to immune homeostasis (IL2, IL-10 and TGF β)

or signal transduction (STAT-4tg, IκBα) are knocked out or altered in expression. In contrast,

only few epithelial models can be found, such asmdr 1-deficientmice or N cadherin dominant
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negative mice [117]. In particular, IL-10 knock-out mice have been extensively studied as the

in vivo pathogenesis in such mice closely mimics human IBD, in particular with regards to

the role of T-cells and intestinal flora. In the pharmaceutical context, the IL-10 knock out

model is particularly valuable for the evaluation of IL-10 plasmid and protein delivery. The

establishment of more clearly defined clinical phenotypes and application of genetic tests in

clinical medicine would enable more accurate matching of mouse models to patients, which

will eventually lead to more appropriate therapy. In terms of monitoring the effectiveness of

therapy and classification, the identification of appropriate diagnostic biomarkers would be

of important benefit in this context [107].

Clearly, at this point in time, none of the available animal models represents the exact

pattern and complexity of the disease found in human IBD. Instead, they have to be con-

sidered a useful tool studying pathophysiological mechanisms and evaluating experimental

therapeutic strategies such as nanomedicine [118]. Testing of novel drugs and formulations

inmore than one animalmodel can strengthen the validity of the findings, as can the combina-

tion with complex in vitromodels comprised of human intestinal epithelial cells and immune

cells [119, 120].

In addition to variations in disease pathogenesis, simple physiological species difference

might impede the transfer of animal findings into men, especially with regards to different

targeting strategies [121]. pH dependent targeting is difficult to evaluate in mice, as small

and large intestinal pH is significantly lower than in humans, e.g. looking at ileal pH which is

4-4.5 in mice vs. pH 6-6.8 in men [122].

Furthermore, dimensioning has to be considered bothwith regards to total intestinal length

aswell asmucosal thickness. Clearly illustrating the impact of these physiological parameters,

Schmidt et al. [123] recently found an accumulation of microscale placebo PLGA particles of

around 2 µm in diameter in ulcerated rectal tissue of human IBD patients, while no accu-

mulation of 200 nm nanoparticles were observed. However nanoparticles were detected in

traces in the mucosa of these patients. Similarly, in another recent finding by Lautenschläger

et al. [124] also described the preferrential accumulation of peg-functionalized micro parti-

cles in the inflamed gut mucosa of a human compared to the healthy human and other for-

mulations, used in the study. However, these findings are somewhat contradictory to the

size dependent deposition study which had been conducted so far in rats and where the
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inflammation-induced accumulation was most pronounced for nano rather than micro par-

ticles [78]. Thus further species comparative studies appear necessary. The reason for this

discrepancy between themicro and nano size remains hitherto unknown and requires further

investigations. Effects observedwith nanoparticles in rather small animals are obvious but are

not easily translatable to humans, although the principle of targeting inflamedmucosal areas

by particulate carriers is essentially valid.

These differences become essential when translating nanomedicine from animals to hu-

mans as the situation in human patients is much more complex than the animal models,

therefore passive targeting alone may not be sufficient to optimize the therapeutic outcome.

Active targeting strategies looking for luminal markers of epithelial inflammation are being

discussed in literature e.g. utilizing apical expression of transferrin receptors in the inflamed

intestine [125]. Alternatively, mucus targeting could be combined with size dependent accu-

mulation e.g. in a multistage nanoparticle/microparticles-in-microsphere approach.

More in depth mechanistic studies using human patients and resected inflamed human in-

testinal tissue are needed to direct research efforts, a task which can only be undertaken in

collaborations between pharmaceutical and clinical scientists. Targeted drug delivery to the

site of action is one of the major attractions in nanomedicine. In the context of IBD therapy,

the size-dependent accumulation of nanocarriers in the inflamed tissue can be utilized to in-

crease therapeutic efficacy, reduce adverse effects and open up new delivery routes for frag-

ile (bio) molecules. Still, better understanding of the mechanism behind the inflammation-

induced accumulation phenomenon is needed to transfer this targeting concept successfully

into the clinic.

1.4 Aim of the thesis and experimental design

As discussed in detail in the introduction part of the thesis, nanoparticles have been shown

promising and encouraging approaches for the therapy of inflammatory bowel disease. The

main aim of the thesis was to design a nanoparticle based carrier system which could deliver

its cargo to the desired site, to minimize the adverse effects and to improve the therapeutic

efficacy of the loaded drug. Thus, a biodegradable and biocompatible polymer poly(lactic-co-

glycolic acid) (PLGA) was selected and nanoparticles were prepared by O/W emulsion evap-
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oration method. Budesonide from the class of glucocorticoids was chosen as a model drug

and was loaded into PLGA nanoparticles. Budesonide has a strong affinity to the corticos-

teroid receptors and the systemic bioavailability of budesonide is very low due to extensive

metabolism in the liver, thus only 10% to 15% drug reaches to systemic circulation after oral

administration. Therefore, a carrier system that could deliver budesonide directly to the tar-

get site was desirable. In addition, a pH-sensitive nanoparticle for colon-specific delivery

was also required. An ideal carrier system for colon should retard drug release at acidic pH

and allow the drug release at neutral or slightly alkaline pH. Thus, a pH-sensitive methyl-

methacrylate-copolymer (Eudragit® S100) was selected to protect budesonide loaded PLGA

nanoparticles from early drug release in the stomach. After a physicochemical characteriza-

tion, therapeutic efficacy of the designed carrier system on artificially induced colitis animal

models was also essential. In order to achieve the aimed research objectives, the rest of the

thesis was designed as follow:

� First of all budesonide loaded PLGA nanoparticles were prepared by O/W emulsion

evaporation techniques and characterized for their size, shape, drug loading and drug

release. The formulation was afterward tested on an in vitro 3D cell-culture model of

the inflamed intestinal mucosa in comparison to the Liposome formulation, developed

by Leonard et al., 2010.

� Secondly a novel Eudragit® S100 coated PLGA nanoparticles for colon targeted drug

delivery was also prepared by emulsion evaporation techniques but with a slight mod-

ification and characterized. After in vitro characterization and stability tests, in vivo

study was also evaluated in different acute and chronic colitis mice models. The results

demonstrated better therapeutic activity for coated nanoparticles as compared to the

free drug solution and uncoated nanoparticles.
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2.1 Methods of nanoparticle preparation

A variety of material such as proteins [126], polysaccharides [127, 128], natural and syn-

thetic polymers [129] can be used for the preparation of nanoparticles. The selection of ma-

trix material depends on, required size, physicochemical properties of drug, surface charge,

biodegradability, biocompatibility, toxicity, drug release from the matrix and antigenicity of

the particles [130]. Mostly nanoparticles have been prepared by three methods: (1) disper-

sion of preformedpolymer (2) polymerizationofmonomers (3) ionic gelationor co-acervation.

However, other methods which has been described in the literature for the production of

nanoparticles are supercritical fluid technology [131] and particle replication in non-wetting

templates [132].

2.1.1 Dispersion of preformed polymer

This is a commonmethod for the preparationof nanoparticles,mainly used to prepare nanopar-

ticles from a biodegradable and biocompatible polymers such as poly (lactic acid) (PLA), poly

(D,L-glycolide) (PLG), poly (D,L-lactide-co-glycolide) (PLGA) and poly (cyanoacrylate) (PCA) [72,

133–135]. This technique can be used by various ways but here only the most relevant meth-

ods are addressed.

Emulsion solvent evaporation method. This technique is based on oil in water emulsion

and mainly suitable for encapsulation of lipophilic drugs [136]. In this method, the polymer

is dissolved along with the drug in water immiscible organic solvent like dichloromethane,

chloroform, methylene chloride or ethylacetate [137]. The mixture of polymer and drug is

emulsified with an aqueous phase to form the oil in water (O/W) emulsion, containing a sur-

factant to stabilize the emulsion. The commonly used surfactants are polyvinyl alcohol (PVA)

and polysorbates in concentration range from 0.1% to 10%. After the formation of emulsion

the organic solvents can be evaporated or removed either by continuous stirring, reduced

pressure or by increase of temperature. After complete evaporation of organic solvent the

precipitation of polymer in water leads to nanoparticles. The water in oil in water (W/O/W)

emulsion is the modified form of this technique and has been used for the encapsulation of

water soluble drugs [138, 139]. In-order to produce small and monodisperse nanoparticles

high speed homogenization or ultrasonication can be used [140].
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Spontaneous emulsification or diffusionmethod. This is the modified version of the emul-

sion solvent evaporation method [141, 142]. In this method, the water miscible solvent like

acetoneormethanol alongwith thewater immiscible organic solvent like chloroformor dichlo-

romethane is used as an oil phase. Due to the spontaneous diffusion of watermiscible solvent

an interfacial turbulence is created between the two phases leading to the formation of small

sized particles. As the concentration of water soluble solvent increase, a decrease in particle

size can be achieved.

Salting out or emulsion diffusion method. The already discussed two methods require

organic solvents which are hazardous to the environment and to the physiologic system as

well [143]. Because of this safety and toxicity issues, Allemann and co-workers have de-

veloped a new method for the preparation of nanoparticles and named them salting-out

method [144]. In thismethod two types of solutions, electrolyte saturated and nonelectrolyte

saturated solution of PVA were used as a stabilizers and viscosity increasing agents.

Supercritical fluid technology. Production of nanoparticles by supercritical fluid technol-

ogy now became an attractive alternative as it is an environmentally safe and cost effective

for large scale production. The two most commonly used methods for the production of

nanoparticles by supercritical fluid technology are rapid expansion of supercritical solution

(RESS) and supercritical anti-solvent (SAS) method [134, 145].

Nanoprecipitation. The nanoprecipitation method in comparison with the other available

method is more facile, less energy consuming and widely applicable technique for nanoparti-

cle preparation. In this method, solvents should be miscible with the surfactant solution like

acetone, ethanol or mixture of these two. The polymer along with lipophilic drug are dis-

solved in the water miscible solvent and added to the non-solvent under continuous stirring.

The rapid diffusion of polymer solution in to the aqueous phase leads to the precipitation of

nanoparticles [146].

2.1.2 Polymerization of monomers

In this method, nanoparticles are prepared by polymerization of monomers. The drug can

be encapsulated either during the preparation of polymers or by adsorption after prepara-

tion of nanoparticles. Afterwards, the nanoparticles can be purified to remove the free drug

residue or access of surfactant used during the preparation by centrifugation or by flow fil-
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tration method. In another method [147] cyanoacrylate monomer and drug were dissolved

in a mixture of an oil and absolute ethanol which was then added through a needle into an

aqueous phase containing surfactant under continuous stirring and thus nanocapsules formed

spontaneously by polymerization of cyanoacrylate. Nanoparticles prepared by polymeriaza-

tion techniques are, poly (ethylcyanoacrylate) (PECA) has been used for the encapsulation

of insulin [148], poly (iosbutylcyanoacrylate) and oligonucleotide have been used for the en-

capsulation of Lipiodol [149, 150] and poly (isohexylcynoacrylate) has also been used for the

encapsulation of phthalocyanine derivatives [151].

2.1.3 Co-acervation or ionic gelation

Research has been focused now on the preparation of nanoparticles using hydrophilic poly-

mers like chitosan, sodium alginate, gelatin etc. in contrast to hydrophilic polymers. In this

context, Calvo et al have developed a method for hydrophilic chitosan nanoparticles by ionic

gelation [152, 153]. Briefly, the method involves a mixture of two aqueous phases of which

one contains chitosan and a diblock copolymer of ethylene oxide (EO) and the other contains

polyanion sodium tripolyphosphate (TPP). The basic mechanism of this method is that the

positive charged amino groups of chitosan interact with the negative charged of tripolyphos-

phate to form coacervate. Due to electrostatic interaction between the two aqueous phases

result coacervates, while ionic gelation occuring due to ionic interaction, involves the mate-

rials undergoing transition from liquid to gel at room temperature. The size of nanoparticles

prepared by this technique ranges from 200-1000 nm with positive zeta potential.

2.2 Physico-chemical characterizations of nanoparticles

The nanoparticles can be characterized on the bases of size, surface charge and morphology,

such physicochemical parameters are also important for the interaction of nanoparticles with

the biological systems. Various techniques for the analysis of size and morphology are being

in used like photon correlation spectroscopy (PCS), atomic force microscopy and electron mi-

croscopy. Another important parameter is the surface charge or zeta potential which is due

to the electrical potential at the slipping plane of a particle moving in an electrolyte solution.

The zeta potential shows charge on the surface of particles and moreover the exact value of
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zeta potential can be used to predict the stability of nanoparticles dispersion [154].

2.3 Drug release from the loaded particles

To develop a successful and potential drug delivery system, drug release from the nanopar-

ticles is one of the important parameter. Generally the rate of drug release from the matrix

systemdepends on the solubility of drug, desorptionof drug either surface boundor adsorbed

drug, drug diffusion through particle matrix, erosion or degradation of nanoparticles matrix

or a combination of diffusion and erosion of thematrix material govern release process [130].

The drug release from the nanospheres where the drug is uniformly distributed occurs ei-

ther by diffusion or by erosion of the matrix, for example, if the drug release is faster than

the erosion of the polymer used, then the release mechanisms are largely controlled by dif-

fusion, or if the nanoparticle is coated by a polymer then the drug release from the core to

release medium will also be controlled by diffusion process across the polymeric membrane.

One common release profile of ordinary polymeric nanoparticles is the rapid or immediate

release of drug. This rapid release in the first few hours of the release study which is also

termed as ‘burst' release is mainly due to the loosely attached or adsorbed drug on the sur-

face of the particle [155]. The pattern of drug release mainly depends on the method of drug

incorporation into a matrix system. For example if the drug has been loaded by incorporation

method then the system will show relative low burst release and better sustained release. In

case where the drug has been loaded into NP by adsorption method then the burst release

will be high because the drug molecules are directly in-touch with the release medium there-

fore the drug could be immediately released. Fresta et al. [156] showed that drug loaded into

NP by adsorption method, released the drug with high initial burst release up to 60% – 70%

followed by a slow release, which demonstrates that the method of drug incorporation in to

NP has a significant effect on the drug release.

Various methods have been reported for the in-vitro analysis of drug release profile which

are: (1) side-by-side diffusion cells with artificial or biological membranes; (2) dialysis bag

diffusion techniques; (3) reverse dialysis sac techniques; (4) ultracentrifugation; (5) ultra-

filtration and (6) centrifugal ultrafiltration techniques. Though the standard method which

has been reported in the United State Pharmacopeia (USP) is the dissolution test, however,
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the paddle and basket have described as standard instruments. But the problem with these

methods is the separation of nanoparticles from the release medium. Therefore two differ-

ent methods exist, one method is to separate the nanoparticles from the suspension after

sampling by centrifugation or by filtration. Second to separate nanoparticles release com-

partment from the sampling compartment by a dialysis membrane. This dialysis method has

been considered to bemore trustworthy then the centrifugation or filtrationmethod because

the released drug can equilibrate between the two compartments and the nanoparticles are

too large then the pore size of the membrane and cannot cross the membrane [157].

2.4 Biopharmaceutical aspects

In drug delivery nanoparticles as a carrier system offers promising targeting application after

administration. Nanoparticles can help in delivering of drug with poor solubility, low per-

meability or extensive first pass metabolism due to the specialized mechanism of up-take

and absorption through the gastrointestinal tract. Various techniques have been reported to

study nanoparticles up-take, bio-distribution and accumulation of nanoparticles at the target

site, however few of them are discussed as follow.

2.4.1 Cell and tissue culture

Cell culture experiments can be used for the purpose of particles toxicity and their interaction

with biological systems. Cell models have been provided an understanding about the effects

of cytokines involved and other inflammatory mediators in the initiation and progression of

the disease, apoptosis, injury and repair, necrosis and other process that may be involved in

IBD [158].

Cell models have been considered an alternativemodel to the animal models but the draw-

back with such models is that it hardly reflects the complexity of the disease and is usually

useful for single parameters. Therefore standard test are necessary to evaluate the NP toxic-

ity such as MTT and lactate dehydrogenase (LDH) assays and also determination of cytokine

response about cellular stress. The widely used cell lines in the research area of IBD are the

Caco-2 cell line - a human colorectal cancer cell line - and the murine macrophages cell line

RAW 264.7 [159]. Based on these cell lines, Tanoue et al. [160] developed an in-vitro model
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and the anti-inflammatory effects of food factors were assessed. In their system, when the

RAW264.7 cells were stimulated with lipopolysaccharide a decrease in transepithelial electri-

cal resistance (TEER) valuewas observed and an increase in TNF-α production fromRAW264.7

cells and an expression of IL-8 mRNA in Caco-2 cells. Their results showed that this model

could mimic in-vivo the gut inflammation.

Another three-dimensional coculture model has been developed by Leonard et al. [119],

basically the model has two main parts; apical compartments consist of Caco-2 cells while

the basolateral compartment consists of blood derived macrophage and dendritic cells. In

this 3-D cell model, macrophages and dendritic cells derived from peripheral blood mono-

cytes were seeded into a collagen matrix and Caco-2 cells were seeded on top of collagen

matrix and cultivated for 21 days. Afterwards, the inflammation was induced by different

proinflammatory stimuli but only IL-1β was found to be a strong stimulator for Caco-2 cells.

The system could show more complexity and information compared to the single cell model

and could be a valuable tool for the testing and development of drugs and formulation for

the therapy of IBD.

2.4.2 Nanoparticles cytotoxicity study

The research and use of nanoparticles are expanding day by day and the human exposure to

nanoparticles is also inevitable therefore nanotoxicology research is now gaining attention.

The properties of nanoparticles and their effect on human body are crucial before clinical use.

For nanoparticles it is important to know that what are the factors which can influence the

toxicity of nanoparticle so that their undesirable properties can be avoided, before moving to

the clinical arena. Different tests have been evaluated and reported [161] for the toxicity of

nanoparticle but the most relevant amongst them are Lactate dehydrogenase (LDH) andMTT

3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.

LDH is an enzyme which is normally released by damaged cells [162], thus its detection in

cells supernatant is an indicator for damaged or lysed cell. LDH oxidizes lactate to pyruvate

which then accelerates the conversion of tetrazolium salt INT to farmazan. The amount of

LDH is directly proportional to the number of damaged cell [163]. In addition, to differentiate

between the live and dead cells, the most widely used test is the MTT viability test [164].

MTT is a pale yellow dye which produces a dark-blue farmazan product only in viable cells
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because the transformation is only possible in living cells. The amount of blue farmazan can

be spectrophotometrically determined at 570 nm.

2.4.3 Nanoparticle and cell interaction

Interaction of nanoparticles with cells have been remained an important part of research in

the field of nanoparticulate drug delivery. Since the last decade the interactions of nanoparti-

cles with cell have extensively been studied. In the context of particles up take by phagocytic

cells, the physicochemical characteristic for example size and surface of particles have been

evaluated to play a vital role in their interaction with epithelial barriers [165–169]. Further-

more, size, shape and surface has been shown to be essential and the most influencing pa-

rameters regarding their interaction with cells, as the smaller size particles is often correlated

with a greater extent of up take [170–172].

Themain internalizationpathways are phagocytosis, endocytosis ormacropin-ocytosis,may

occur according to the physicochemical properties of the nanocarrier and the nature of tar-

get cells. The endocytosis may be either clathrin mediated or caveolae mediated endocyto-

sis [173]. The already mentioned pathways show different size specificities and also differ-

ent localization of the internalized particles. It has also been reported that phagocytosis and

macropinocytosis are slightly size specific and favor large size particles [165, 174], whereas

clathrin mediated endocytosis has size specificity for particles less than 200 nm and caveolae

mediated endocytosis has size specificity for less than 500 nm [175, 176]. In another study,

Lai et al. reported that particles having size less than 40 nm are internalized by a nonclathrin

and noncaveolae mediated pathway [177].

A study reported by Leonard et al [120], in their study the authors described in details the

interaction of different types of nanoparticles with inflamed and healthy cells. In their devel-

oped 3D cell cultured model, inflammation was induced by cytokine IL-1β which were then

quantified by the up regulation expression of interleukin-8 (IL-8) or TNF-α. The developed 3D

model could provide more complexity and pathophysiological changes as compared to single

cell model. The budesonide loaded PLGA and liposomes nano-formulations were afterwords

tested for therapeutic efficiency in comparison to the free drug solution. The incubation time

was 4 hours, approximate to the time in the intestine of IBD patients. Their results showed

that budesonide loaded PLGA nanoparticles showed faster recovery of the TEER value and
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superior therapeutic effects in controlling the IL-8 release in comparison to the free drug so-

lution and budesonide loaded liposomes formulation. Further, their nanoparticles deposition

study showed that budesonide loaded PLGA nanoparticles were observed in the junctional

space of the monlayer and no co-localization with immunocompetent cells was observed.
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CHAPTER 3. BUDESONIDE LOADED COATED AND UNCOATED NANOPARTICLES

3.1 Abstract

The purpose of this study was to investigate the therapeutic potential of budesonide loaded

nanocarriers for the treatment of inflammatory bowel disease (IBD). First, budesonide was

encapsulated in Poly (lactic-co-glycolic) acid (PLGA) nanoparticles by an oil in water (O/W)

emulsion technique. A second batch of the same nanoparticles was additionally coated with

a pH sensitive methyl-methacrylate-copolymer. The particle sizes of the plain and the coated

PLGA were 200 nm and 240 nm, respectively. As could be shown in vitro, the pH sensitive

coating prevented premature drug release at acidic pH and only releases the drug at neutral

to slightly alkaline pH. The efficacy of both coated and plain nanoparticle formulations was

assessed in different acute and chronic colitis mice models, also in comparison to the free

drug. It was found that the coated PLGA nanoparticles alleviated the induced colitis signifi-

cantly better than the plain particles, which were already more effective than treatment with

the same dose of the free drug. These data further corroborate the potential of polymeric

nanocarriers for targeted drug delivery to the inflamed intestinal mucosa, and that this con-

cept can still be further improved regarding the oral route of administration by implementing

pH–dependent drug release characteristics.
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3.2 Introduction

Crohn's disease (CD) and ulcerative colitis (UC) are the two main types of idiopathic inflam-

matory bowel disease (IBD) [178]. The etiology of these disorders is not yet completely un-

derstood, however, several parameters such as environmental and genetic factors have been

identified to contribute to the pathogenesis [179, 180]. The basic aim of IBD treatment is in-

duction and maintenance of remission to achieve mucosal healing [181]. The currently avail-

ablemedications such as aminosalicylates, steroids and immunosuppressants are limited [27].

Moreover, the available carrier systems until date are also inappropriate for the selective IBD

therapy [182]. An ideal system allows the delivery of adequate amounts of drug to the target

site with adequate release kinetics.

Nanoparticulate based drug delivery have shown promising and encouraging approach in

the therapy of IBD [5, 78]. Further, a study conducted on a rat in situ intestinal loop model,

evidenced that nanoparticles (100 nm) are able to penetrate throughout the submucosal

layers in comparison to the large size microparticles which mainly localized in the epithe-

lial lying [183]. Also, the new endosomolytic bioreducible poly (amido amine disulfide) based

nanoparticles have been proposed an efficient carrier for gene delivery [184–187] in the treat-

ment of IBD. On the basis of these considerations nanoparticulate drug delivery system could

be favorable for colon drug targeting in IBD.

However the oral delivery of these conventional micro or nano particles has some limita-

tions such as initial burst release or lack of pH sensitivity whichmakes it less efficient for colon

specific delivery. Additionally, biologic therapy such as anti TNF-α would greatly benefit from

targeted delivery only to the inflamedmucosa. Also, the carrier systems reported until to date

such as drug loaded nanoparticles, microparticles entrapped in enteric microparticles or ma-

trix type pH sensitive system [89, 188, 189] are usually prepared by two steps of emulsification

and solvent evaporation techniques which requires more efforts and time.

In this study, novel pH sensitive nanoparticles were prepared by single oil in water (O/W)

emulsion evaporation techniques intended for colon targeted-drug delivery in IBD. The ob-

jective of this work was to minimize the early drug release in the gastric pH and to achieve

a slow and sustained drug release in the distal part of the gastrointestinal tract (GIT) after

oral administrationwhich can be useful for colon-targeted delivery in IBD. The glucocorticoids
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budesonide served as a model drug and was entrapped in PLGA core which was enterically

coated with a methacrylate copolymer (Eudragit® S100). Budesonide has a strong affinity

for glucocorticoid receptor [190] but due to extensive metabolism by cytochrome P-450 en-

zyme, very low amount drug reaches to systemic circulation [191]. Thus a carrier system for

local delivery of budesonide was designed. As a comparison, budesonide loaded plain PLGA

nanoparticleswere also prepared by the same technique. After physical characterizations and

evaluation of the novel carrier systems, the in vivo therapeutic efficacy was studied on TNBS,

DSS and Oxazolone colitis mice models in order to strengthen the validity and effectiveness

of the coated PLGA nanoparticles in comparison to free drug solution and as well as to plain

PLGA nanoparticles.

3.3 Materials and methods

3.3.1 Preparation of plain and coated PLGA nanoparticles

Nanoparticles were prepared according to an emulsion solvents evaporation method [192].

The methodology in brief as follows: budesonide (0.2 % w/v) received from Sigma-Aldrich,

Germany, was dissolved in 5 ml of organic solvent (ethyl acetate) containing 100 mg of poly

(L-lactide-co-glycolide) (PLGA) (50:50 lactide : glycolide) provided by Evonik industries (Darm-

stadt, Germany). This solution of organic phasewas thereafter added dropwise to an aqueous

solution containing emulsifier (Poly (vinyl alcohol) (PVA, Mowiol® 4-88) MW 31000 was ob-

tained from Sigma-Aldrich, Germany) through geared pump (Gilson Minipuls, France) under

stirring. The emulsion was stirred for 2 hours at room temperature before homogenizing at

13,500 rpm for 10 minutes using an Ultra Turrax T-25 (Janke and Kunkle GmbH KG, Staufen,

Germany). To this emulsionwaterwas added and stirringwas continued at room temperature

to remove the organic solvents.

The same procedure with a slight modification was followed for coated PLGA nanoparti-

cles. For enteric coating of PLGA nanoparticles, pH sensitive methyl methacrylate copoly-

mer (Eudragit® S100) was purchased from Evonik industries (Darmstadt, Germany), (3 % w/v)

was dissolved in 3 ml of 2 % PVA solution with an addition of 5ml methanol and 2ml of 0.1

N sodium hydroxide was also used to avoid precipitation of Eudragit® S100 in the external

aqueous phase. The obtained polymeric drug solution was thereafter added drop wise to
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aqueous phase under continuous stirring. The emulsion was stirred for 30 minutes at room

temperature before sonication at 20 % amplitude for 2 minute using Probe Sonication (Bran-

son Ultrasonic Shanghai, co., Ltd. PR china).

3.3.2 Physicochemical characterization

Particle size analysis

The particles size and size distribution were determined by photon correlation spectroscopy

(PCS) using Malvern zetasizer 2000 HS (Malvern instrument, UK). Size measurement was per-

formed in triplicate at room temperature and results were expressed in mean ± standard

deviation (SD).

Scanning electron microscopy (SEM)

The external morphology of the nanoparticles was analyzed by scanning electron microscopy

(SEM). A drop of nanoparticles was spread on silicon waver fixed with sample holder for SEM

and coated afterwardswith gold using gold sputter in a high vacuumevaporator and observed

on SEM JEOL 7000 F (Tokyo, Japan).

Determination of budesonide loading in plain and coated PLGA nanoparticles

The amount of budesonide entrapped within the nanoparticles (Table 3.1) was determined

by measuring the free drug content in the supernatant after washing the nanoparticles three

timeswith distilledwater, using tangential flowapparatus. HPLC (UltiMate® 3000 fromDionex)

method was used to determine the free drug content in supernatant. A reversed phase C18

Column (4.6 X 250 mm, pore size 5µm) (Merck KGaA, Germany) was used. The mobile phase

consisted of a mixture of phosphate buffer (pH 3) and acetonitrile (60:40) delivered at a flow

rate of 1.900 ml/min. Retention time was 6 min for each sample. The method was linear (r2

= 0.9997) over a range of 20 ng/ml to 500 µg/ml. The limit of detection was 0.01µg/ml and

limit of quantification was 0.5µg/ml.

The drug content in PLGA and coated PLGA nanoparticles was determined by dissolving 5

mg of nanoparticles in 5 ml of ethyl acetate and acetone respectively. The ethyl acetate and

acetone was then evaporated and after complete evaporation of these solvents the residue

33



CHAPTER 3. BUDESONIDE LOADED COATED AND UNCOATED NANOPARTICLES

was then dissolved in 5 ml of acetonitrile and phosphate buffer (4:6) pH3 for 2 hours. The

same solutionwas then filtered through a disposable syringe filter paper (CHROMAFIL GF/PET

45/25) pore size 0.45 µm. 1ml from the clear filtratewas collected andwere analyzed onHPLC

as aforementioned.

In vitro drug release

In vitro drug release of the formulation was analyzed in simulated gastric fluid (SGF) of pH 1.2

and simulated intestinal fluid (SIF) of pH 7.4. These pH values were selected based upon the

normal variation of gastrointestinal tract (GIT) in the stomach (pH 1.5), to the colon (pH 7 to

7.8) [193]. Simulated gastric fluid (SGF) of pH 1.2 (using 0.1 N HCl and 2gm NaCl for 1 liter)

was prepared according to theUnited States Pharmacopeia (USP). Sample (5mg) of the freeze

dried PLGA or coated PLGA nanoparticles was weighted accurately and gently dispersed in 30

ml of SGF under stirring at a speed of 400 rpm and the release profile was continued for 2

hours. The pH of this medium was then changed with the addition of KH2PO4 (102 mg) and

Na2HPO4.2H2O (155 mg) to the release profile medium to get colon sink condition, further-

more, 0.01M NaOH solution was used to adjust the pH to 7.4 and the release profile study

was continued for 24 hours. 1.5 ml sample was withdrawn from the release profile medium

at pre-determined time interval and centrifuged at 24400 g for 20 minutes. Subsequently, 1

ml sample from the supernatant was quantified by HPLC method as mentioned before.

Assessment of colonic inflammation

All animals used in the study were housed under specific pathogen-free conditions and ex-

periments were performed in accordance with institutional guidelines. BALB/c mice between

8 and 12 weeks of age were obtained from the animal care facility at the University Clinic of

Erlangen. All animal experiments were carried out in accordance with the German animal

welfare act (TierSchG). Before induction of colitis all the mice were weighted and confirmed

that they are healthy. For induction of colitis the most commonly used chemical agents such

as TNBS, DSS or oxazolone was used with a modification of the previously described proto-

col citeWirtzC07. The animalwere then grouped in to four sub-groups one group ofmicewere

kept as untreated control, one was treated with free drug solution, one group were treated

with plain PLGA nanoparticles and one were treated with coated PLGA nanoparticles. Each
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treated group received orally an equal does of budesonide (dose: 0.168 mg/kg) either in the

form free drug solution or nanoparticles suspension.

In vivo imaging of mice

For in vivo imaging of colitis activity, the imaging system IVIS 100 was used, which consists of

a tight chamber equipped with a cooled CCD camera. The luminescent probe L-012 (Wako

Chemical) was dissolved in sterile H2O to a final concentration of 20 mmol. L-012 was admin-

istered intraperitoneally in a 100 μl injection volume. During in vivo imaging the mice were

immobilized upon administration of isoflurane (1.5%). Image exposure times were between

1 and 2 minutes, depending on the signal strength. Light emission from the region of inter-

est was quantified as photons/second cm2/steradian. Tissues sample were obtained from all

the treated and untreated groups and staining was done by immunohistochemical technique.

First, cryosections from colon were PFA fixed and then staining of myeloperoxidase positive

cells was done using a rat monoclonal antibody to MPO (Thermo Scientific) at a concentra-

tion of 1:100 and incubation for 10 hours at 4°C. Afterwards, slides were incubated with a Cy3

conjugated donkey-anti-rabbit secondary antibody (BioLegend), at a concentration of 1:200.

Nuclei were stained with Hoechst 33342 (Life Technologies).

Histologic analysis of colon cross sections

Colon tissues specimen were obtained from colitis mice at indicated time points and embed-

ded in cryosection which were then evaluated for mucosal architectural changes, inflamma-

tion, goblet cells depletion and signs of epithelial regeneration by haematoxylin and eosin

staining followed by light microscopy (Olympus IX-70). The method in brief, 4 micrometer

sections were made and stained with haematoxylin and eosin. For colitis induced by oxa-

zolone, the degree of inflammation and epithelial injury on microscopic cross sections of the

colon was graded semi quantitatively from 0 to 5 [194]. Grading of colitis activity was done in

a blinded fashion by the same pathologist. Small bowel sections were taken from the same

animals as an additional control and showed no evidence for inflammation.
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Mini-endoscopic analysis

For monitoring of colitis activity, a high resolution video endoscopic system for mice was

used [195]. The experimental endoscopy setup, denoted ‘‘Coloview system'', consisted of

a miniature endoscope (scope 1.9 mm outer diameter), a xenon light source, a triple chip

camera, and an air pump (Karl Storz, Tuttlingen, Germany) to achieve regulated inflation of

the mouse colon. The endoscopic procedure was viewed on a color monitor and digitally

recorded on tape. Prominent endoscopic signs of inflammation in mice were abrogation of

the normal vascular pattern, the presence of mucosal granularity and the appearance of ul-

cers. To determine colitis activity the mice were monitored by miniendoscopy at indicated

time points and murine endoscopic index of colitis severity (MEICS) [196] with five parame-

ters (translucent, granularity, fibrin, vascularity and stool) was performed.

Determination of cytokine expression by qPCR

To better understand the severity and recovery of inflammation cytokines profile of a vari-

ety of markers was assessed in inflamed control and each treated groups. The treated mice

received orally the same amount of budesonide either in the form free drug solution or as

nanoparticles suspension. The quantitative real time PCR was used according to the man-

ufacturer's guideline and the up and down in expression of cytokines was measured and is

expressed as relative expression of 18 S-RNA (Fig 3.6).

Synthesis of cDNA from isolated mRNA by reverse transcription

Complementary DNA (cDNA)was synthesized after determination of RNA concentration using

the SuperscriptTM III First-Strand Synthesis SuperMix for qt-PCR (Invitrogen). The manufac-

turer's guideline was followed for preparation of reverse transcription of RNA samples and

was performed on ice. A volume equivalent to 1 μg of RNA as determined by UV spectropho-

tometric analysis was used for cDNA synthesis. Subsequently, quantitative real time PCR was

used after dilution of cDNA samples to a final volume of 100 µl.
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Quantitative analysis of cDNA by quantitative polymerase chain reaction

To determine the mRNA transcript level from the cDNA samples obtained from the large in-

testinal tissues, qualitative real time polymerase chain reaction (qPCR) was performed. The

18 s-RNA served as a control. Pre-diluted cDNA samples wasmixedwith 0.2 µMof primer pair

detecting the murine TNF-α, 18 S-RNA, IL-6, IL-4 and IFN-γ and SYBR® Green PCR master mix

followed by pipetting into an ABI prism 96-well optical reaction plate (Applied Biosystems).

The qPCR reaction was performed in the C1000 Real-Time PCR System from Biorad using the

following cycle program: 40 cycles 95 °C for 15 second and 60 °C for 1 min. comparative Ct

analysis was used and results obtained from the PCR were analyzed to determine the relative

amount of the murine TNF-α, 18 S-RNA, IL-6, IL-4 and IFN-γ.

Isolation of mRNA and real-time PCR

Total RNA was isolated from tumor and tumor free colonic tissue of mice with the RNA mi-

cro kit (Machery & Nagel) according to manufacturer´s guidelines. cDNA was subsequently

generated with Affinity Script RT Multi-Temp RT (Agilent, Stratagene Products). Quantitative

real-time PCRwas performedwith theQuantiTec SYBRGreen PCR Kit (BioRad, peqlab) in com-

bination with specific primers for IL-6, IFN-γ, IL-4 and TNF-α (Qiagen) on the iQ iCycler (Bio-

Rad,Hercules,CA). Using beta-aktin or 18 S-RNA as a reference, the relative expression level of

cytokinemRNAwas calculatedwith the following formula: relative cytokinemRNAexpression

= 2∧[ct(cytokinecontrol) – ct(cytokinetreated) + ct(18 S-RNAtreated) – ct(18 S-RNA control),

where ct is defined as the number of the cycle inwhich emission exceeds an arbitrarily defined

threshold.

Localization of coated and plain PLGA nanoparticles

Instead of budesonide the hydrophobic fluorescent marker 6-cumarin was loaded into the

coated PLGA nanoparticles to facilitate in-vivo detection after oral administration and pre-

pared by same way as aforementioned. Whereas the plain PLGA nanoparticles were made

up of fluorescence labeled PLGA polymer without budesonide. After induction of colitis both

coated and plain PLGA nanoparticles suspension were administered by oral gavage (150 µl

suspension). The mice were then euthanized after 18 h, the whole GI tract was isolated and
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for detection of nanoparticle in the GI tract, spectral fluorescence imageswere obtained using

the Maestro In Vivo Imaging System (CRI, Inc., Woburn, MA).

Statistical analysis

Statistical analysis of the in-vitro and in-vivo data was performed using SigmaPlot (SigmaPlot

software, San Jose, California) and R software environment (R Development core Team 2012).

Statistical difference between treatments (inflamed control and free budesonide, budesonide

and budesonide loaded PLGA and between budesonide loaded PLGA and budesonide loaded

coated PLGA nanoparticles groups) were determined by using A kruskal Wallis test and pair-

wise Wilcoxon test for post-hoc. P values below 0.05* were considered as statistically signifi-

cant.

3.4 Results

3.4.1 Preparation and characterization of nanoparticles

Preparation and characterization of nanoparticles Budesonide loaded plain PLGA nanoparti-

cles were prepared by O/W emulsion techniques [192]. For additional protection from the

acidic pH and enzymatic degradation during the gastrointestinal transit, pH sensitive coated

nanoparticles were also prepared by the same techniques with a little modification. The par-

ticles size of the plain and coated PLGA nanoparticles were 200 nm and 240 nm, respectively

(Table 3.1) with a narrow size distribution. Both, plain and coated PLGA nanoparticles showed

high drug loading (85 – 90 %) with a production yield of 88 -91 %.

The morphology of the particles was investigated by scanning electron microscopy (SEM)

(Fig 3.1). All particles displayed spherical shape and smooth surface. To analyze the coating of

the nanoparticles, the particleswere treatedwith two different organic solvents, ethyl acetate

and methanol. Ethyl acetate is a solvent for PLGA but not for the coating, whereas methanol

only dissolves the coating. SEM images of the particles recorded after solvent treatment in

comparison to untreated particles (in water) revealed that the coated nanoparticles remained

unchanged when treated with ethyl acetate due to the coating, while the plain nanoparticles

collapse and lose their initial shape. Similarly, both particles were treated with methanol
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and it was observed that the plain PLGA nanoparticles stayed unaffected while the coated

nanoparticles aggregated, once the enteric coat was dissolved.

Formulation Average particle

diameter(nm)

Polydispersity

index

Encapsulation

efficiency % (in-

direct)

Encapsulation

efficiency % (di-

rect)

coated PLGA

Nanoparticles

240±14.7 0.2±0.04 85±2.5% 88±0.30%

plain PLGA

Nanoparticles

200±10.05 0.08±0.00 90±2.0% 90±0.20%

Table 3.1: Physicochemical characterization of budesonide loaded coated and plain PLGA

nanoparticles

In vitro drug release testing was performed with both nanoparticle formulations in a pH

progression medium for 24 hours; the initial pH 1.2 was changed to pH 7.4 after 2 hours

(Fig 3.2). The plain nanoparticles showed an initial burst release followed by a slow release

once reached to a plateau and no significant effect of pH change was observed as expected.

In contrast, the coated nanoparticles exhibited a pH dependent release profile, showing a

moderate release at acidic pH which ascended into a rapid release upon pH change to 7.4.

3.4.2 Colitis models

Three well established colitis animal models (DSS, TNBS and Oxazolone) [113, 197, 198] were

selected for in vivo studies and the therapeutic efficiency of the free drug and drug loaded

nanoparticles was tested. After induction of colitis, one group of animals were kept with

inflamed mucosa for comparison while the other groups were then subjected to treatment

either with free budesonide, budesonide loaded plain PLGA nanoparticles or coated PLGA

nanoparticles.

3.4.3 Myeloperoxidase activity

Myeloperoxidase (MPO) is an endogenous enzyme in mammalian granulocytes and plays an

important role in the initiation and progression of acute and chronic inflammation. In this

study, the MPO activity was used as an index of granulocyte infiltration and was detected as

a parameter for inflamed intestinal tissue in living mice as a versatile analytical alternative to
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Figure 3.1: Scanning electron micrographs of budesonide loaded plain and coated PLGA

nanoparticles.
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Figure 3.2: In vitro release of budesonide from plain and coated nanoparticles in simulated

gastrointestinal fluid at pH 1.2 and 7.4. (mean, n = 3 ± SD)

existing methods as reported by Krawisz et al. and Xia et al. [199, 200]. Luminol (5- amino-

2,3-dihydro-1,4-phthalazine-dione), a redox-sensitive compound, was used as amarkerwhich

upon exposure to an oxidizing agent emits blue luminescence (λmax=425 nm). After injecting

luminal into the animals, they were placed in an in vivo imaging system 100 (IVIS) and bio-

luminescence signals were imaged by a charged coupled device (CCD) camera (Fig 3.3 (A)).

Detection of the bioluminescent signal confirmed the induced colitis in the inflamed control

group. In contrast, the mice either treated with free budesonide (Fig 3.3 (A) (b)) or budes-

onide loaded nanoparticles (Fig 3.3 (A) (c and d)) did not show any luminescence indicating

that the inflammation has been recovered. Furthermore, these results were then confirmed

by cryosectional study. Tissues samples were collected from all the groups for cyro-sectional

study and stained by immunohistochemical techniques (Fig 3.3 (B)). The results obtained from

the untreated group showed high extents of granulocytes and confirmed the severity of in-

flammation. However, as the study was in progress and when the treated groups were com-

pared to the control, progressive decline in the number of granulocytes were observed. The

group of animal treated with coated nanoparticles showed very low number of granulocytes

and further confirmed the better therapeutic efficiency of the coated nanoparticles.
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Figure 3.3: (A) In vivoMPO activity measurement in live mice by luminescence detection (a)

inflamed colitis as control (b) free budesonide treated (c) treated with budes-

onide loaded plain nanoparticles (d) treated with budesonide loaded coated

nanoparticles.(B) Cryosectional study by immunohistochemical techniques where

the coated nanoparticles showed low extent of granulocytes.
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3.4.4 Endoscopy and colitis score

A miniendoscopy study was performed on day 2 after induction of inflammation to check

symptoms of the inflammation in live mice [195]. The results allowedmonitoring and grading

of disease as well as scoring of colitis. The inflamedmice clearly showed symptoms of inflam-

mation with excessive mucus production and granular mucosa surface (Fig 3.4 (A)). Similarly,

endoscopy study was also done for all the treated groups. Based on these endoscopic signs

of inflammation a colitis score was developed ranging from 0 (no signs of inflammation) to

10 (severe colitis) (Fig 3.4 (B)). The results exhibited that coated PLGA nanopartilces worked

better than the plain PLGA nanoparticles or free drug solution and showed lowest score in all

colitis models.

All data were pooled for analysis by a Kruskal Wallis test for multiple comparisons and sta-

tistical significance difference (Fig 3.4 (C)). Overall, the results showed a progressive decline

in colitis score when treated with free budesonide, budesonide loaded plain and coated PLGA

nanoparticles. Furthermore, the data revealed that the group treated with free budesonide

alleviated the inflammation (*p<0.05) when compared to the inflamed control. The group of

animal treated with budesonide loaded plain PLGA nanoparticles demonstrated a decrease in

inflammation (**p<0.01) compared to the free budesonide, whereas the group treated with

coated PLGA nanoparticles showed lowest colitis score (***p<0.001) when compared to plain

PLGA nanoparticles treated group and were of statistical significant difference. Coated PLGA

nanoparticles exhibited comparatively better therapeutic activity due to their enteric coating

allowing the delivery of amaximumamount of the loaded drug to the target site without prior

lost in the stomach or other part of the gastrointestinal tract after oral administration.

3.4.5 Histological study and score

Changes in intestinal tissue histology are an important aspect to investigate feasibility and ef-

ficacy of the study upon induction of inflammation or treatment of inflammation. To evaluate

such changes occurring at the histological level, haematoxylin-eosin (H&E) staining on tissue

sections of the mice intestine was performed (Fig 3.5 (A)). All tissues specimens exhibited

comparable histological features in all groups, however for the sake of space only one image

of one animal per group is shown as a representative. The healthy control group showed nor-
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Figure 3.4: (A) high resolution miniendoscopy of healthy control, untreated inflamed and

treated groups. (B) colitis score of all the three different animal models after treat-

ment with free budesonide and budesonide loaded nanoparticles in comparison

with the inflamed group (C) pooled data of all untreated and treated groups for

statistical significance (p < 0.01 = **, p < 0.001 = ***).
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mal colon histologywithout any signs of abnormal tissues architecture or disruption of tissues

morphology. In contrast, tissues samples from the inflamed untreated groups exhibited clear

signs of inflammation including goblet cells depletion, disruption and irregular mucosal struc-

ture. As the study progressed and animal treatment with formulations was continued the

inflammation subsided substantially. Tissues section from the coated nanoparticles treated

group demonstrated morphological tissue structure resembling that of healthy tissue indi-

cating signs of epithelial cells restoration. These findings could be confirmed by histological

scoring of the tissue sections as shown in (Fig 3.5 (B)). In the group treated with coated PLGA

nanoparticles, the inflammation significantly alleviated (***p < 0.001) and the animals exhib-

ited the lowest score compared to the other two treated groupswhich can potentially indicate

the safe and effective delivery of the drug by coated nanoparticles.

3.4.6 Pro-inflammatory cytokines profile

As in IBD cytokines level are elevated, the expression profile of pro-inflammatory cytokines

(TNF-α, IL-6, IL-1β and IFN-γ) in both treated and in inflamed control was measured by qPCR

(Fig 3.6). All animals suffering from colitis in this study exhibited elevated levels of cytokines

compared to the control group. Overall, the level of proinflammatory cytokines was substan-

tially decreased in the treated groups when compared to the untreated colitis group. Fur-

ther, the difference between the treated groups was not statistically significant. However,

the group of animal treated with coated PLGA nanoparticles showed lowest concentration of

proinflammatory cytokines in comparison to the other treated groups.

TNF-α has been considered a key mediator of inflammation and shares many proinflamma-

tory activity therefore it was essential to evaluate the expression of TNF-α in colitis control

and treated groups. The colitis control group showed highest level of TNF-α expression while

the groups of animal treated with free budesonide, plain and coated PLGA nanoparticles ex-

hibited downregulation in expression as shown in (Fig 3.6 (A)) The obtained results exhibited

that the coated nanoparticles showed a statically significant difference (p < 0.01) when com-

pared to the colitis control whereas the plain PLGA showed a statically significant difference

(p < 0.05), while the difference between the free budesonide treated group and untreated

group was statistically not significant.

The effect of interleukin-6 (IL-6) expression was also measured for all the groups and it was
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Figure 3.5: (A) Haematoxylin-eosin staining of the colon tissues isolated from healthy control,

inflamed control and treated animals. Images of tissues cryosections obtained on

day 2 of the experiment are shown with 100x magnification (B) Histological Score

of the 4 groups. Each group consisted of 3 mice, only the coated PLGA nanopar-

ticles showed a statistically significant difference (p < 0.05 = *, p < 0.01 = **, = p

<0.001 = ***) compared to the inflamed control.
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observed that concentration of IL-6 was decreased gradually, when treated with free drug,

plain PLGA and coated PLGA nanoparticles (Fig 3.6 (B)). However, the effect of coated PLGA

nanoparticles on downregulation of IL-6 expressionwas statistically significant (p < 0.001) and

exhibited the lowest IL-6 level amongst the treated groups. Similarly, it was also important

to measure the expression level of IL-1β in both treated and inflamed groups. In this study it

was observed that the level of IL-1β was up-regulated in inflamed control whereas in treated

groups the expression of IL-1β considerably decreased (Fig 3.6 (C)). Further, we observed a

statistically significant difference with a p value of 0.05, 0.01 and 0.001 for free budesonide

drug solution, plain PLGA nanoparticles and coated PLGA nanoparticles, respectively.

The expression of interferon gamma (IFN-γ) was also evaluated in this study and observed

a statistically significant difference. In contrast to colitis control the treated groups showed

a 3.5, 4 and 6 fold downregulation in expression for free budesonide drug solution, plain

PLGA nanoparticles and coated PLGA nanoparticles, respectively (Fig 3.6 (D)). Apart from the

proinflammatory cytokines, interleukin-4 (IL-4) level was also measured. As it has been inves-

tigated that IL-4 is contra-inflammatory cytokines which limits monocytes and macrophages

activation while there level is impaired in IBD citeRuckert96. In this study the colitis control

group showed lowest level of IL-4 as was expected, while in the treated groups an increase in

IL-4 level was observed. Though the difference between the treatment groups was not sta-

tistically significant for IL-4, however the coated PLGA nanoparticles showed highest level of

expression (Fig 3.6 (E)).

3.4.7 Localization of coated and plain PLGA nanoparticles

To investigate the localization of coated and plain PLGA nanoparticles in the colon of healthy

and inflamed groups, Maestro In Vivo Imaging System (CRI, Inc., Woburn, MA, USA) was used.

Mice of all groups received an equal dose of nanoparticles by oral gavage. The study showed

that in healthy mouse the nanoparticles are spread in the whole gastrointestinal (GI) tract

while in case of inflamed mouse the particles are more abundant in the colon at the site of

inflammation (Fig 3.7 (A)) as compared to the upper part of GI tract. This finding was further

confirmed by cryo sectional study (Fig 3.7 (B)) for which confocal laser scanning microscopy

(Carl Zeiss) was used. The results showed that the coated nanoparticles were found com-

paratively in higher quantities at the site of inflammation than the plain PLGA nanoparticles,

47



CHAPTER 3. BUDESONIDE LOADED COATED AND UNCOATED NANOPARTICLES

 

IL -6

R
e
la

ti
v
e
 e

x
p

re
s
s
io

n
 o

f 
IL

-6
 V

s
. 

1
8
S

-R
N

A

0

10

20

80

100

120
***

***

**

TNF Alpha

R
e

la
ti

v
e
 e

x
p

re
s

s
io

n
 o

f 
T

N
F

- 
V

s
. 

1
8

S
-R

N
A

0

5

10

15

20

25

30

35

*

*

*

IL-1 beta

R
e

la
ti

v
e

 e
x

p
re

s
s

io
n

 o
f 

IL
-1

 b
e

ta
 V

s
. 

1
8

 S
-R

N
A

0

20

40

60

80

100

***
**

**

IL-4

R
e
la

ti
v
e
 e

x
p

re
s

s
io

n
 o

f 
IL

-4
 V

s
. 

1
8
S

-R
N

A

0

1

2

3

4

5

6

7

IFN gamma

R
e
la

ti
v
e
 e

x
p

re
s

s
io

n
 o

f 
IF

N
-

 v
s
. 

1
8
S

-R
N

A

0

2

4

6

8

10

12

14

16

18

*
**

***

Inflamed control 

free budesonide solution 

plain PLGA nanoparticles 

coated PLGA nanoparticles 

A B 

C D E 

Figure 3.6: Average values of cytokines expression in inflamed colitis groups and treated

groups. (A) tumor necrosis factor alpha (TNF-α) (B) interlukin-6 (IL-6) (C) Inter-

leukin 1 beta (IL-β) (D) Interferon gamma (IFN-γ) (E) interlukin-4 (IL-4). Statistical
comparison was performed on data set of inflamed control vs. free budesonide

solution and coated and plain PLGA nanoparticle (p < 0.05 = *, p < 0.01 = **, p <

0.001 = ***)
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which further support the hypothesis that small sized particles can accumulate to a greater

extent at the site of inflammation.

3.5 Blood Glucose Level

Since the locally acting glucocorticoid budesonide can enhance the intestinal sugar uptake

and transport function of the intestine [201]. Therefore blood glucose level was also consid-

ered an important parameter for this study. As the obtained results in this studies showed

that coated particles have the potency to delivery maximum amount of drug to the target

site. Consequently a comparably high glucose level was expected from the coated particles

to further confirm the specific target efficiency of the formulation at the site of inflammation

(Fig 3.8). Mice of all groups were treated with an equal does of budesonide and Accu-chek

performa test strips was used to measure the blood glucose level. The results showed a pro-

gressive raise in the glucose level when the treated groups were compared to the untreated

control. However, the group of mice treated with coated nanoparticles showed significantly

high level of glucose as compared to the plain nanoparticles and free drug solution treated

groups.

3.6 Discussion

In a previous study we showed that budesonide loaded plain PLGA nanoparticles exhibited

improved therapeutic efficiency compared to other carriers, but due to lack of pH sensitivity

such carrier system is less efficient for oral delivery [120]. Therefore an enteric coating was

desirable to enhance the selective and maximum delivery of drug to the target site.

In this study, novel coated PLGA nanoparticles were designed for local IBD treatment, which

combines the positive aspects of pH sensitive and sustained drug release. The basic aim of

such combination was to minimize the early drug release in the upper part of the GIT by

using an enteric polymer coating. Results obtained from the in vitro stability and drug release

kinetics supported our hypothesis that, in contrast to the plain PLGAnanoparticles, the coated

PLGA nanoparticles minimized the initial burst release at acidic pH and released the drug at

neutral to slightly alkaline pH (Fig 3.2). However, the initial ∼18 % drug released at acidic
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Figure 3.7: (A) In vivo localization of coated and plain nanoparticles in healthy control and

inflamed control group. Negative control received no treatment. The red color

shows 6-cumarin loaded coated nanoparticles while the green color is due to the

fluorescence labeled plain PLGA nanoparticles. (B) cryosectional study showed

the location of nanoparticles in healthy and inflamed mice.
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Figure 3.8: Blood glucose level of the animal treated with free budesonide solution, plain

PLGA and coated PLGA nanoparticles (p < 0.01 = **).

pH from the coated PLGA nanoparticles might be due to the drug molecules which are not

completely encapsulated in the coat shell but are on the surface of the particles. Besides, the

coated formulation represents a stable and effective drug carrier system for colon delivery.

Such carrier system which holds the initial burst release eventually minimizes adverse effects

of the drug loaded and facilitates localize treatment via oral administration.

In all treated groups regardless of colitis model, treatment with coated PLGA nanoparticles

significantly alleviated the induced colitis and moreover, general appearance of the coated

PLGA nanoparticles treated group was much closer to the healthy mice group with no sever

signs of inflammation as opposed to the remaining treated groups (Fig 3.4 (A)). From our

in vivo study it was observed that the group of mice treated with free budesonide ame-

liorates the induced inflammation but did not completely recover and in some cases some

signs of inflammation were observed. This might be due to extensive hepatic metabolism of

budesonide before reaching to systemic circulation [202–205]. Mice treatedwith budesonide

loaded PLGA and pH sensitive formulations significantly alleviated the induced colitis indi-

cating superior therapeutic efficiency over free budesonide. Furthermore, when the coated

PLGA nanoparticles were compared to the plain PLGA nanoparticles, in all cases it was ob-

served that coated particles exhibited better therapeutic efficiency and the difference was
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statistically significant.

For evaluationof therapeutic efficiency, thewill established colitismodels such asDSS, TNBS

and oxazolone was used. The purpose was to test the novel nano-formulation on both, acute

and chronic colitis animal models, because of pathophysiological differences such as clini-

cal signs and immunological responses which exist in colitis models are differ from model to

model [206]. Also it has been noted that TNBS induced colitis has similar histologic features to

Crohn's diseasewhile DSS induced colitis resembles to ulcerative colitis [207]. Therefore, such

a comparative study was essential and interestingly it was observed from endoscopy, histo-

logic study and cytokine profile that regardless of colitismodel the formulation showed better

therapeutic efficiency as compared to the free budesonide. Furthermore, the therapeutic ef-

ficiency of coated PLGA nanoparticles was comparatively better throughout in the study. The

animal suffering from the induced colitis showed clear signs of inflammation and excessive

mucus production as observed by mini-endoscopy (Fig 3.4 (A)) and irregular tissue architec-

ture as observed by histological study (Fig 3.5 (A)). However, the treated groups resulted in

alleviation of inflammation and showed signs of regeneration compared to the colitis-bearing

groups.

On day 6 of the treatment, micewere euthanized and the colonswere isolated for cytokines

study as the activation of innate immune cells such as macrophages, monocytes and differ-

entiated T cells in active inflamed area leads to the secretion of pro-inflammatory cytokines

such as TNF-α. TNF-α exerts its proinflammatory effects through increased production of

IL-1β and IL-6 [208]. Thus quantification of pro-inflammatory cytokines was essential and

measured by qPCR. The results showed a significant downregulation of TNF-α, IL-6, IL-1β and

IFN-γ expression. Both, the budesonide drug and budesonide loaded nanoparticles, alleviate

the inflammation but the efficacy of coated PLGA nanoparticles was statistically significant in

the study (Fig 3.6). Since budesonide has an effect on the suppression of TNF-α [209] but this

better therapeutic effect could be attributed only to specific delivery of drug to site of action.

The coated PLGA nanoparticles also significantly down-regulated the expression of IL-1β and

showed better therapeutic efficacy as compared to other treated groups. Moreover, reduc-

tion in the expression of IFN-γ was also significant for coated PLGA nanoparticles in compari-

son to the other treated groups. In contrast to pro-inflammatory cytokines, anti-inflammatory

cytokines such as IL-4 were also studied. IL-4 has immune-regulatory and anti-inflammatory
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effect and plays important role in mucosal immunology [210] also level of IL-4 and IL-4 mRNA

were found to be reduced in IBD [211]. Thus, after treatment up-regulation in the expression

of IL-4 was observed as expected. Again, the group treated with coated PLGA nanoparticles

showed better efficacy and comparatively high expression of IL-4.

Moreover, it has been investigated that nano-sized particles can preferentially accumulate

in inflamed tissues and thus avoid rapid elimination by diarrhea [78]. In this study similar

results were observed as reported in (Fig 3.7 (A and B)) and confirmed that the decrease in

particle size increases the residence time. In healthy mice, it was observed that both plain

and coated nanoparticles are dispersed in the whole GI tract while in inflamed mice the par-

ticles were found to a greater extent at the site of inflammation, highlighting the importance

of particle size on colon targeting and indicating potential application of nanoparticles in the

treatment of IBD. For further elucidation of local delivery, blood glucose level study was also

evaluated to further confirm the site specific delivery of budesonide (Fig 3.8). The basic pur-

pose of this study was to investigate the local action of budesonide on glucose up-take in

mice with inflamed mucosa. A study reported by [201], described in detail that locally acting

glucocorticoid enhances intestinal sugar up take. In their study the authors concluded that

budesonide in comparison to prednisolone highly increased the blood glucose level. Similar to

this study we also found a progressive increase in the blood glucose level after treatment with

free budesonide; budesonide loaded plain PLGA and coated PLGA nanoparticles, respectively.

Further, the animal treated with budesonide loaded coated nanoparticles showed highest

blood glucose level as compared to the other two treated groups. This observation further

supported the potential of coated nanoparticles and activity of entrapped drug over the free

drug as well as over the plain PLGA nanoparticles.

3.7 Conclusion

The study exhibited that nanoparticles are better in the therapeutic efficiency than the free

drug solution. Moreover, the nanoparticulate based drug delivery system can be further be

improved by implement pH sensitive release characteristics as observed in this study. How-

ever further clinical studies and investigations are required to translate nanoparticulate car-

rier system and their associated advantages from laboratory into the clinic.
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4.1 Summary and future perspective

It has been extensively demonstrated in published literature that nanoparticle-based drug

delivery systems exhibit several advantages for the selective and safe treatment of IBD as

compared to the available conventional therapy. In particular, the demonstrated accumula-

tion of nanoparticles in inflamed mucosa shows great potential as the basis for targeted drug

delivery for the therapy of IBD. Considering the importance of nanoparticles in the treatment

of IBD, the aim of this study was to develop an oral nanoparticulate carrier system for the

local delivery of budesonide for the treatment of IBD.

In this study, uncoated PLGA nanoparticles and Eudragit® S100 coated PLGA nanoparticles

both loaded with budesonide were prepared by a modified emulsion evaporation technique.

The particles were characterized and tested for stability before analysing their therapeutic

efficacy both in vitro and in vivo. As a first step, the therapeutic efficacy of budesonide-

loaded uncoated PLGA nanoparticles was tested in a 3D cell culture model mimicking the

intestinal barrier in a state of inflammation. The obtained results showed that PLGA nanopar-

ticles were superior in controlling the inflammation as compared to free budesonide and a

budesonide-loaded liposome formulation, due to the formation of a drug depot. Further, the

results demonstrated that application of the budesonide loaded PLGA nanoparticles resulted

in a significantly greater down-regulation of expression of IL-8 compared to the free drug or

budesonide-loaded liposomes.

In agreement with the obtained in vitro results, it could be shown that administration of

both, uncoated andEudragit® S100 coatedPLGAnanoparticles to animalswith experimentally-

induced colitis led to a significant recovery of induced inflammation. Application of free

budesonide was also shown to be effective, but to a lesser extent than budesonide delivered

in uncoated or Eudragit® S100 coated PLGA nanoparticles. Comparison of the two nanopar-

ticle formulations showed that the therapeutic efficacy of coated PLGA nanoparticles was

superior to that of uncoated PLGA nanoparticles. This better therapeutic efficacy may be due

to the enteric coat provided by the Eudragit® S100, which was shown in the current work to

significantly retard the initial burst release of budesonide at acidic pH. Prevention of release

of drug in an acid environment could be expected to result in delivery of a maximum amount

of drug to the target site of the colon after oral administration.
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In short, the studies conducted in this thesis describe the potency of nanoparticulate drug

delivery systems for the treatment of IBD. Specifically, the studies illustrated that nanoparti-

cles are an efficient carrier system for the safe and effective targeted delivery of budesonide

for IBD treatment and can be used to achieve pH-dependent drug release characteristics. The

obtained results in this study provide a background for basic understanding of nanoparticles

and their significant role in the therapy of IBD.

As a future perspective, further investigations for clinically viable nano-carriers are essen-

tial. Also, based on these investigations, further clinical studies on human patients are re-

quired in order to achieve translation of nanoparticle-based therapeutics and their associated

advantages from the laboratory into the clinic.

56



Chapter 5

Bibliography

[1] K. A. Head and J. S. Jurenka. Inflammatory bowel disease part 1: ulcerative colitis–

pathophysiology and conventional and alternative treatment options. Altern Med Rev,

8(3):247–83, 2003.

[2] T. Gramlich and R. E. Petras. Pathology of inflammatory bowel disease. Semin Pediatr

Surg, 16(3):154–63, 2007.

[3] G. Fiorino, W. Fries, S. A. De La Rue, A. C. Malesci, A. Repici, and S. Danese. New drug

delivery systems in inflammatory bowel disease: Mmx and tailored delivery to the gut.

Curr Med Chem, 17(17):1851–7, 2010.

[4] D. K. Podolsky. Inflammatory bowel disease. N Engl J Med, 347(6):417–29, 2002.

[5] Y. Meissner and A. Lamprecht. Alternative drug delivery approaches for the therapy of

inflammatory bowel disease. J Pharm Sci, 97(8):2878–91, 2008.

[6] Y. Ogura, D. K. Bonen, N. Inohara, D. L. Nicolae, F. F. Chen, R. Ramos, H. Britton, T.Moran,

R. Karaliuskas, R. H. Duerr, J. P. Achkar, S. R. Brant, T. M. Bayless, B. S. Kirschner, S. B.

Hanauer, G. Nunez, and J. H. Cho. A frameshift mutation in nod2 associated with sus-

ceptibility to crohn's disease. Nature, 411(6837):603–6, 2001.

[7] Y. Ogura, N. Inohara, A. Benito, F. F. Chen, S. Yamaoka, andG.Nunez. Nod2, a nod1/apaf-

1 family member that is restricted to monocytes and activates nf-kappab. J Biol Chem,

276(7):4812–8, 2001.

57



CHAPTER 5. BIBLIOGRAPHY

[8] I. Koutroubakis, O. N. Manousos, S. G. Meuwissen, and A. S. Pena. Environmental risk

factors in inflammatory bowel disease. Hepatogastroenterology, 43(8):381–93, 1996.

[9] P. L. Lakatos. Recent trends in the epidemiology of inflammatory bowel diseases: up

or down? World J Gastroenterol, 12(38):6102–8, 2006.

[10] J. H. Kurata, S. Kantor-Fish, H. Frankl, P. Godby, and C. M. Vadheim. Crohn's disease

among ethnic groups in a large health maintenance organization. Gastroenterology,

102(6):1940–8, 1992.

[11] Jr. Loftus, E. V. Clinical epidemiology of inflammatory bowel disease: Incidence, preva-

lence, and environmental influences. Gastroenterology, 126(6):1504–17, 2004.

[12] D. C. Baumgart and S. R. Carding. Inflammatory bowel disease: cause and immunobi-

ology. Lancet, 369(9573):1627–40, 2007.

[13] E. J. Irvine and J. K. Marshall. Increased intestinal permeability precedes the onset of

crohn's disease in a subject with familial risk. Gastroenterology, 119(6):1740–4, 2000.

[14] J. D. Soderholm, G. Olaison, K. H. Peterson, L. E. Franzen, T. Lindmark, M. Wiren,

C. Tagesson, and R. Sjodahl. Augmented increase in tight junction permeability by lu-

minal stimuli in the non-inflamed ileum of crohn's disease. Gut, 50(3):307–13, 2002.

[15] F. Heller, P. Florian, C. Bojarski, J. Richter,M. Christ, B. Hillenbrand, J.Mankertz, A. H. Git-

ter, N. Burgel, M. Fromm,M. Zeitz, I. Fuss, W. Strober, and J. D. Schulzke. Interleukin-13

is the key effector th2 cytokine in ulcerative colitis that affects epithelial tight junctions,

apoptosis, and cell restitution. Gastroenterology, 129(2):550–64, 2005.

[16] F. Pallone and G.Monteleone. Interleukin 12 and th1 responses in inflammatory bowel

disease. Gut, 43(6):735–6, 1998.

[17] F. Shanahan. Crohn's disease. Lancet, 359(9300):62–9, 2002.

[18] M. Boirivant, M. Marini, G. Di Felice, A. M. Pronio, C. Montesani, R. Tersigni, and

W. Strober. Lamina propria t cells in crohn's disease and other gastrointestinal

inflammation show defective cd2 pathway-induced apoptosis. Gastroenterology,

116(3):557–65, 1999.

58



CHAPTER 5. BIBLIOGRAPHY

[19] R. Modigliani, J. Y. Mary, J. F. Simon, A. Cortot, J. C. Soule, J. P. Gendre, and E. Rene.

Clinical, biological, and endoscopic picture of attacks of crohn's disease. evolution on

prednisolone. groupe d'etude therapeutique des affections inflammatoires digestives.

Gastroenterology, 98(4):811–8, 1990.

[20] M. J. Wagtmans, H. W. Verspaget, C. B. H. W. Lamers, and R. A. Hogezand. Gender-

related differences in the clinical course of crohn's disease. Am J Gastroenterol,

96(5):1541–1546, 2001.

[21] M. J. Carter, A. J. Lobo, and S. P. Travis. Guidelines for themanagement of inflammatory

bowel disease in adults. Gut, 53 Suppl 5:V1–16, 2004.

[22] A. Kornbluth and D. B. Sachar. Ulcerative colitis practice guidelines in adults (update):

American college of gastroenterology, practice parameters committee. Am J Gastroen-

terol, 99(7):1371–85, 2004.

[23] W. J. Sandborn and S. B. Hanauer. Systematic review: the pharmacokinetic profiles of

oral mesalazine formulations and mesalazine pro-drugs used in the management of

ulcerative colitis. Aliment Pharmacol Ther, 17(1):29–42, 2003.

[24] U. Klotz and M. Schwab. Topical delivery of therapeutic agents in the treatment of

inflammatory bowel disease. Adv Drug Deliv Rev, 57(2):267–279, 2005.

[25] D. H. Winship, R. W. Summers, J. W. Singleton, W. R. Best, J. M. Becktel, L. F. Lenk, and

Jr. Kern, F. National cooperative crohn's disease study: study design and conduct of the

study. Gastroenterology, 77(4 Pt 2):829–42, 1979.

[26] H. Malchow, K. Ewe, J. W. Brandes, H. Goebell, H. Ehms, H. Sommer, and H. Jesdin-

sky. European cooperative crohn's disease study (eccds): results of drug treatment.

Gastroenterology, 86(2):249–66, 1984.

[27] G. R. Lichtenstein, M. T. Sbreu, R. Cohen, and W. Tremaine. [american gastroentero-

logical association institute technical review on corticosteroids, immunomodulators,

and infliximab in inflammatory bowel disease]. Rev Gastroenterol Mex, 71(3):351–401,

2006.

59



CHAPTER 5. BIBLIOGRAPHY

[28] A. Angeli, R. G. Masera, M. L. Sartori, N. Fortunati, S. Racca, A. Dovio, A. Staurenghi,

and R. Frairia. Modulation by cytokines of glucocorticoid action. Ann N Y Acad Sci,

876:210–20, 1999.

[29] Jr. Faubion, W. A., Jr. Loftus, E. V., W. S. Harmsen, A. R. Zinsmeister, and W. J. Sand-

born. The natural history of corticosteroid therapy for inflammatory bowel disease: a

population-based study. Gastroenterology, 121(2):255–60, 2001.

[30] G. T. Ho, P. Chiam, H. Drummond, J. Loane, I. D. Arnott, and J. Satsangi. The efficacy of

corticosteroid therapy in inflammatory bowel disease: analysis of a 5-year uk inception

cohort. Aliment Pharmacol Ther, 24(2):319–30, 2006.

[31] A. Ryrfeldt, P. Andersson, S. Edsbacker, M. Tonnesson, D. Davies, and R. Pauwels. Phar-

macokinetics and metabolism of budesonide, a selective glucocorticoid. Eur J Respir

Dis Suppl, 122:86–95, 1982.

[32] Y. Krishnamachari, P. Madan, and S. Lin. Development of ph- and time-dependent

oral microparticles to optimize budesonide delivery to ileum and colon. Int J Pharm,

338(1-2):238–47, 2007.

[33] S. Ardizzone, G. Maconi, A. Russo, V. Imbesi, E. Colombo, and G. Bianchi Porro. Ran-

domised controlled trial of azathioprine and 5-aminosalicylic acid for treatment of

steroid dependent ulcerative colitis. Gut, 55(1):47–53, 2006.

[34] D. C. Baumgart and W. J. Sandborn. Inflammatory bowel disease: clinical aspects and

established and evolving therapies. Lancet, 369(9573):1641–57, 2007.

[35] C. Robert and T. S. Kupper. Inflammatory skin diseases, t cells, and immune surveillance.

N Engl J Med, 341(24):1817–28, 1999.

[36] J. A. Baugh and R. Bucala. Mechanisms for modulating tnf alpha in immune and inflam-

matory disease. Curr Opin Drug Discov Devel, 4(5):635–50, 2001.

[37] J. M. Jackson. Tnf- alpha inhibitors. Dermatol Ther, 20(4):251–64, 2007.

60



CHAPTER 5. BIBLIOGRAPHY

[38] C. P. Braegger, S. Nicholls, S. H. Murch, S. Stephens, and T. T. MacDonald. Tu-

mour necrosis factor alpha in stool as a marker of intestinal inflammation. Lancet,

339(8785):89–91, 1992.

[39] J. Brynskov, O. H. Nielsen, I. Ahnfelt-Ronne, and K. Bendtzen. Cytokines (immunoinflam-

matory hormones) and their natural regulation in inflammatory bowel disease (crohn's

disease and ulcerative colitis): a review. Dig Dis, 12(5):290–304, 1994.

[40] M. Feldmann, F.M. Brennan, and R. N.Maini. Rheumatoid arthritis. Cell, 85(3):307–10,

1996.

[41] S. J. Van Deventer. Tumour necrosis factor and crohn's disease. Gut, 40(4):443–8, 1997.

[42] D.M. Knight, H. Trinh, J. Le, S. Siegel, D. Shealy,M.McDonough, B. Scallon,M. A.Moore,

J. Vilcek, P. Daddona, and et al. Construction and initial characterization of a mouse-

human chimeric anti-tnf antibody. Mol Immunol, 30(16):1443–1453, 1993.

[43] B. J. Scallon, M. A. Moore, H. Trinh, D. M. Knight, and J. Ghrayeb. Chimeric anti-tnf-α

monoclonal antibody ca2 binds recombinant transmembrane tnf-α and activates im-

mune effector functions. Cytokine, 7(3):251–9, 1995.

[44] H. M. van Dullemen, S. J. van Deventer, D. W. Hommes, H. A. Bijl, J. Jansen, G. N. Tytgat,

and J. Woody. Treatment of crohn's disease with anti-tumor necrosis factor chimeric

monoclonal antibody (ca2). Gastroenterology, 109(1):129–35, 1995.

[45] S. J. van Deventer and L. Camoglio. Monoclonal antibody therapy of inflammatory

bowel disease. Aliment Pharmacol Ther, 10 Suppl 2:107–11; discussion 112, 1996.

[46] S. R. Targan, S. B. Hanauer, S. J. van Deventer, L. Mayer, D. H. Present, T. Braakman, K. L.

DeWoody, T. F. Schaible, and P. J. Rutgeerts. A short-term study of chimeric monoclonal

antibody ca2 to tumor necrosis factor alpha for crohn's disease. crohn's disease ca2

study group. N Engl J Med, 337(15):1029–35, 1997.

[47] A. Oussalah, L. Evesque, D. Laharie, X. Roblin, G. Boschetti, S. Nancey, J. Filippi,

B. Flourie, X. Hebuterne, M. A. Bigard, and L. Peyrin-Biroulet. A multicenter experience

with infliximab for ulcerative colitis: outcomes and predictors of response, optimiza-

tion, colectomy, and hospitalization. Am J Gastroenterol, 105(12):2617–25, 2010.

61



CHAPTER 5. BIBLIOGRAPHY

[48] S. A. Siegel, D. J. Shealy, M. T. Nakada, J. Le, D. S. Woulfe, L. Probert, G. Kollias,

J. Ghrayeb, J. Vilcek, and P. E. Daddona. The mouse/human chimeric monoclonal an-

tibody ca2 neutralizes tnf in vitro and protects transgenic mice from cachexia and tnf

lethality in vivo. Cytokine, 7(1):15–25, 1995.

[49] W. J. Sandborn, B. G. Feagan, S. Stoinov, P. J. Honiball, P. Rutgeerts, D.Mason, R. Bloom-

field, and S. Schreiber. Certolizumab pegol for the treatment of crohn's disease. N Engl

J Med, 357(3):228–38, 2007.

[50] L. Dinesen and S. Travis. Targeting nanomedicines in the treatment of crohn's disease:

focus on certolizumab pegol (cdp870). Int J Nanomedicine, 2(1):39–47, 2007.

[51] S. Schreiber, P. Rutgeerts, R. N. Fedorak, M. Khaliq-Kareemi, M. A. Kamm, M. Boivin,

C. N. Bernstein, M. Staun, O. O. Thomsen, and A. Innes. A randomized, placebo-

controlled trial of certolizumab pegol (cdp870) for treatment of crohn's disease. Gas-

troenterology, 129(3):807–18, 2005.

[52] A. Nesbitt, G. Fossati, M. Bergin, P. Stephens, S. Stephens, R. Foulkes, D. Brown,

M. Robinson, and T. Bourne. Mechanism of action of certolizumab pegol (cdp870):

in vitro comparison with other anti-tumor necrosis factor alpha agents. InflammBowel

Dis, 13(11):1323–32, 2007.

[53] S. P. Travis, E. F. Stange, M. Lemann, T. Oresland, Y. Chowers, A. Forbes, G. D'Haens,

G. Kitis, A. Cortot, C. Prantera, P. Marteau, J. F. Colombel, P. Gionchetti, Y. Bouhnik,

E. Tiret, J. Kroesen, M. Starlinger, and N. J. Mortensen. European evidence based con-

sensus on the diagnosis and management of crohn's disease: current management.

Gut, 55 Suppl 1:i16–35, 2006.

[54] A. K. Azad Khan, J. Piris, and S. C. Truelove. An experiment to determine the active

therapeutic moiety of sulphasalazine. Lancet, 2(8044):892–5, 1977.

[55] M. Campieri. New steroids and new salicylates in inflammatory bowel disease: a critical

appraisal. Gut, 50 Suppl 3:III43–6, 2002.

[56] V. R. Sinha and R. Kumria. Colonic drug delivery: prodrug approach. Pharm Res,

18(5):557–64, 2001.

62



CHAPTER 5. BIBLIOGRAPHY

[57] O. Carrette, C. Favier, C.Mizon, C. Neut, A. Cortot, J. F. Colombel, and J.Mizon. Bacterial

enzymes used for colon-specific drug delivery are decreased in active crohn's disease.

Dig Dis Sci, 40(12):2641–6, 1995.

[58] J. Fallingborg, L. A. Christensen, B. A. Jacobsen, and S. N. Rasmussen. Very low intralu-

minal colonic ph in patients with active ulcerative colitis. Dig Dis Sci, 38(11):1989–93,

1993.

[59] Y. Sasaki, R. Hada, H. Nakajima, S. Fukuda, and A. Munakata. Improved localizing

method of radiopill in measurement of entire gastrointestinal ph profiles: colonic lu-

minal ph in normal subjects and patients with crohn's disease. Am J Gastroenterol,

92(1):114–8, 1997.

[60] S. G. Nugent, D. Kumar, D. S. Rampton, and D. F. Evans. Intestinal luminal ph in in-

flammatory bowel disease: possible determinants and implications for therapy with

aminosalicylates and other drugs. Gut, 48(4):571–7, 2001.

[61] P. J. Watts, L. Barrow, K. P. Steed, C. G.Wilson, R. C. Spiller, C. D.Melia, andM. C. Davies.

The transit rate of different-sized model dosage forms through the human colon and

the effects of a lactulose-induced catharsis. International Journal of Pharmaceutics,

87(1-3):215–221, 1992.

[62] S. Urayama and E. B. Chang. Mechanisms and treatment of diarrhea in inflammatory

bowel diseases. Inflammatory Bowel Diseases, 3(2):114–131, 1997.

[63] European union scientific committee on emerging and newly identified health risk

(scenihr). In Scientific Basis for the Definition of the Term "nanomaterial", 2010.

[64] European science foundation, europeanmedical research councils (emrc), forward look

report. In Consensus Conference, 2005.

[65] Amarnath Maitra. Opinion: Does nanomedicine really belong to the field of nanotech-

nology. Technical report, 2010.

[66] R. Duncan and R. Gaspar. Nanomedicine(s) under the microscope. Molecular Pharma-

ceutics, 8(6):2101–2141, 2011.

63



CHAPTER 5. BIBLIOGRAPHY

[67] W. Ulbrich and A. Lamprecht. Targeted drug-delivery approaches by nanoparticulate

carriers in the therapy of inflammatory diseases. J R Soc Interface, 7 Suppl 1:S55–66,

2010.

[68] E. M. Collnot, H. Ali, and C. M. Lehr. Nano- and microparticulate drug carriers for tar-

geting of the inflamed intestinal mucosa. J Control Release, 161(2):235–46, 2012.

[69] F. Danhier, A. Le Breton, and V. Preat. Rgd-based strategies to target alpha(v) beta(3)

integrin in cancer therapy and diagnosis. Mol Pharm, 9(11):2961–73, 2012.

[70] J. Panyam and V. Labhasetwar. Biodegradable nanoparticles for drug and gene delivery

to cells and tissue. Advanced Drug Delivery Reviews, 64:61–71, 2012.

[71] B. Xiao and D. Merlin. Oral colon-specific therapeutic approaches toward treatment of

inflammatory bowel disease. Expert Opin Drug Deliv, 9(11):1393–407, 2012.

[72] I. Bala, S. Hariharan, and M. N. Kumar. Plga nanoparticles in drug delivery: the state of

the art. Crit Rev Ther Drug Carrier Syst, 21(5):387–422, 2004.

[73] D. B. Shenoy and M. M. Amiji. Poly(ethylene oxide)-modified poly(epsilon-

caprolactone) nanoparticles for targeted delivery of tamoxifen in breast cancer. Int

J Pharm, 293(1-2):261–70, 2005.

[74] D. Horter and J. B. Dressman. Influence of physicochemical properties on dissolution

of drugs in the gastrointestinal tract. Adv Drug Deliv Rev, 46(1-3):75–87, 2001.

[75] M. Rawat, D. Singh, S. Saraf, and S. Saraf. Nanocarriers: promising vehicle for bioactive

drugs. Biol Pharm Bull, 29(9):1790–8, 2006.

[76] M. N. Ravi Kumar, U. Bakowsky, and C. M. Lehr. Preparation and characterization of

cationic plga nanospheres as dna carriers. Biomaterials, 25(10):1771–7, 2004.

[77] A. Lamprecht. Ibd: selective nanoparticle adhesion can enhance colitis therapy. Nat

Rev Gastroenterol Hepatol, 7(6):311–2, 2010.

[78] A. Lamprecht, U. Schafer, and C. M. Lehr. Size-dependent bioadhesion of micro- and

nanoparticulate carriers to the inflamed colonic mucosa. Pharm Res, 18(6):788–93,

2001.

64



CHAPTER 5. BIBLIOGRAPHY

[79] A. M. Dvorak and G. R. Dickersin. Crohn's disease: transmission electron microscopic

studies. i. barrier function. possible changes related to alterations of cell coat, mucous

coat, epithelial cells, and paneth cells. Hum Pathol, 11(5 Suppl):561–71, 1980.

[80] S. C. Silverstein, R. M. Steinman, and Z. A. Cohn. Endocytosis. Annu Rev Biochem,

46:669–722, 1977.

[81] C. J. van Oss. Phagocytosis as a surface phenomenon. Annu Rev Microbiol, 32:19–39,

1978.

[82] M. J. DSouza and P. DeSouza. Site specific microencapsulated drug targeting strate-

gies - liver and gastro-intestinal tract targeting. Advanced Drug Delivery Reviews,

17(3):247–254, 1995.

[83] J. Mullerad, S. Cohen, D. Benharroch, and R. N. Apte. Local delivery of il-1 alpha poly-

meric microspheres for the immunotherapy of an experimental fibrosarcoma. Cancer

Investigation, 21(5):720–728, 2003.

[84] M. Kanke, R. G. Geissler, D. Powell, A. Kaplan, and P. P. DeLuca. Interaction of micro-

spheres with blood constituents. iii. macrophage phagocytosis of various types of poly-

meric drug carriers. J Parenter Sci Technol, 42(5):157–65, 1988.

[85] T. Okawa, H. Ichimal, T. Ishida, M. Kawata, S. Kaguba, K. Mamba, and T. Makita. Impli-

cation of activation of intraperitonealmacrophages with bio-degradablemicrospheres.

Cell Biol Int Rep, 13(6):547–53, 1989.

[86] F. Ahsan, I. P. Rivas, M. A. Khan, and A. I. Torres Suarez. Targeting to macrophages: role

of physicochemical properties of particulate carriers–liposomes and microspheres–on

the phagocytosis by macrophages. J Control Release, 79(1-3):29–40, 2002.

[87] A. Lamprecht, N. Ubrich, H. Yamamoto, U. Schafer, H. Takeuchi, C. M. Lehr, P. Main-

cent, and Y. Kawashima. Design of rolipram-loaded nanoparticles: comparison of two

preparation methods. J Control Release, 71(3):297–306, 2001.

[88] N. Mahajan, D. Sakarkar, A. Manmode, V. Pathak, R. Ingole, and D. Dewade. Biodegrad-

able nanoparticles for targeted delivery in treatment of ulcerative colitis. Advanced

Science Letters, 4(2):349–356, 2011.

65



CHAPTER 5. BIBLIOGRAPHY

[89] A. Lamprecht, H. Yamamoto, H. Takeuchi, and Y. Kawashima. A ph-sensitive micro-

sphere system for the colon delivery of tacrolimus containing nanoparticles. J Control

Release, 104(2):337–46, 2005.

[90] A. Lamprecht, H. Yamamoto, N. Ubrich, H. Takeuchi, P. Maincent, and Y. Kawashima.

Fk506 microparticles mitigate experimental colitis with minor renal calcineurin sup-

pression. Pharm Res, 22(2):193–9, 2005.

[91] A.Makhlof, Y. Tozuka, andH. Takeuchi. ph-sensitive nanospheres for colon-specific drug

delivery in experimentally-induced colitis rat model. Eur J Pharm Biopharm, 2009.

[92] M. S. Crcarevska, M. G. Dodov, G. Petrusevska, I. Gjorgoski, and K. Goracinova. Bioef-

ficacy of budesonide loaded crosslinked polyelectrolyte microparticles in rat model of

induced colitis. J Drug Target, 17(10):788–802, 2009.

[93] D. Pertuit, B. Moulari, T. Betz, A. Nadaradjane, D. Neumann, L. Ismaili, B. Refouvelet,

Y. Pellequer, and A. Lamprecht. 5-amino salicylic acid bound nanoparticles for the ther-

apy of inflammatory bowel disease. J Control Release, 123(3):211–8, 2007.

[94] B. Moulari, D. Pertuit, Y. Pellequer, and A. Lamprecht. The targeting of surface mod-

ified silica nanoparticles to inflamed tissue in experimental colitis. Biomaterials,

29(34):4554–60, 2008.

[95] Tareq Taha Jubeh, Yechezkel Barenholz, and Abraham Rubinstein. Differential adhesion

of normal and inflamed rat colonic mucosa by charged liposomes. Pharmaceutical

research, 21(3):447–53, 2004.

[96] T. T. Jubeh, M. Nadler-Milbauer, Y. Barenholz, and A. Rubinstein. Local treatment of

experimental colitis in the rat by negatively charged liposomes of catalase, tmn and

sod. J Drug Target, 14(3):155–63, 2006.

[97] F. Kesisoglou, S. Y. Zhou, S. Niemiec, J. W. Lee, E. M. Zimmermann, and D. Fleisher.

Liposomal formulations of inflammatory bowel disease drugs: local versus systemic

drug delivery in a rat model. Pharmaceutical Research, 22(8):1320–1330, 2005.

66



CHAPTER 5. BIBLIOGRAPHY

[98] L. Torkvist, H. Thorlacius, U. Sjoqvist, L. Bohman, A. Lapidus, L. Flood, B. Agren, J. Raud,

and R. Lofberg. Low molecular weight heparin as adjuvant therapy in active ulcerative

colitis. Aliment Pharmacol Ther, 13(10):1323–8, 1999.

[99] I. Dotan, A. Hallak, N. Arber, M. Santo, A. Alexandrowitz, Y. Knaani, R. Hershkoviz, E. Bra-

zowski, and Z. Halpern. Low-dose low-molecular weight heparin (enoxaparin) is ef-

fective as adjuvant treatment in active ulcerative colitis: an open trial. Dig Dis Sci,

46(10):2239–44, 2001.

[100] A. Papa, S. Danese, A. Gasbarrini, andG. Gasbarrini. Review article: potential therapeu-

tic applications and mechanisms of action of heparin in inflammatory bowel disease.

Aliment Pharmacol Ther, 14(11):1403–9, 2000.

[101] Y. Pellequer, Y. Meissner, N. Ubrich, and A. Lamprecht. Epithelial heparin deliv-

ery via microspheres mitigates experimental colitis in mice. J Pharmacol Exp Ther,

321(2):726–33, 2007.

[102] H. Laroui, G. Dalmasso, H. T. Nguyen, Y. Yan, S. V. Sitaraman, and D.Merlin. Drug-loaded

nanoparticles targeted to the colon with polysaccharide hydrogel reduce colitis in a

mouse model. Gastroenterology, 138(3):843–53 e1–2, 2010.

[103] H. Laroui, A. L. Theiss, Y. Yan, G. Dalmasso, H. T. Nguyen, S. V. Sitaraman, and D. Mer-

lin. Functional tnfalpha gene silencing mediated by polyethyleneimine/tnfalpha sirna

nanocomplexes in inflamed colon. Biomaterials, 32(4):1218–28, 2011.

[104] C. Kriegel and M. Amiji. Oral tnf-alpha gene silencing using a polymeric microsphere-

based delivery system for the treatment of inflammatory bowel disease. J Control Re-

lease, 150(1):77–86, 2011.

[105] D. S. Wilson, G. Dalmasso, L. X. Wang, S. V. Sitaraman, D. Merlin, and N. Murthy. Orally

delivered thioketal nanoparticles loaded with tnf-alpha-sirna target inflammation and

inhibit gene expression in the intestines. Nature Materials, 9(11):923–928, 2010.

[106] M. Aouadi, G. J. Tesz, S. M. Nicoloro, M.Wang, M. Chouinard, E. Soto, G. R. Ostroff, and

M. P. Czech. Orally delivered sirna targeting macrophage map4k4 suppresses systemic

inflammation. Nature, 458(7242):1180–4, 2009.

67



CHAPTER 5. BIBLIOGRAPHY

[107] Matthew Barnett and Alan Fraser. Animal models of colitis: Lasson learned and their

relevance to the clinic. pages 161 – 178, 2011.

[108] B. R. MacPherson and C. J. Pfeiffer. Experimental production of diffuse colitis in rats.

Digestion, 17(2):135–50, 1978.

[109] T. Ishioka, N. Kuwabara, Y. Oohashi, and K.Wakabayashi. Induction of colorectal tumors

in rats by sulfated polysaccharides. Crit Rev Toxicol, 17(3):215–44, 1987.

[110] I. Okayasu, S. Hatakeyama, M. Yamada, T. Ohkusa, Y. Inagaki, and R. Nakaya. A novel

method in the induction of reliable experimental acute and chronic ulcerative colitis in

mice. Gastroenterology, 98(3):694–702, 1990.

[111] T. N. Moyana and J. M. Lalonde. Carrageenan-induced intestinal injury in the rat–a

model for inflammatory bowel disease. Ann Clin Lab Sci, 20(6):420–6, 1990.

[112] D. Rachmilewitz, P. L. Simon, L. W. Schwartz, D. E. Griswold, J. D. Fondacaro, and M. A.

Wasserman. Inflammatory mediators of experimental colitis in rats. Gastroenterology,

97(2):326–37, 1989.

[113] M. F. Neurath, I. Fuss, B. L. Kelsall, E. Stuber, and W. Strober. Antibodies to interleukin

12 abrogate established experimental colitis inmice. J ExpMed, 182(5):1281–90, 1995.

[114] E. Kocak, S. Koklu, E. Akbal, A. Tas, G. Karaca,M. H. Astarci, B. Guven, andM. Can. Naoh-

induced crohn's colitis in rats: a novel experimental model. Dig Dis Sci, 56(10):2833–7,

2011.

[115] P. Alex, N. C. Zachos, L. S. Conklin, J. H. Kwon, M. L. Harris, T. M. Bayless, M. Centola,

and X. H. Li. Distinct cytokine patterns as effective indicators of disease activity and

severity in ibd. Gastroenterology, 134(4):A204–A204, 2008.

[116] D. V. Ostanin, J. Bao, I. Koboziev, L. Gray, S. A. Robinson-Jackson, M. Kosloski-Davidson,

V. H. Price, and M. B. Grisham. T cell transfer model of chronic colitis: concepts,

considerations, and tricks of the trade. Am J Physiol Gastrointest Liver Physiol,

296(2):G135–46, 2009.

68



CHAPTER 5. BIBLIOGRAPHY

[117] J. C. Hoffmann, N. N. Pawlowski, A. A. Kuhl, W. Hohne, and M. Zeitz. Animal models of

inflammatory bowel disease: an overview. Pathobiology, 70(3):121–30, 2002.

[118] S. Wirtz and M. F. Neurath. Mouse models of inflammatory bowel disease. Adv Drug

Deliv Rev, 59(11):1073–83, 2007.

[119] F. Leonard, E. M. Collnot, and C.M. Lehr. A three-dimensional coculture of enterocytes,

monocytes and dendritic cells to model inflamed intestinal mucosa in vitro. Molecular

Pharmaceutics, 7(6):2103–2119, 2010.

[120] F. Leonard, H. Ali, E. M. Collnot, B. J. Crielaard, T. Lammers, G. Storm, and C. M. Lehr.

Screening of budesonide nanoformulations for treatment of inflammatory bowel dis-

ease in an inflamed 3d cell-culture model. ALTEX, 29(3):275–85, 2012.

[121] D. K. Berg, C. S. Smith, D. J. Pearton, D. N. Wells, R. Broadhurst, M. Donnison, and P. L.

Pfeffer. Trophectoderm lineage determination in cattle. Dev Cell, 20(2):244–55, 2011.

[122] E. L. McConnell, A. W. Basit, and S. Murdan. Measurements of rat and mouse gastroin-

testinal ph fluid and lymphoid tissue, and implications for in-vivo experiments. Journal

of Pharmacy and Pharmacology, 60(1):63–70, 2008.

[123] C. Schmidt, C. Lautenschlaeger, E. M. Collnot, M. Schumann, C. Bojarski, J. D. Schulzke,

C. M. Lehr, and A. Stallmach. Nano- and microscaled particles for drug targeting to

inflamed intestinal mucosa-a first in vivo study in human patients. J Control Release,

165(2):139–145, 2012.

[124] Christian Lautenschleager, Carsten Schmidt, Claus-Michael Lehr, Dagmar Fischer, and

Andreas Stallmach. Peg-functionalized microparticles selectively target inflamed mu-

cosa in inflammatory bowel disease. European Journal of Pharmaceutics and Biophar-

maceutics, 2013.

[125] E. Harel, A. Rubinstein, A. Nissan, E. Khazanov, M. Nadler Milbauer, Y. Barenholz, and

B. Tirosh. Enhanced transferrin receptor expression by proinflammatory cytokines in

enterocytes as a means for local delivery of drugs to inflamed gut mucosa. PLoS One,

6(9):e24202, 2011.

69



CHAPTER 5. BIBLIOGRAPHY

[126] M. Jahanshahi and Z. Babaei. Protein nanoparticle: A unique system as drug delivery

vehicles. African Journal of Biotechnology, 7(25):4926–4934, 2008.

[127] K. A. Janes, P. Calvo, and M. J. Alonso. Polysaccharide colloidal particles as delivery

systems for macromolecules. Advanced Drug Delivery Reviews, 47(1):83–97, 2001.

[128] C. Lemarchand, R. Gref, and P. Couvreur. Polysaccharide-decorated nanoparticles. Eu-

ropean Journal of Pharmaceutics and Biopharmaceutics, 58(2):327–341, 2004.

[129] Sudhir S., Chakravarthi, Dennis H., Robinson, and Sinjay De. Nanoparticles prepared

using natural and synthetic polymers. Informa Healthcare, pages 51 – 60, 2007.

[130] VJ Mohanraj Chen and Y. Nanopartciels - a review. Tropical Journal of Pharmaceutical

Research, 5 (1):561–573, 2006.

[131] E. Reverchon and R. Adami. Nanomaterials and supercritical fluids. Journal of Super-

critical Fluids, 37(1):1–22, 2006.

[132] J. P. Rolland, B. W. Maynor, L. E. Euliss, A. E. Exner, G. M. Denison, and J. M. DeSimone.

Direct fabrication and harvesting of monodisperse, shape-specific nanobiomaterials.

Journal of the American Chemical Society, 127(28):10096–10100, 2005.

[133] R. A. Jain. The manufacturing techniques of various drug loaded biodegradable

poly(lactide-co-glycolide) (plga) devices. Biomaterials, 21(23):2475–90, 2000.

[134] K. S. Soppimath, T. M. Aminabhavi, A. R. Kulkarni, and W. E. Rudzinski. Biodegrad-

able polymeric nanoparticles as drug delivery devices. Journal of Controlled Release,

70(1-2):1–20, 2001.

[135] M. L. Hans and A. M. Lowman. Biodegradable nanoparticles for drug delivery and tar-

geting. Current Opinion in Solid State & Materials Science, 6(4):319–327, 2002.

[136] R. Bodmeier and H. G. Chen. Indomethacin polymeric nanosuspensions prepared by

microfluidization. Journal of Controlled Release, 12(3):223–233, 1990.

[137] C. Vauthier and K. Bouchemal. Methods for the preparation and manufacture of poly-

meric nanoparticles. Pharm Res, 26(5):1025–58, 2009.

70



CHAPTER 5. BIBLIOGRAPHY

[138] M. D. Blanco and M. J. Alonso. Development and characterization of protein-loaded

poly(lactide-co-glycolide) nanospheres. European Journal of Pharmaceutics and Bio-

pharmaceutics, 43(3):287–294, 1997.

[139] A. Lamprecht, N. Ubrich, M. Hombreiro Perez, C. Lehr, M. Hoffman, and P. Maincent.

Biodegradable monodispersed nanoparticles prepared by pressure homogenization-

emulsification. Int J Pharm, 184(1):97–105, 1999.

[140] M. F. Zambaux, F. Bonneaux, R. Gref, P. Maincent, E. Dellacherie, M. J. Alonso,

P. Labrude, and C. Vigneron. Influence of experimental parameters on the characteris-

tics of poly(lactic acid) nanoparticles prepared by a double emulsion method. Journal

of Controlled Release, 50(1-3):31–40, 1998.

[141] T. Niwa, H. Takeuchi, T. Hino, N. Kunou, and Y. Kawashima. Preparations of biodegrad-

able nanospheres ofwater-soluble and insoluble drugswith d,l-lactide glycolide copoly-

mer by a novel spontaneous emulsification solvent diffusion method, and the drug re-

lease behavior. Journal of Controlled Release, 25(1-2):89–98, 1993.

[142] P. Wehrle, B. Magenheim, and S. Benita. The influence of process parameters on the

pla nanoparticle size distribution, evaluated by means of factorial design. European

Journal of Pharmaceutics and Biopharmaceutics, 41(1):19–26, 1995.

[143] D. T. Birnbaum, J. D. Kosmala, D. B. Henthorn, and L. Brannon-Peppas. Controlled re-

lease of beta-estradiol from plaga microparticles: the effect of organic phase solvent

on encapsulation and release. J Control Release, 65(3):375–87, 2000.

[144] E. Allemann, R. Gurny, and E. Doelker. Preparation of aqueous polymeric nanodisper-

sions by a reversible salting-out process - influence of process parameters on particle-

size. International Journal of Pharmaceutics, 87(1-3):247–253, 1992.

[145] J. W. Tom and P. G. Debenedetti. Formation of bioerodible polymeric microspheres and

microparticles by rapid expansion of supercritical solutions. Biotechnology Progress,

7(5):403–411, 1991.

71



CHAPTER 5. BIBLIOGRAPHY

[146] H. Fessi, F. Puisieux, J. P. Devissaguet, N. Ammoury, and S. Benita. Nanocapsule forma-

tion by interfacial polymer deposition following solvent displacement. International

Journal of Pharmaceutics, 55(1):R1–R4, 1989.

[147] N. A. Fallouh, L. Roblottreupel, H. Fessi, J. P. Devissaguet, and F. Puisieux. Development

of a new process for the manufacture of polyisobutylcyanoacrylate nanocapsules. In-

ternational Journal of Pharmaceutics, 28(2-3):125–132, 1986.

[148] S. Watnasirichaikul, N. M. Davies, T. Rades, and I. G. Tucker. Preparation of biodegrad-

able insulin nanocapsules from biocompatible microemulsions. Pharmaceutical Re-

search, 17(6):684–689, 2000.

[149] M. Aprahamian, C. Michel, W. Humbert, J. P. Devissaguet, and C. Damge. Transmucosal

passage of polyalkylcyanoacrylate nanocapsules as a new drug carrier in the small-

intestine. Biology of the Cell, 61(1-2):69–76, 1987.

[150] G. Lambert, E. Fattal, H. Pinto-Alphandary, A. Gulik, and P. Couvreur. Polyisobutyl-

cyanoacrylate nanocapsules containing an aqueous core as a novel colloidal carrier for

the delivery of oligonucleotides. Pharmaceutical Research, 17(6):707–714, 2000.

[151] V. Lenaerts, A. Labib, F. Chouinard, J. Rousseau, H. Ali, and J. Vanlier. Nanocapsules with

a reduced liver uptake - targeting of phthalocyanines to emt-6mousemammary-tumor

in-vivo. European Journal of Pharmaceutics and Biopharmaceutics, 41(1):38–43, 1995.

[152] P. Calvo, C. RemunanLopez, J. L. VilaJato, and M. J. Alonso. Chitosan and chitosan ethy-

lene oxide propylene oxide block copolymer nanoparticles as novel carriers for proteins

and vaccines. Pharmaceutical Research, 14(10):1431–1436, 1997.

[153] P. Calvo, C. RemunanLopez, J. L. VilaJato, and M. J. Alonso. Novel hydrophilic chitosan-

polyethylene oxide nanoparticles as protein carriers. Journal of Applied Polymer Sci-

ence, 63(1):125–132, 1997.

[154] C. Freitas and R. H. Muller. Effect of light and temperature on zeta potential and phys-

ical stability in solid lipid nanoparticle (sln (tm)) dispersions. International Journal of

Pharmaceutics, 168(2):221–229, 1998.

72



CHAPTER 5. BIBLIOGRAPHY

[155] B. Magenheim, M. Y. Levy, and S. Benita. A new in-vitro technique for the evaluation of

drug-release profile from colloidal carriers - ultrafiltration technique at low-pressure.

International Journal of Pharmaceutics, 94(1-3):115–123, 1993.

[156] M. Fresta, G. Puglisi, G. Giammona, G. Cavallaro, N. Micali, and P. M. Furneri. Pe-

floxacine mesilate-loaded and ofloxacin-loaded polyethylcyanoacrylate nanoparticles

- characterization of the colloidal drug carrier formulation. Journal of Pharmaceutical

Sciences, 84(7):895–902, 1995.

[157] J. Panyam, S. K. Sahoo, S. Prabha, T. Bargar, and V. Labhasetwar. Fluorescence and elec-

tron microscopy probes for cellular and tissue uptake of poly(d,l-lactide-co-glycolide)

nanoparticles. International Journal of Pharmaceutics, 262(1-2):1–11, 2003.

[158] D.M.McKay, D. J. Philpott, andM.H. Perdue. In vitromodels in inflammatory bowel dis-

ease research - a critical review. Alimentary Pharmacology & Therapeutics, 11:70–80,

1997.

[159] N. Garrido-Mesa, D. Camuesco, B. Arribas, M. Comalada, E. Bailon, M. Cueto-Sola,

P. Utrilla, A. Nieto, A. Zarzuelo, M. E. Rodriguez-Cabezas, and J. Galvez. The in-

testinal anti-inflammatory effect of minocycline in experimental colitis involves both

its immunomodulatory and antimicrobial properties. Pharmacological Research,

63(4):308–319, 2011.

[160] T. Tanoue, Y. Nishitani, K. Kanazawa, T. Hashimoto, and M. Mizuno. In vitro model to

estimate gut inflammation using co-cultured caco-2 and raw264.7 cells. Biochemical

and Biophysical Research Communications, 374(3):565–569, 2008.

[161] N. Lewinski, V. Colvin, and R. Drezek. Cytotoxicity of nanoparticles. Small, 4(1):26–49,

2008.

[162] R. F. Henderson, J. M. Benson, F. F. Hahn, C. H. Hobbs, R. K. Jones, J. L. Mauderly,

R. O. Mcclellan, and J. A. Pickrell. New approaches for the evaluation of pulmonary

toxicity - bronchoalveolar lavage fluid analysis. Fundamental and Applied Toxicology,

5(3):451–458, 1985.

73



CHAPTER 5. BIBLIOGRAPHY

[163] G. Haslam, D. Wyatt, and P. A. Kitos. Estimating the number of viable animal cells in

multi-well cultures based on their lactate dehydrogenase activities. Cytotechnology,

32(1):63–75, 2000.

[164] P. Price and T. J. Mcmillan. Use of the tetrazolium assay in measuring the response of

human tumor-cells to ionizing-radiation. Cancer Research, 50(5):1392–1396, 1990.

[165] Y. Tabata and Y. Ikada. Effect of the size and surface-charge of polymer microspheres

on their phagocytosis by macrophage. Biomaterials, 9(4):356–362, 1988.

[166] J. H. Eldridge, C. J. Hammond, J. A. Meulbroek, J. K. Staas, R. M. Gilley, and T. R.

Tice. Controlled vaccine release in the gut-associated lymphoid-tissues .1. orally-

administered biodegradable microspheres target the peyers patches. Journal of Con-

trolled Release, 11(1-3):205–214, 1990.

[167] A. T. Florence. The oral absorption of micro- and nanoparticulates: Neither exceptional

nor unusual. Pharmaceutical Research, 14(3):259–266, 1997.

[168] E. Mathiowitz, J. S. Jacob, Y. S. Jong, G. P. Carino, D. E. Chickering, P. Chaturvedi, C. A.

Santos, K. Vijayaraghavan, S.Montgomery,M. Bassett, andC.Morrell. Biologically erod-

able microsphere as potential oral drug delivery system. Nature, 386(6623):410–414,

1997.

[169] M. Gaumet, R. Gurny, and F. Delie. Localization and quantification of biodegradable

particles in an intestinal cell model: The influence of particle size. European Journal of

Pharmaceutical Sciences, 36(4-5):465–473, 2009.

[170] M. P. Desai, V. Labhasetwar, E. Walter, R. J. Levy, and G. L. Amidon. The mechanism of

uptake of biodegradable microparticles in caco-2 cells is size dependent. Pharmaceu-

tical Research, 14(11):1568–1573, 1997.

[171] S. McClean, E. Prosser, E. Meehan, D. O'Malley, N. Clarke, Z. Ramtoola, and D. Bray-

den. Binding and uptake of biodegradable poly-dl-lactide micro- and nanoparticles in

intestinal epithelia. European Journal of Pharmaceutical Sciences, 6(2):153–163, 1998.

74



CHAPTER 5. BIBLIOGRAPHY

[172] S. E. A. Gratton, P. A. Ropp, P. D. Pohlhaus, J. C. Luft, V. J. Madden, M. E. Napier, and

J. M. DeSimone. The effect of particle design on cellular internalization pathways.

Proceedings of the National Academy of Sciences of the United States of America,

105(33):11613–11618, 2008.

[173] H. Hillaireau and P. Couvreur. Nanocarriers' entry into the cell: relevance to drug deliv-

ery. Cellular and Molecular Life Sciences, 66(17):2873–2896, 2009.

[174] V. Schafer, H. von Briesen, R. Andreesen, A. M. Steffan, C. Royer, S. Troster, J. Kreuter,

and H. Rubsamen-Waigmann. Phagocytosis of nanoparticles by human immunodefi-

ciency virus (hiv)-infectedmacrophages: a possibility for antiviral drug targeting. Pharm

Res, 9(4):541–6, 1992.

[175] J. Rejman, V. Oberle, I. S. Zuhorn, and D. Hoekstra. Size-dependent internalization of

particles via the pathways of clathrin-and caveolae-mediated endocytosis. Biochemical

Journal, 377:159–169, 2004.

[176] Z. J. Wang, C. Tiruppathi, R. D. Minshall, and A. B. Malik. Size and dynamics of caveolae

studied using nanoparticles in living endothelial cells. Acs Nano, 3(12):4110–4116,

2009.

[177] S. K. Lai, K. Hida, S. T. Man, C. Chen, C. Machamer, T. A. Schroer, and J. Hanes. Priv-

ileged delivery of polymer nanoparticles to the perinuclear region of live cells via a

non-clathrin, non-degradative pathway. Biomaterials, 28(18):2876–2884, 2007.

[178] R. Odze. Diagnostic problems and advances in inflammatory bowel disease. Mod

Pathol, 16:347–58, 2003.

[179] M. T. Abreu. The pathogenesis of inflammatory bowel disease: translational implica-

tions for clinicians. Curr Gastroenterol Rep, 4:481–89, 2002.

[180] S. B. Hanauer. Inflammatory bowel disease: epidemiology, pathogenesis, and thera-

peutic opportunities. Inflamm Bowel Dis, 12 suppl 1:S3–9, 2006.

[181] G. P. de Chambrun, L. Peyrin-Biroulet, M. Lemann, and J. F. Colombel. Clinical implica-

tions of mucosal healing for themanagement of ibd. Nature Reviews Gastroenterology

& Hepatology, 7:15–29, 2010.

75



CHAPTER 5. BIBLIOGRAPHY

[182] A. Lamprecht. Multiparticulate systems in the treatment of inflammatory bowel dis-

ease. Curr Drug Targets Inflamm Allergy, 2:137–44, 2003.

[183] M. P. Desai, V. Labhasetwar, G. L. Amidon, and R. J. Levy. Gastrointestinal uptake

of biodegradable microparticles: Effect of particle size. Pharmaceutical Research,

13:1838–1845, 1996.

[184] J. Chen, C. Wu, and D. Oupicky. Bioreducible hyperbranched poly(amido amine)s for

gene delivery. Biomacromolecules, 10:2921–2927, 2009.

[185] C. Lin, Z. Y. Zhong, M. C. Lok, X. L. Jiang, W. E. Hennink, J. Feijen, and J. F. J. Engbersen.

Novel bioreducible poly(amido amine)s for highly efficient gene delivery. Bioconjugate

Chemistry, 18:138–145, 2007.

[186] R. G. Parmar, M. Busuek, E. S. Walsh, K. R. Leander, B. J. Howell, L. Sepp-Lorenzino,

E. Kemp, L. S. Crocker, A. Leone, C. J. Kochansky, B. A. Carr, R. M. Garbaccio, S. L. Col-

letti, and W. M. Wang. Endosomolytic bioreducible poly(amido amine disulfide) poly-

mer conjugates for the in vivo systemic delivery of sirna therapeutics. Bioconjugate

Chemistry, 24:640–647, 2013.

[187] B. Xiao, H. Laroui, S. Ayyadurai, E. Viennois, M. A. Charania, Y. Zhang, and D. Merlin.

Mannosylated bioreducible nanoparticle-mediated macrophage-specific tnf-alpha rna

interference for ibd therapy. Biomaterials, 34:7471–82, 2013.

[188] M. Rodriguez, J. L. Vila-Jato, and D. Torres. Design of a new multiparticulate system

for potential site-specific and controlled drug delivery to the colonic region. J Control

Release, 55(1):67–77, 1998.

[189] M. Rodriguez, J. A. Antunez, C. Taboada, B. Seijo, and D. Torres. Colon-specific deliv-

ery of budesonide from microencapsulated cellulosic cores: evaluation of the efficacy

against colonic inflammation in rats. J Pharm Pharmacol, 53(9):1207–15, 2001.

[190] N. Esmailpour and P. Hogger, P.and Rohdewald. Binding kinetics of budesonide to

the human glucocorticoid receptor. European Journal of Pharmaceutical Sciences,

6:219–223, 1998.

76



CHAPTER 5. BIBLIOGRAPHY

[191] R. Lofberg, P. Rutgeerts, H. Malchow, C. Lamers, A. Danielsson, G. Olaison, D. Jew-

ell, O. Ostergaard Thomsen, H. Lorenz-Meyer, H. Goebell, H. Hodgson, T. Persson, and

C. Seidegard. Budesonide prolongs time to relapse in ileal and ileocaecal crohn's dis-

ease. a placebo controlled one year study. Gut, 39:82–6, 1996.

[192] J. C. Leroux, E. Allemann, E. Doelker, and R. Gurny. New approach for the preparation

of nanoparticles by an emulsification-diffusion method. European Journal of Pharma-

ceutics and Biopharmaceutics, 41:14–18, 1995.

[193] D. F. Evans, G. Pye, R. Bramley, A. G. Clark, T. J. Dyson, and J. D. Hardcastle. Mea-

surement of gastrointestinal ph profiles in normal ambulant human-subjects. Gut,

29:1035–1041, 1998.

[194] B. Weigmann, H. A. Lehr, G. Yancopoulos, D. Valenzuela, A. Murphy, S. Stevens,

J. Schmidt, P. R. Galle, S. Rose-John, and M. F. Neurath. The transcription factor nfatc2

controls il-6-dependent t cell activation in experimental colitis. Journal of Experimental

Medicine, 205:2099–2110, 2008.

[195] C. Becker, M. C. Fantini, S. Wirtz, A. Nikolaev, R. Kiesslich, H. A. Lehr, P. R. Galle, and

M. F. Neurath. In vivo imaging of colitis and colon cancer development in mice using

high resolution chromoendoscopy. Gut, 54:950–954, 2005.

[196] S. Wirtz, C. Becker, R. Blumberg, P. R. Galle, and M. F. Neurath. Treatment of t cell-

dependent experimental colitis in scid mice by local administration of an adenovirus

expressing il-18 antisense mrna. Journal of Immunology, 168:411–420, 2002.

[197] F. Heller, I. J. Fuss, E. E. Nieuwenhuis, R. S. Blumberg, andW. Strober. Oxazolone colitis, a

th2 colitis model resembling ulcerative colitis, is mediated by il-13-producing nk-t cells.

Immunity, 17:629–38, 2002.

[198] G. P. Morris, P. L. Beck, M. S. Herridge, W. T. Depew, M. R. Szewczuk, and J. L. Wal-

lace. Hapten-induced model of chronic inflammation and ulceration in the rat colon.

Gastroenterology, 96:795– 803, 1989.

77



CHAPTER 5. BIBLIOGRAPHY

[199] J. E. Krawisz, P. Sharon, and W. F. Stenson. Quantitative assay for acute intestinal in-

flammation based onmyeloperoxidase activity - assessment of inflammation in rat and

hamster models. Gastroenterology, 87:1344–1350, 1984.

[200] Y. Xia and J. L. Zweier. Measurement of myeloperoxidase in leukocyte-containing tis-

sues. Analytical Biochemistry, 245:93–96, 1997.

[201] A. Thiesen, G. E. Wild, K. A. Tappenden, L. Drozdowski, M. Keelan, B. K. A. Thomson,

M. I. McBurney, M. T. Clandinin, and A. B. R. Thomson. The locally acting glucocorti-

costeroid budesonide enhances intestinal sugar uptake following intestinal resection in

rats. Gut, 52:252–259, 2003.

[202] S. Edsbacker, P. Andersson, C. Lindberg, J. Paulson, A. Ryrfeldt, and A. Thalen. Liver

metabolism of budesonide in rat, mouse, and man. comparative aspects. Drug Metab

Dispos, 15:403–11, 1987.

[203] G. R. Greenberg, B. G. Feagan, F. Martin, L. R. Sutherland, A. B. R. Thomson, and

et al. Oral budesonide for active crohns-disease. New England Journal of Medicine,

331:836–841, 1994.

[204] G. Jonsson, A. Astrom, and P. Andersson. Budesonide is metabolized by cytochrome

p450 3a (cyp3a) enzymes in human liver. Drug Metab Dispos, 23:137–42, 1995.

[205] M. Leuschner, K. P. Maier, J. Schlichting, S. Strahl, G. Herrmann, H. H. Dahm, H. Acker-

mann, J. Happ, and U. Leuschner. Oral budesonide and ursodeoxycholic acid for treat-

ment of primary biliary cirrhosis: Results of a prospective double-blind trial. Gastroen-

terology, 117:918–925, 1999.

[206] J. Gottfries, S. Melgar, and E. Michaelsson. Modelling of mouse experimental colitis

by global property screens: A holistic approach to assess drug effects in inflammatory

bowel disease. Plos One, 7, 2012.

[207] P. Alex, N. C. Zachos, T. Nguyen, L. Gonzales, T. E. Chen, L. S. Conklin, M. Centola, and

X. H. Li. Distinct cytokine patterns identified from multiplex profiles of murine dss and

tnbs-induced colitis. Inflammatory Bowel Diseases, 15:341–352, 2009.

78



CHAPTER 5. BIBLIOGRAPHY

[208] B. Begue, H. Wajant, J. C. Bambou, L. Dubuquoy, D. Siegmund, J. F. Beaulieu, D. Can-

ioni, D. Berrebi, N. Brousse, P. Desreumaux, J. Schmitz, M. J. Lentze, O. Goulet, N. Cerf-

Bensussan, and F. M. Ruemmele. Implication of tnf-related apoptosis-inducing ligand

in inflammatory intestinal epithelial lesions. Gastroenterology, 130:1962–1974, 2006.

[209] Y. Elitsur, S. N. Lichtman, C. Neace, J. Dosescu, and J. A. Moshier. Immunosuppressive

effect of budesonide on human lamina propria lymphocytes. Immunopharmacology,

38:279–285, 1998.

[210] M. Niessner and B. A. Volk. Phenotypic and immunoregulatory analysis of intestinal

t-cells in patients with inflammatory bowel-disease - evaluation of an in-vitro model.

European Journal of Clinical Investigation, 25:155–164, 1995.

[211] R. Karttunnen, E. J. Breese, J. A.Walker-Smith, and T. T.MacDonald. Decreasedmucosal

interleukin-4 (il-4) production in gut inflammation. J Clin Pathol, 47:1015–8, 1994.

79



Scientific Contributions

Publications

Hussain Ali*, Benno Weigmann*, Eva-Maria Collnot, Maike Windbergs, Markus F. Neurath,

Claus-Michael Lehr (2013), Budesonide loaded nanoparticles with pH-sensitive coating for

improving the treatment of inflammatory bowel disease, to be Submitted.

(*shared first authorship)

HussainAli, Eva-Maria Collnot,MaikeWindbergs, Claus-Michael Lehr (2012), Nano-medicines

for the treatment of inflammatory bowel disease, European Journal of Nano-medicine. Vol-

ume 5, Issue 1, Pages 23–38, May 2013.

Eva-Maria Collnot, Hussain Ali, Claus-Michael Lehr, Nano- and microparticulate drug carriers

for targeting of the inflamed intestinal mucosa, Journal of Controlled Release. Volume 161,

Issue 2, Pages 235-246, July 2012.

Fransisca Leonard, Hussain Ali, Eva-Maria Collnot, Bart J. Crielaard, Twan Lammers, Gert

Storm, Calus-Michael Lehr CM, In vitro screening of budesonide drug delivery systems for

the treatment of IBD in a novel inflamed 3D cell culture model, ALTEX. 29(3):275-85, 2012

80



Scientific Contributions

Conferences and Contributions

Poster presentations:

Hussain Ali, Christina Draheim, Claus-Michael Lehr, Eva-Maria Collnot, Novel drug delivery

systems for the therapy of inflammatory bowel disease, 2nd International HIPS symposium,

June 28, 2012, Saarland University, Germany.

Hussain Ali, Christina Draheim, Claus-Michael Lehr, Eva-Maria Collnot, Novel drug delivery

systems for the therapy of inflammatory bowel disease, 9th International Conference on Bio-

logical Barriers, February – March 09, Saarbrücken, Germany.

Hussain Ali, Eva-Maria Collnot, Claus-Michael Lehr, In-vitro and in-vivo study of budesonide

loaded PLGA NP with different release kinetics for the treatment of inflammatory bowel dis-

ease, CRS local chapter, March 15th 2011, Jena, Germany.

Hussain Ali, Martina Feistl, Eva-Maria Collnot, Claus-Michael Lehr Preparation and character-

ization of glucocorticoid loaded PLGA nanoparticles for the treatment of inflammatory bowel

disease, 8th International conference on Biological Barriers, March 21 – April 01, 2010, Saar-

brücken, Germany.

Workshop:

6th International GI-Targeting Workshop, May 9 - 10, 2012, Darmstadt, Germany.

International Meeting:

MEDITRANS Annual Meeting, 19 – 22 March 2010 University of Saarland Germany.

81



 

 

Curriculum Vitae 

 
Personal information 

 
 

Name   Hussain Ali  

Date of birth  March 5th 1982 

Place of birth  Malakand 

Nationality  Pakistani 

Email   h.ali@mx.uni-saarland.de 

   email2h.ali@gmail.com 

 

Doctoral thesis
 

11/2009 – 06/2013  Department of Biopharmaceutics and Pharmaceutical Technology, 

Saarland University, Saarland, Germany. 

Title: Budesonide loaded pH sensitive PLGA nanoparticles for the 

treatment of inflammatory bowel disease. 

 

Master program
 

Course work 09/2008 – 06/2010, Department of Biomedicine, University of Skövde, 

Sweden. 

Thesis 06/2009 – 10/2009, Practical work: Department of Biopharmaceutics and 

Pharmaceutical Technology, Saarland University, Saarland, Germany 

Title: Preparation and characterization of glucocorticoids loaded PLGA 

nanoparticles for the treatment of inflammatory bowel disease. 
 

 

Undergraduate study
 

2001 – 2007 Pharm-D, Department of Pharmacy University of Peshawar, Pakistan.  

 



Acknowledgment

In the nameof ALLAH (SWT) (GodAlmighty), themost Beneficent, themostMerciful, all praise

and thanks be to ALLAH, for guiding me on the track, for the blessings and perseverance in

hard moments to complete this project. May ALLAH accept this contribution as one of my

good deeds and make it beneficial for others as well. Certainly, these are the moments of

pleasure and gratification for me while I am completing my PhD. No matter to whom this

work is accredited to but one thing is that this thesis would not have been possible without

the prayers, help, support, guidance, encouragement and efforts of many people. Indeed it

is a great pleasure for me to express my profound thankfulness to all of them; however I can

mention a few of them in my humble acknowledgment.

My very especial thanks and appreciation to my mentor (Doktorvater) Prof. Dr. Claus

Michael Lehr for offering me the chance to join your team and allowing me to grow as a

researcher scientist. I would like to appreciate you here for your never ending encourage-

ment, fruitful scientific discussion, valuable suggestions and for being willing to guide and

help throughout the project. Also you provided me plenty of chances of social and scientific

gathering which have contributed immensely to my personal and professional life. Indeed

your group is a source of good relationship with multicultural people, as well as a hub of

multi-dimensional research, ideas, advices and collaborations. It is also an honor for me to

be your first Pakistani PhD student. Many thanks for the financial support, laboratory facili-

ties, trust, confident and moral support. You really give me the opportunity to improve my

personal and professional skills.

I am grateful to my project supervisor Dr. Eva Maria Collnot for directing this project and

for boosting my moral throughout the research. I have learnt a lot from you and your criti-

cal remarks and comments were always helpful in improving my skills and strengthening our

manuscripts. I am grateful to the people of “Darm Team” for weekly meetings where we

83



Acknowledgment

used to discuss our problems in a friendly and pleasant environment. I would like to convey

my sincere thanks to my current supervisor Dr. Maike Windbergs you really give me support

and confidant and removed all the worries and pressure in the last and tough phase of my

PhD. Many thanks and appreciations to my co-supervisor Prof. Dr. Rolf W Hartmann for the

valuable suggestions and comments during our PhD committee meeting. A Special thanks to

Prof. Dr. Uli Schäfer for sincerely guiding and being available to help me during the thesis

registration process at University of Saarland. Appreciations and respects are extended to

Jun. Prof. Dr. Marc Schneider for treating me always with a smiley face and good manners.

Your funny and fruitful discussion we ever had during my PhD will always be in my memories,

wish you and Dr. Nicole Daum a cheerful and successful life. I also had fruitful discussion with

Dr. Birgitta Loretz upon various ideas and thanks to you for sharing with me your excellent

experience of biology and polymer chemistry. Also thanks to Sarah Gordan for her assistance

to improve language and grammar of manuscript.

Working in a multinational and extremely competent environment was not only a scientific

achievement for me but also a plate form of exceptionally rewarding personal experience.

I am thankful to all the past and present members of the department of biopharmaceutics

and pharmaceutical technology, the new department of drug delivery and nanotechnology

for their enormous support and providing a good atmosphere in the labs. I consideredmyself

lucky to have talented and brilliant international and German PhDs and post docs as a lab

mates. Thanks again to everyone for being with me during the time of my PhD.

Many thanks to the past and present officemates of room No. 0.18, we always had a won-

derful time and a fabulous atmosphere. You all were always very friendly and cooperative

with me and your pleasant company, the nice moments that we shared and the humor we

exchanged all were just great. I will just say that working with you all have been an abso-

lute pleasure, best of luck to you all and you all will be missed. I would like to extend my

appreciation to Dr. Benno Weigmann and Anne Marie Berg, in Erlangen for the productive

collaboration and successful results. Your expertise on the in-vivo animal model, our mutual

understanding and trust strengthen further the project. I gratefully acknowledged your con-

tribution and support in our manuscript.

My respects and thanks to our cooperative and helpful secretaries, Isabelle Conrad, Karin

Groß, SarahMüller and the former kind Gabriele Reibold (Gabi). I am grateful to all our expert

84



Acknowledgment

technicians for their generous help and friendly attitude. To PeterMeiers for his help with the

computer problems and also for his HPLC expertisewhich he sharedwithme every timewhen

I was in trouble, Chiara De Rossi for SEM images and for her assistance in the HIPS lab as well

and LeonMuijs for his help and assistance in the skin lab. Beside research work social activity

is also a part of life and the environment we have here in Saarbrücken was just amazing. My

heartfelt thanks to all my old and new friends in Germany for being always here with me

throughout the good and bad times during my PhD, specially to my sincere friend Iftikhar

Ahmad who always being company me in travelling to various historical and visiting places.

You have been with me an honest and trustworthy friend for all the time. I acknowledge here

the company of Arif Khan with whom I most of the time discussed and shared the tough and

happy occasions and found him always a sincere and devoted friend. I would like to thank to

Saeed Ahmad Khan, when he have informed me that he is coming to join the institute I was

very happy that finally I got a workmate with whom I can discuss and share the good and bad

of my research, thanks for being a good friend and colleague.

I am grateful to my old Pakistani friends in Saarbrücken who are now not here but the time

I have been spent with themwas very encouraging and boosting for my moral. I would like to

extend my gratitude to my present Pakistani friends in Saarland with whom I enjoyed our tra-

ditional gathering, delicious Pakistani food and many other social activities. Thanks to Waqar

A Butt & his family, Mohammad Ali, Humayun Faiz, Wajahat Hussain, Raza-ur Rehman, Abdul

S Warriach, Imran Khan, Tariq Khaleeq, Qurratulain T khaleeq, Javaria Iqbal, Shehzad Aslam,

Waqar Khan, Adnan Javed, A Raza, S Shair Ali, Abdul Q Shah, Irfanullah and to all those whose

name are not mentioned. Without you all life would have been simply difficult and being in

touch with you, very rarely I have felt that I am away from my home, thanks for being my

family here.

It would be an unfair if I do not acknowledge all those who are on the other side of the

world. My teachers, classmates, senior and junior fellows of the department of pharmacy

University of Peshawar for the best time I ever spent in University, the fabulous hostel life

which I will never ever forget, my roommates Amanullah and Ziaullah, my best friends An-

warullah, Shaukat Ali, Waheed Ali Shah, Shahid Khan……...the list is endless….thanks a lot to

everyone. I find myself very lucky to have an endless list of friends like them in my life. I

extend my sincere word of thanks to my all international friends, friends from Egypt, friends

85



Acknowledgment

from India, friends from Iraq, friends from Iran, friends from Jordan, friends from Palestine

and friends from Syria.

The last but not the least I would like to extend my deepest gratitude, respects and thanks

to the people who mean world to me, my parents, sister, brothers and sisters-in law. Not

only the term “Thanks” is simply meaningless to you all but I always faced shortage of words

to describe your countless love and care, your unconditional support and patience and your

never ending prayers and good wishes. The current position was simply impossible without

your kind support and love. To my late father who passed away in 2011, (Baba) you went but

your guidance and adviceswhich you have been imparted tome always boostedmymoral and

encouraged me in hard and tough time. You are always in my memories and till to date after

your demise I never forgotten you for a single moment. I wish we could share this cheerful

moment together as we have been celebrated in the past but I hope you will proud of me. To

my sweetest mother andmy very first teacher, I can't imagine life without your countless love

and blessings. I am stuck now and thinking how should I describe your unique and versatile

personality but one thing amongst the numerous things which I would proudly mention here

that you are very simple but theway youbringingmeupas a goodmuslimand a goodhuman is

the result of your excellent efforts, infinite patience, prayers and absolute affection. Respects

and appreciations to all my paternal and maternal uncles, aunties, elders and youngers to me

in the family, you all always stood behind me with your love and support.

It is certainly difficult for a person to windup an acknowledgment who has been received

lot of compliments, devotions, support and prayers from great parents, respected teachers,

caring family members and sincere friends therefore I say again thanks a lot to you all, and to

all those whose names are not there please accept my gratitude and respects. Thanks!

Hussain Ali Yousafzai

86


	Abstract
	Kurzzusammenfasung
	List of Abbreviations
	List of Figures
	List of Tables
	Introduction
	Background and literature overview
	Drug molecules for IBD therapy
	Drug delivery strategies for IBD therapy

	Nanomedicine and IBD
	Nanomedicines for small molecule drugs
	Delivery of next generation IBD therapeutics

	From mouse to men - translation into the clinic
	Aim of the thesis and experimental design

	Methodological Approaches
	Methods of nanoparticle preparation
	Dispersion of preformed polymer
	Polymerization of monomers
	Co-acervation or ionic gelation

	Physico-chemical characterizations of nanoparticles
	Drug release from the loaded particles
	Biopharmaceutical aspects
	Cell and tissue culture
	Nanoparticles cytotoxicity study
	Nanoparticle and cell interaction


	Budesonide Loaded Nanoparticles with pH-sensitive Coating for Improved Mucosal Targeting in Inflammatory Bowel Disease
	Abstract
	Introduction
	Materials and methods
	Preparation of plain and coated PLGA nanoparticles
	Physicochemical characterization

	Results
	Preparation and characterization of nanoparticles
	Colitis models
	Myeloperoxidase activity
	Endoscopy and colitis score
	Histological study and score
	Pro-inflammatory cytokines profile
	Localization of coated and plain PLGA nanoparticles

	Blood Glucose Level
	Discussion
	Conclusion

	Summary and Future Perspective
	Summary and future perspective

	Bibliography
	Scientific Contributions
	Curriculum Vitae
	Acknowledgment

