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Abstract

Inflammatory bowel disease (IBD) is the chronic inflammation of the Gastrointestinal
tract (GIT). Ulcerative colitis (UC) is one of the major types of IBD that confines to the
colon. The available conventional therapies for the treatment of IBD are less promising
because of pathophysiological, and cellular barriers. In this context, nanocarrier-based
drug delivery system specifically delivers various therapeutic agents to the target area.
Nanocarriers made up of pH-sensitive polymers protect against drug degradation and
absorption in the upper GIT. The combination of pH-sensitive polymer with a
sustained-release polymer like PLGA release and concentrate the drug at the target area
for a prolonged time. Further, to overcome inter and intra-cellular barriers at the colon,
ligand-based strategy enables specific targeting of colon cells and recruited immune
cells like macrophages via specific surface receptors overexpressed under
inflammation. Based on the altered immunological condition of the colon in UC,
various surface receptors like macrophage galactose type lectin-C (MGL-2) and
transferrin receptor (TFR-1) are exploited for colon drug delivery purpose. We aimed
to develop stimuli sensitive-ligand anchored sustained release polymeric nanocarriers
to target the colon for prolonged duration and bypass obstacles via the oral route. The
outer stimuli sensitive coat dissolves at the colon microenvironment and exposes
underneath drug-containing ligand anchored PLGA nanocores that target the
overexpressed surface receptors and releases the drug for a prolonged duration. Under
stimuli sensitive-ligand anchored polymeric nanocarriers based rationale, we have
developed three strategies to target inflamed colon through the oral route. In the first
one, we have prepared Dexamethasone (Dexa) loaded D-galactose-PLGA
nanoparticles (GAL-PLGA NPs) and stimuli sensitive Dexa loaded D-
galactose/Eudragit S100/Pullulan nanocargoes (Dexa-GP/ES/Pu NCs). The later have
all attributes to target colon because of dual stimuli sensitive coat of Eudragit S100 (ES)
and Pullulan (Pu) that dissolved under pH and microbial enzymes of the colon. Further,
ligand anchored galactose-PLGA (GAL-PLGA or GP) core has a high affinity towards
MGL-2, that is overexpressed on the surface of macrophages at the colon. The Dexa-
GAL-PLGA NPs were developed under systemic quality by design (QbD) approach
and Box-Behnken design. Further, coating with ES/Pu generated Dexa-GP/ES/Pu NCs
that have appropriate physicochemical properties, thermal stability, negligible

interactions between excipients, and retardation of drug release at pH 1.2 and sustained

XVi



drug release at pH 7.4, biocompatible and good uptake by the colon and macrophage
cells. The Dexa-GP/ES/Pu NCs demonstrated efficient targeting and amelioration of
Dextran sulfate sodium (DSS) induced colitis. Under the second approach, we have
developed Tofacitinib citrate (Tofa) loaded PLGA/transferrin nanocarriers (Tofa-P/tfr
NCs) using QbD and Box-Behnken design. Furthermore, Tofa-P/tfr NCs were modified
to formulate nanoshells (NSh) i.e., Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh with
enhanced properties because of lipidic content (L) in the core that facilitates more drug
content to be encapsulated, controlled drug release and have some protective effects on
intestine mucosa. The pH-sensitive nature of Tofa-LP/tfr/ES NSh enabled more colon-
specific action. Tofa-P/tfr NCs, Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh have an
adsorbed tfr ligand that facilitated direct binding with TFR-1 receptors. The minimal
drug release at pH 1.2 was observed with Tofa-LP/tfr/ES NSh. These three nano-
formulations have extensive uptake potential. Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh
were more biocompatible than Tofa-P/tfr NCs. All Tofa-P/tfr NCs, Tofa-LP/tfr NSh
and Tofa-LP/tfr/ES NSh proved to be efficacious in restoring inflammation in the DSS-
colitis model as manifested from restored clincal and inflammatory indices. However,
Tofa-LP/tfr/ES NSh had the superior action because of multiple characteristics. Under
the third strategy, tacrolimus (TAC) loaded nanocarriers (NCs) were developed with
adhered L-Lysine content on PLGA (P/Lys), coated with dual ES100 and EL100 (ES-
L100) pH-sensitive coat. The combined rationale is developed to counter the inter- and
intra-individual variations and have more control over drug release at colon. TAC-
P/Lys NCs and TAC-P/Lys/ES-L100 NCs were developed with optimal characteristics.
ES-L100 coated formulation have more retardation of drug release at pH 1.2 than
uncoated nano-formulation. Both TAC-P/Lys NCs and TAC-P/Lys/ES-L100 have
good biocompatibility and uptake potential into the caco-2 cells and macrophages.
TAC-P/Lys NCs and TAC-P/Lys/ES-L100 have promising therapeutic effects in the
oxazolone (OXA) induced colitis model, as manifested through the endoscopy,
morphological parameters, histology, inflammatory proteins, and mediators’ levels.
Further, TAC loaded nanocarriers inhibited inflammatory pITK levels in the T-cells, as
indicated through immunohistochemistry, flowcytometry, and RT-PCR. In short, TAC-
P/Lys/ES-L100 NCs have superior therapeutic efficacy in the OXA-colitis model as
compared to uncoated TAC-P/Lys NCs. However, further investigations are required
to check the therapeutic efficiency of all these nano-formulations on a relevant bigger

animal model and to translate this concept into clinical studies.
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1. INTRODUCTION

1.1. Background

Inflammatory bowel disease (IBD) is a chronic, episodic mucosal inflammation of the
gastrointestinal tract (GIT) mainly affecting the colon and ileum. Ulcerative colitis
(UC) and Crohn’s disease (CrD) are the two most prevalent types of IBD (Abraham
and Cho, 2009); the major point of differentiation between the two is the location and
the depth to which the intestine is inflamed. In UC, inflammation afflicts the innermost
mucosal layer and proceeds continuously from the rectum to the proximal colon (Figure
1. 1). On the contrary, in CrD, inflammation penetrates to the deeper tissues instead of
being confined to the mucosal layer and can appear in any GI section, often the colon
and terminal ileum in a discontinuous manner (Figure 1. 1) (Abraham and Cho, 2009;
Hua et al., 2015). The worldwide growing prevalence of IBD affected about 412—
505/100,000 persons in Europe and 286/100,000 in North America and led to 51,000
deaths worldwide in 2013 (Kaplan, 2015; Naghavi et al., 2015; Ng et al., 2017).
Although patients belong to any age group, the main target group is those aged 15-30
years (Hanauer, 2006). The etiology of IBD is still under investigation. Genes, immune
system dysfunction, environmental factors, and microbiome might contribute to it
(Sartor, 2010). The underlying pathogenesis involves one of the following: autoimmune
response against a mucosal antigen, immune system dysfunction that attacks
commensal microbes, or infection caused by pathogens, leading to a chronic
inflammatory process (Hendrickson et al., 2002). Investigations have suggested that
chromosomes 1, 3, 6, 7, 12, 14, 16, and 19 play a role in the inflammatory process
(Hanauer, 2006; Hendrickson et al., 2002). Genetic mutations in nucleotide-binding
oligomerization domain 2 (NOD-2) probably provoke the innate immune response and

susceptibility to CrD (Hugot et al., 2001).

Patients with IBD alternate between two stages. One is the active disease period, where
symptoms are obvious, and is termed the flare-up/relapse state. This is followed by a
silent period with negligible symptoms, known as the remission state. The general
symptoms are abdominal pain, severe diarrhea, bloody stool, weight loss, fatigue, and
fever. Other complications internal and external to the intestine, such as skin problems,

liver inflammation, bone thinning, and anemia, might develop.
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Multifarious etiology and disease complexity are the challenges for IBD therapeutics.
Unfortunately, a permanent cure for IBD is not available to date, and patients have to
rely on lifelong drug treatment. IBD therapy focuses on inducing and maintaining the
remission state and providing symptomatic relief during the active disease state.
Currently, the newer therapeutic agents focus on the underlying mucosal healing of the
bowel. Conventional therapies including aminosalicylates, corticosteroids,
immunosuppressants, and biological agents have deleterious consequences following
long-term consumption, which is required for IBD treatment. The conventional drugs
are associated with adverse effects, and the development of resistance and tolerance, as
patients become refractory to the therapy and ultimately relapse to the active disease
state upon withdrawal (Buchman, 2001). Most of the drugs are administered in a higher
dose to counter the first-pass metabolism in the intestine and liver for the desired
therapeutic efficacy (Prantera and Marconi, 2013). Moreover, safety is the foremost
concern with the advanced therapeutic classes, immunosuppressants, and biologicals,
as immune system suppression renders the patient vulnerable to infections, bone
marrow suppression, malignancy, reactivation of latent hepatitis B, and tuberculosis

(Bernstein et al., 2010; Dassopoulos et al., 2013).

Figure 1. 1: Common types and characteristics of IBD
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Furthermore, unique location, and anatomical and disease state variations render colon
targeting potentially difficult. Rectal formulations are successful to a limited extent in
UC; however, their coverage includes areas of the distal colon only (Collnot et al.,
2012). In this regard, oral formulations have an advantage, as the normal passage
includes the whole GIT and covers the entire colon. Despite their advantages, oral
dosage forms have not achieved expected success in IBD due to obstacles such as acidic
and enzymatic degradation, reduced stability, first-pass metabolism, and earlier
systemic absorption from the stomach or small intestine. This results in a diminished
localized concentration of the drug at the inflamed tissues of the colon. In addition,
heavy diarrhea, which is common in IBD, leads to rapid clearance and short-term
residence time of conventional dosage forms such as tablets, granules, and capsules.
Higher doses or repeated administration further aggravates the problem and leads to
severe adverse effects. Therefore, the current area of focus is the development of novel
drug delivery systems (DDS) such as micro- and nanoparticles that specifically target
and localize the drug at the inflamed colon tissues with minimal systemic absorption
and adverse effects and enhanced therapeutic efficacy. One step further, the
development of pH-sensitive micro- and nanoparticles facilitate colon targeting and

overcome the drawbacks associated with simple micro- and nanoparticles.
1.2. IBD Physiological and Pathophysiological Considerations

In IBD, underlying inflammation of mucosa causes epithelial intestinal membrane
disintegration, increase mucus production, immune cell (macrophages, lymphocytes,
neutrophils) recruitment, fluid, and electrolyte loss, ulcer, bleeding and edema
(Thoreson and Cullen, 2007; Antoni et al., 2014). The recruited macrophages produce
cytokines at the inflamed tissues and are responsible for exacerbating inflammation and
for the differentiation of T-lymphocytes; type 1 helper T-cells are predominant in CrD,
whereas type 2 helper T-cells play arole in UC (Brand, 2009). These immune responses
destroy mucosal integrity and give rise to chronic inflammation. These
pathophysiological alterations mediate changes in gut motility, microbiome, pH, transit
time, and intestinal volume and hence affecting the performance of drug-carrying

dosage forms approaching the colon.
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1.2.1. pH

From the drug delivery point of view, pH is a major aspect, as the GIT has pH variations
across its different regions. The stomach has an acidic pH range, whereas the small
intestine has a slightly acidic to neutral pH; and the pH ranges 6.1-7.5 in the colon and
rectum (Nugent et al., 2001; Chowdary Vadlamudi et al., 2012), as mentioned in Table
1. 1. The pH gradient enables the development of colon-targeting DDS that respond to
a specific pH of the colon only. However, possible colonic pH alterations in IBD
compromise the efficiency of the DDS. pH variations are the consequence of multiple
processes, including mucosal bicarbonate discharge; microbial lactate production;
altered short-chain fatty acid absorption; and changes in intestinal fluid volume,
carbohydrate metabolism, and transit time (Nugent et al., 2001). Some studies have
reported decreased colon pH; however, in light of the limited studies performed so far,
pH reduction in UC cannot be concluded (Nugent et al., 2001). The small intestine pH
remains unchanged in IBD. Likewise, most of the time, in CrD, the luminal pH value
is within the normal range. However, Sasaki et al. (Sasaki et al., 1997) reported a
decline in the luminal pH value. The range of pH values in UC and CrD, based on some
reported studies, are listed in Table 1. 1. To date, investigations of pH changes in UC
and CrD are insufficient and outdated; and the topic is still debatable. The possible
reasons for pH fluctuations in some studies were signal loss during pH recording or
intra- and inter-individual variations (Ewe et al., 1999). Furthermore, pH values are
quietly different in the active and remission states. To obtain more convincing evidence,
extensive studies on a larger number of IBD patients must be performed. As pH values
have a major impact on pH-sensitive polymer erosion and subsequent drug release;
variations in colonic pH may affect such strategies and impede the drug release and

action.

1.2.2. Transit time

Transit time (TT) is another important feature of GIT. In normal conditions, TT across
the small intestine is 4 hours, with 2—6 hours variability among individuals (Hu et al.,
2000; Hua et al., 2015). Pathophysiological alterations shorten colon TT in IBD
patients. Mainly, diarrhea accelerates GI peristaltic movement which affects TT in IBD.

In UC, the colonic TT is 9.5-39.1 hours as compared to 41.1-62.3 hours in healthy
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individuals, as mentioned in Table 1.1. While the orocecal TT, the time taken by a
substance to reach the cecum from the mouth, is prolonged in both UC and CrD (Rana
etal., 2013; Fischer et al., 2017). In dysbiosis, where small intestinal bacteria have been
overgrown, orocecal TT is shortened (Kashyap et al., 2013). Mostly, dosage forms
based on TT such as time-dependent bilayer tablets or capsules face obstacles because
of the variable gastric emptying time, which depends upon the patient’s fed state,
disease stage, and dosage form size (Podczeck et al., 2007). TT must be considered
while developing orally-delivered colon targeting DDS for IBD because it influences
their retention and clearance across the bowel (Hebden et al., 2000). Even in the
remission state of CrD, altered GI motility and contractions compromise their

effectiveness (Annese et al., 2009).

1.2.3. Luminal contents

The colonic luminal contents are diluted in IBD due to the large fluid secretion and
defective reabsorption of water, which culminates in heavy diarrhea (Van Citters and
Lin, 2006). The large fluid volume dilutes the enzymes and affects nutrient absorption
(Hua et al., 2015; Van Citters and Lin, 2006) and carbohydrate metabolism by the
intestinal microbes (Yang, 2008). For polymeric drug delivery, this is an important fact
to be considered while developing any formulation. In CrD, inflammation or terminal
ileum resection leads to defective absorption of fats and bile salts (Uchiyama et al.,

2018). Therefore, it could impair the absorption of lipophilic drugs and carriers.
1.2.4. Colonic microbiome

About 10''-10'2 CFU (colony-forming units)/mL microbes are present in the colon
(Zhang and Li, 2014). The natural microbiome of the colon involved in the metabolism,
degradation, and activation of many dosage forms rely on the microbiome. A large
population of anaerobic bacteria secrete enzymes to degrade and metabolize organic
substances such as carbohydrates and proteins (Chourasia and Jain, 2004). Therefore,
dosage forms based on polymeric carriers such as chitosan, dextran, guar gum, and
chondroitin are used for colon targeting. In IBD, microbiome alterations direct colon
epithelial layer disturbance, enhance mucosal permeability and stimulate the immune
system that influences TT, pH, and the metabolism of endogenous and exogenous

substances across the GIT (Sartor, 2008). Meanwhile, these are the important driving
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forces that augment the inflammatory processes, as the immune system attacks

commensal microbes as antigens and drives the inflammatory cascade (Matricon et al.,

2010). In UC, there is an overgrowth of facultative anaerobes and Escherichia coli (E.
coli), while Clostridium species are decreased (Zhang and Li, 2014; Rhodes, 2007).
Likewise, eubacteria, E. coli, and Peptostreptococcus are overgrown in CrD, whereas
bifidobacteria and Bacteroides are reduced (Rhodes, 2007; Zhang and Li, 2014; Zhou
and Zhi, 2016) (Table 1. 1.). Therefore, the microbial alterations affect formulations

based on microbial/enzymatic metabolism, such as polysaccharides-based dosage

forms and pro-drugs. It affects the extent of drug release from such carriers and the

amount of released drug available for local therapeutic effect cannot be predicted.

Table 1. 1: Physiological and pathophysiological considerations in IBD

Gas?romtestmal Healthy State ucC CrD References
Region
pH
Stomach 1.2-2 (fasted), 2-6 (fed) | ~2 ~2
Small Duodenum | 5.5-7 6.1-7.4 6.3-7.2
I:;':s tine |-Jeiunum | 5.5-7 6.8-8 7379
Ileum 6.5-7.5 6.8-8 7.3-7.9 (Nugent et
. Cecum 5.5-7.5 3-74 5.3-6.7 al., 2001)
arge Right
zntfstl)ne colon 6.1-7.5 3-7.4 5.3-7.2
N T S
€0t Left colon | 6.5-7.5 6.5-7.5 5.3-6.8
TRANSIT TIME
Stomach 2-3 hours N/A N/A -
. . (Fischer et
Small intestine 4-6 hours Prolonged Prolonged al., 2017)
. . ) i (Hebden et
Large intestine (colon) | 41.1- 62.3 hours 9.5-39.1 hours N/A al., 2000)
MICROBIOME
10''-10"2 CFU/mL Peptostreptococcus, (Zhang and
microbes, 1000-1150 | E. coli increased/ Enterobacteria, -nang
. . Li, 2014;
Colon specie, E.coli exceeded/ Zhou  and
Microbes Bacteroides and Clostridium sp., | Bifidobacteria > | Zhi, 2016)
Firmicutes made 90% | Bacteroides decreased Bacteroides ’
of microbiome Reduced
MUCUS PRODUCTION
(McGuckin
Colon mucus N/A Decreased mucus, Increased mucus, et al., 2008;
Goblet cells depletion Goblet cells hypertrophy | Vindigni et
al., 2016)
INTESTINAL BARRIER
Colon Ticht iunctions ;l;lltgehtri ¢ aniiunlc)t;?rrilzr Tight junctions widened, | Tight Junctions widened, | (Sasaki et
ghtJ gnty loss of barrier function, loss of barrier function, al., 1997)

function maintained
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Increase  permeability | Increase = permeability
across the epithelium across the epithelium

1.3. pH-Dependent DDS for IBD

GIT natural conditions such as pH differences among the GI organs facilitate scientists’
targeting of the colon. Currently, several pH-sensitive dosage forms (tablets, capsules)
are commercially available for IBD; however, certain limitations hinder their

anticipated success.

1.3.1. pH-sensitive polymers

pH-sensitive polymers are used for stimuli-based DDS. When exposed to a specific pH
stimulus, the polymers undergo structural changes. The main purpose is to target the
colon and to prevent earlier drug release and absorption in the upper GIT region
(stomach, small intestine) with additional protection against hostile GI conditions such
as microbes, gastric juices, and enzymes (proteases, lipases, trypsin, chymotrypsin,
amylases) (Hua et al., 2015). Polymers used for the colon are methacrylic acid,
polymethacrylic acid, polyacrylic acid, and their derivatives with an anionic, acidic
functional group, which respond to the higher pH of the colon (>6.8) (Maroni et al.,
2017; Yoshida et al., 2013), enlisted in Table 1. 2. The most commonly used polymer
for colonic drug delivery is Eudragit® by Evonik Industries. Chemically, the Eudragit®
series includes polymethacrylic acid-co-methyl methacrylate copolymers. The ester to
carboxylic acid functional group ratio of different Eudragit® derivatives vary, which
dictates their solubility at the corresponding pH values. The mechanism of drug release
from the pH-sensitive polymers involves deprotonation of the carboxylic acid group
when exposed to the respective pH threshold (6.8—7.4) and subsequent swelling,
followed by polymeric erosion, dissolution, or a combination thereof. It results in the

immediate burst release of the drug in the surrounding fluid (Wang and Zhang, 2012).

1.3.2. Conventional pH-sensitive dosage forms

pH-sensitive polymers are incorporated or coated on conventional dosage forms such
as tablets, capsules, granules, and pellets to be degraded at the higher pH of the colon
while remaining intact at the lower pH of the upper GIT. Dew et al. (Dew et al., 1982)
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used Eudragit® S100 (ES100) for the first time to coat hard gelatin capsules for drug

delivery to the colon.

Table 1. 2: pH-sensitive polymers for colon

Polymer pH Threshold References
Eudragit® S100 (ES100) 7
Eudragit® L100 (EL100) 6
Eudragit® FS 30D (EFS30D) 6.8
Eudragit® L10055 (EL100-55) >5.5
Eudragit® L30D55 (EL30D-55) >5.5

(Wang and

Eudragit® P4135F (EP4135F) >7.2 Zhang, 2012;
Hydroxy propyl methyl cellulose phthalate (HPMC) 5 Yoshida et
50 al., 2013)
Hydroxy propyl methyl cellulose phthalate (HPMC) 5.5
gflellac 7.2-7.6
Hydroxyl propyl methyl cellulose acetate succinate >6
Cellulose acetate phthalate 6

Later, he developed ES100 coated tablets using 5-aminosalicylic acid (5-ASA) as a
drug (Dew et al., 1983). Afterward, several other pH-sensitive products entered the
market, as listed in Table 1. 3. Although enteric coated dosage forms are used
commercially, they are unable to overcome many hurdles in the route to the colon. One
issue that reduces the efficiency of pH-sensitive dosage forms is the inter- and intra-
individual variability in the pH values of the colon; differences of about 2 pH units have
been noted among different people (Fallingborg et al., 1998). Further, the disease
severity sometimes determines the extent of pH fall, consequently governing
disintegration failure of enteric-coated tablets and capsules, with poor drug release and
therapeutic effect (Nugent et al., 2001). Several other factors might influence the
disintegration failure of the dosage forms. For example, Ibekwe et al. (Ibekwe et al.,
2006; Ibekwe et al., 2008) reported intact doses in the feces, indicating the absence of
disintegration when administered to healthy volunteers in fasted and fed states. The
possible factors for this might be the variable GI fluid volume and composition,
ileocecal TT, or feeding status of the person (Ibekwe et al., 2008). The same problems
are also associated with the ES100 coated pellets (McConnell et al., 2008).
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Furthermore, pH-sensitive conventional dosage forms encounter stability issues of the
coating material against bile salts; and the altered mucus viscosity in IBD reduces their
cellular uptake (Keely et al., 2011). Most of the time, variable GI conditions direct burst
release of the drug from the conventional dosage forms even before it reaches the colon.
Moreover, in IBD, heavy diarrhea can cause rapid clearance of the conventional dosage
forms before the drug executes its therapeutic action. These factors not only influence
the efficacy of macro-sized pH-dependent DDS but also create obstacles for other
macro-sized colon DDS such as pro-drugs, time-dependent and microbially triggered
systems. To resolve these associated concerns, a combination of ES100 and Eudragit®
L100 (EL100) has been used to deliver indomethacin in a pellet dosage form that
releases the drug only above pH 6.8 (Akhgari et al., 2005). The same Eudragit® S/L
(ES-L) combination in a mesalamine tablet (Asamax), releases the drug at the ileocecal
junction and the colon (Brunner et al., 2006). Similarly, Eudragit® L100-55 (EL100-
55) has been mixed with ES100 to release the drug at pH 5.5—7 (Khan et al., 1999).
Apart from the dual pH-sensitive polymeric combinations, coupling a sustained-release
or enzyme-dependent polymer with a pH-sensitive polymer can reduce such issues and
aid colon-directed therapy. Furthermore, other novel strategies such as size-reduced

pH-sensitive carriers have been used to achieve fruitful results.
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Table 1. 3: Commercial products based on pH-dependent DDS for IBD

Drug Polymer pH Site of Drug | Dosage Brand Manufacturer
Threshold Release Form
ES100 >7 Distal part of | Tablets | Asacol® Warner Chilcott
small intestine Ipocal® Sandoz
& colon Lialda® Cosmo-
(USA) Pharmaceuticals
Mesavant® | Cosmo-
(Europe) Pharmaceuticals
EL100 >6 Mid and distal | Tablets | Claversal® | GSK
5- small intestine Mesasal® GSK
Aminosalicy & colon Calitoflak® | Dr. Falk Pharma
lic Acid Rowasa® Meda
Salofac® Pharmaceuticals
Mesren® Aspen Pharmacare
Apriso® Teva Pharmaceuticals
Salix Pharmaceuticals
Outer coat: | >7 Distal part of | Tablets | Asacol Allergan, Inc.,
combined small intestine HD® Warner Chilcott (US),
Eudragit® L100 & colon LLC
&  Eudragit®
S100 and inner
coat: Eudragit®
S100
Budesonide | EL100-55 >5.5 Proximal Capsule | Entocort® Prometheus Lab
intestine & | s &
colon granules
EL100 & ES100 | 6-7 Mid-distal Capsule | Budenofalk | Dr. Falk Pharma
colon & | s & | ®
intestine granules
Beclomethas | EL100-55 >5.5 Proximal Tablets | Clipper® Chiesi
one intestine & Pharmaceuticals
dipropionate colon
Sulfasalazin | EL100-55 >5.5 Proximal Tablets | Colopleon® | Sanofi-Aventis
e intestine &
colon
Cellulose 6 Mid and distal | Tablets | Azulfidine | Pfizer
acetate small intestine ®
phthalate & colon
1.4. Novel pH-Dependent DDS for IBD
1.4.1. pH-dependent macro-DDS for IBD

Certain modifications to the pH-dependent system can resolve drug delivery issues and

render it more workable. The modifications produce a multifunctional system

comprising layers of polymers with different properties like pH-sensitive, sustained-

10
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release, or microbially triggered polymers. One initiative was to formulate an
osmotically controlled DDS (OROS-CT), by ALZA Corporation, for delivering drugs
to the colon. The OROS-CT comprises 5—6 push-pull units inside a hard gelatin capsule.
Each unit contains the drug layer and the osmotic push layer, covered by a semi-
permeable membrane with an orifice drilled on it. The semi-permeable membrane is
further coated with the pH-sensitive enteric polymer. After administration, the gelatin
capsule dissolves upon being swallowed, but the enteric coat dissolves only at the
higher pH of 7. For UC, the push-pull unit must be designed with a 3—4-hour lag time
to prevent earlier release in the small intestine and to target the colon. However, more
efforts are required to introduce this dual pH- and time-dependent approach for further

use in IBD (Talaei et al., 2013).

Likewise, pH- and time-dependent systems have been combined in a multi-unit system.
This scheme involves using a pH-sensitive polymer such as Eudragit® FS (EFS) as the
outer layer and a delayed-release polymer such as ethyl cellulose, Eudragit® RL/RS
(ES-RL/RS), or hydroxypropyl methylcellulose as the inner part. It releases the drug at
a higher pH gradually (Gupta et al., 2001). In another multi-matrix (MMX) system, the
core is composed of the drug-containing lipophilic matrix, which is covered by the
hydrophilic matrix. Then, the entire matrix is protected under a pH-sensitive film,
which dissolves upon reaching the colon; the fluid moves inside the core and forms a
viscous gel that diffuses the drug outside. 5-ASA and budesonide are used in the MM X
system (McConnell et al., 2009).

Although the novel pH-dependent macro-DDS for IBD provide better strategies for
targeting the colon, further investigations are still required to prove their effectiveness
over the conventional dosage forms. Second, the diarrhea-mediated clearance of the
macro-dosage forms in IBD should be addressed. All these strategies are summarized

in Table 1.4.

11
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Table 1. 4: Novel pH-dependent macro drug delivery systems for IBD

Main Additional Novel DDS for Drug(s) Inventor/ References
Strategy strategy IBD
pH-dependent | ----- Muti-matrix 5-ASA Shire Pharmaceuticals Inc.,
system system™ (Lialda) ) Wayne, Pennsylvania, USA
Budesonide
pH-dependent | Microbially TARGIT Budesonide West Pharmaceutical Services
triggered system Drug Delivery & Clinical
system Research Centre Ltd.,
Nottingham, UK
(Watts and Smith, 2005)
Microbially CODES™ 5-ASA Yamanouchi Pharmaceuticals
triggered system ) Co. Ltd., Japan
Budesonide
(Masataka Katsuma et al., 2004;
Katsuma et al., 2002; Varshosaz
etal., 2011)
pH-dependent | Time dependent | OROS-CT Aminosalicylates | Alza  Corp., Palo  Alto,
system Corticosteroids California, USA
system
Time dependent | Entocort EC Budesonide AstraZeneca, Sodertalje,
system Sweden
Time dependent | Multi-unit system | 5-ASA (Gupta et al., 2001)
system

1.4.2. pH-dependent micro/nanoparticulate-mediated DDS for IBD

As mentioned earlier, macro-dosage forms for colon-directed therapy face many
obstacles; one such issue is reduced retention at the inflamed site. Recently,
nanotechnology applied to the field of drug delivery, discovery, and development
yielded nanopharmaceuticals or nanoparticle-mediated DDS (Jain, 2012). The
concerns associated with macro-DDS can be resolved by reducing the size of the drug
molecules and their carriers to the particulate level. Due to their particular nature and
properties, the size reduction enhances the residence time and local action of the drug
in the colon (Collnot et al., 2012). To acquire the benefits of both pH-dependent and
particulate-mediated DDS and to overcome the problems faced by the application of
either strategy alone, the pH-dependent approach has been applied to micro- and
nanoparticulate-mediated DDS (nanopharmaceuticals) for delivering drugs to the

colon. pH-sensitive nanoparticles can deliver the drug to the colon under specific colon

12
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pH stimuli and localized under the enhanced epithelial permeation and retention effect

(eEPR), which overcomes colon drug delivery issues Figure 1. 2.

13
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Figure 1. 2: pH dependent colon-specific targeting at organ and tissue levels; I. pH-sensitive
nanoparticles have colon-specific drug release, while unmodified nanoparticles have burst release of drug
at stomach pH; II. Pathophysiological alterations in IBD include heavy mucus, epithelial membrane
disruptions, and immune cells infiltration. Resultant eEPR effect facilitates nanoparticles accumulation;
III: A. pH-sensitive nanocarriers for IBD, B. Different types of pH-sensitive nanocarriers disintegrated
at the colon pH of 7, C. Pathological state in inflammation favors nanoparticle-mediated drug delivery
system with enhanced mucoadhesion, penetration, and uptake by immune cells (a: Outer mucus layer, b:
inner mucus layer, c: enterocytes, d: lymphocyte, e: lymphocyte follicle, f: macrophage, g: serosa)

(Zeeshan et al., 2019a)
1.4.2.1. pH-dependent microparticles

Microparticles are of micron size range, mostly 10-300 um in diameter, and consist of
the drug and the polymeric carriers. In IBD, particles > 200 um are influenced by
diarrhea and are rapidly cleared off (Viscido et al., 2014), and internalization by the
immune cells becomes difficult. The reasons behind the efficacy of particles > 200 um
are reduced small intestinal absorption and slower movement across the colon, which

allows the drug to act for a sufficient period (Collnot et al., 2012). Microparticles

14
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synthesized with a lower size range show better targeting and accumulation, as particles
<5 pum are taken up by microfold cells (M-cells) of Peyer’s patch in the colon (Nidhi
etal., 2016). Dexamethasone-loaded polylactic acid (PLA) microspheres, which are <4
um, have been found in the lymphoid tissue of the colon with significant tissue
accumulation after 12 hours. The results have indicated mucosal healing with no
elevation of serum dexamethasone levels (Nakase et al., 2000). Microparticles provide
a localized concentration of the drug in the colon while minimizing systemic

absorption.

Microparticles comprising pH-sensitive polymers have been investigated for more
specific targeting in IBD. Badhana et al. (Badhana et al., 2013) prepared ES100 coated
chitosan microspheres with 61-90 um particle size for treating UC; the microparticles
showed pH-dependent drug release, with maximum release at pH 7.4, which
corresponds to the colon pH (Badhana et al., 2013). Another study supported ES100
coated chitosan microspheres loaded with 5-ASA and camylofin dihydrochloride
separately to treat UC. In vitro experiments showed that a larger amount of drug was
released in the presence of rat cecal matter, and in vivo studies showed enhanced
mucoadhesion and that a major portion of the drug was released after 9 hours at the

colon site (Dubey et al., 2010).

Occasionally, a pH-sensitive coating reduces the size of the particles. In this regard,
Crcarevska et al. (Crcarevska et al., (2008)) prepared chitosan-calcium-alginate (Ch-
Ca-Al) microspheres containing budesonide, and coated them with the pH-sensitive
ES100 polymer. The pH-sensitive polymer coating reduced the particle size to 4 pm as
compared to the 5.3 pum of the uncoated microspheres. The reason for this was the rapid
evaporation of the organic solvent and the simultaneous contraction of chitosan chains
during the coating process. The pH-sensitive Ch-Ca-Al microspheres released the
appropriate amount of drug at pH 7.4, whereas minimal drug was released at pH 2 and
6.8. For in vivo studies, the microspheres were administered to a 2,4,6-
trinitrobenzenesulfonic acid (TNBS)-induced rat colitis model at a dose of 167 pg/kg
once daily for 5 consecutive days; inflammation severity was markedly diminished,
with promising outcomes for clinical activity score and colon body weight, and the
treatment proved to be more effective in comparison to the uncoated microspheres and

budesonide alone (Crcarevska et al., 2009; Crcarevska et al., (2008)).
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Contrary to this finding, the coating might increase the particle size. Microspheres
formed by chitosan-succinyl-prednisolone conjugate was 1.3 um in size; coating them
with EL100 increased their diameter up to 31.8 = 11 um. Additionally, the drug loading
rate was lowered, possibly due to ester hydrolysis during synthesis. On administration
to TNBS-induced rat colitis models, the EL100—coated chitosan—succinyl microspheres
had the greatest efficacy and the least toxicity in comparison to the uncoated

microspheres and prednisolone alone (Onishi et al., 2008).

The pH-sensitive approach also facilitates the delivery of herbal remedies, which have
multiple therapeutic advantages but face pharmacokinetics issues. Curcumin is an
herbal anti-inflammatory agent and can cure IBD. Curcumin-loaded ES100 coated
chitosan microspheres have been developed for IBD. Release studies demonstrated a
controlled release pattern at pH 7.4 and the absence of burst release of the drug in
different buffer media. In vivo administration to acetic acid-induced rat colitis model
showed increased localization in the colon, whereas a negligible drug amount was
present in the stomach and small intestine, along with effective suppression of
inflammation (Sareen et al., 2016). Similarly, the development of ES100 coated
thiolated chitosan—alginate microparticles co-loaded with 5-ASA, and curcumin for
treating IBD further improved colon site retention, as the thiolation of chitosan
improved its mucoadhesive properties (Roldo et al., 2004). In vitro drug release studies
indicated drug release only above pH 7 in a controlled manner. Ex vivo studies
confirmed mucoadhesion to the mucosal layer of the colon, and in vivo administration
to a TNBS-induced rat colitis model showed therapeutic effectiveness. This
investigation elucidated that the mucoadhesive thiolated chitosan and pH-sensitive
ES100 are compatible and that their combination proved advantageous in colon-

specific targeting of drugs for IBD (Duan et al., 2016).

Lamprecht et al. prepared 5-fluorouracil (5-FU) (Lamprecht et al., 2003) and tacrolimus
(Lamprecht et al., 2004) microparticles by using the newer pH-sensitive Eudragit®
P4135F (EP4135F) polymer. EP4135F prevented the release of the drug in the terminal
ileum and achieved more specificity in colon targeting. Drug leakage was reduced to
<10% at pH 6.8, while a greater amount of the drug was released at pH 7.4 within 30
min (Lamprecht et al., 2004).
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Furthermore, lower—molecular weight heparin (LMWH) has been proven efficacious
in IBD when administered parentally (Dotan et al., 2001). However, the use of heparin
is limited due to the severe adverse effects (Papa et al., 2000). To circumvent the issue,
a pH-sensitive local targeting strategy through oral administration was adopted.
Enoxaparin, an LMWH, was loaded in pH-sensitive microspheres using EP4135F.
Assessment of inflammation through the colon to body weight ratio, myeloperoxidase
activity, and alkaline phosphatase showed promising results. Its activity was parallel to
the rectally administered LMWH and better than that of subcutaneous injection. The
enteric coating prevented LMWH absorption in the small intestine and showed low
systemic bioavailability (<5%), which diminished the chances of adverse effects

(Pellequer. Yann et al., 2007).

Recently, dexamethasone-loaded pH-sensitive microcrystals were prepared using a
layer-by-layer technique comprising multiple layers of chitosan and alginate and finally
coated with ES100. The pH-sensitive microcrystals exhibited colon-targeting
properties with pH-mediated sustained drug release and considerable amelioration of
inflammation in a dextran sodium sulfate (DSS)-induced mouse colitis model (Oshi et

al., 2018).

Apart from the polymeric blend, proteinaceous elements have been assimilated in pH-
dependent micro-DDS. One such innovation was the synthesis of ES100 coated egg
albumin microspheres to deliver mesalamine (5-ASA) to the colon. Egg albumin
contributes sustained-release properties to the system. An In vitro release study showed
negligible amounts of drug released at pH 1.2, up to 26% at pH 6.8, and a large amount
at pH 7.4. Thus, pH-sensitive egg albumin microparticles can achieve colon targeting
in IBD (Namdev and Patidar, 2016). All these research findings are mentioned in Table
1.5.

1.4.2.2. pH-dependent nanoparticles (NPs)

With one-step-further advancements in technology, the development of NPs, (10-1000
nm) have shown remarkable achievement in targeted drug delivery. As mentioned
earlier, NPs specifically target colon inflamed tissue with increased drug localization
and reduced systemic adverse effects at a much lower dose compared to conventional

therapy (Xiao and Merlin, 2012; Collnot et al., 2012). NPs can effectively target and
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reside at the inflamed colon tissues through multiple ways. The NPs can passively
accumulate at the inflamed tissues through eEPR effect (Xiao and Merlin, 2012). The
eEPR is observed in inflamed colon tissues due to disrupted epithelial layer integrity
because of inflammation, leading to epithelial tight junction re-arrangement and
broadening, which forms gaps between the enterocytes. It leads to the loss of epithelial
barrier function and increased permeability of small-sized particles across the epithelial
membrane (Chen et al., 2017). Moreover, particles < 500 nm are readily taken up by
enterocytes and immune cells such as neutrophils, macrophages, and M-cells through
transcytosis (Meissner et al., 2006). The immunopathological changes in IBD and NP
retention through the eEPR are diagrammatically illustrated in Figure 1. 2. The
enhanced colonic localization of NPs reduced diarrhea-mediated clearance, improved
the therapeutic effects of the drug, minimized the required drug dose, and decreased the
systemic adverse effects. In addition, the micro- and nanoparticles ruled out the need

for frequent dosing rules, which increased patient compliance.

Furthermore, the induction of surface charge through charged polymers or ligand
attachment on the surface can improve NP-mediated drug delivery for receptor-
mediated active targeting. Surface charge facilitated NP bioadhesion and mucus
penetration in IBD. In this regard, NPs comprising pH-sensitive polymers have an
anionic surface charge, which promotes electrostatic interaction and adhesion to
positively charged proteins such as eosinophils and transferrin, and facilitates
internalization at the inflamed site (Tirosh et al., 2009; Hua et al., 2015). Furthermore,
anionic NPs can cross a thick mucus barrier at the inflamed colon tissues through less
interference with mucosal content and reach the internal epithelial layer of the colon
(Hua et al., 2015). By contrast, cationic and neutral particles cannot cross the mucus
barrier in inflamed conditions (Jubeh et al., 2004). Furthermore, NPs tailored with a
pH-sensitive strategy protect the drug against harsh GIT conditions and prevent earlier
drug release at acidic pH while discharging the drug only at the colon or ileocecal
junction, where the pH corresponds to 6.8—7 as illustrated in Figure 1. 2. In this
scenario, researchers developed ES100 coated prednisolone NPs to investigate the
benefits of pH-sensitive polymers at the nanoparticulate level. In vitro analysis showed
pH-dependent drug release after a lag time of 4.5 hours, which corresponds to the time

required to reach the colon (Kshirsagar et al., 2012). Subsequently, a combination of
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drugs including celecoxib, a non-steroidal anti-inflammatory drug, and curcumin, an
anti-inflammatory agent, was used for their synergistic effects and contained within a
pH-sensitive nanocarrier, ES100. The celecoxib—curcumin-loaded pH-sensitive NPs
had superior therapeutic effects in the rat colitis model compared to the single drug—

NPs and drug suspensions (Gugulothu et al., 2014).

Many forms of pH-sensitive nanostructures have been developed, including simple
spherical polymeric matrix (simple nanospheres), hybrid nanospheres, nanocapsules,
hybrid nanocapsules enclosing cores of other material, nanofibers, and nanolipids, as

depicted in Figure 1. 3.

Likewise, Makholf et al. (Makhlof et al., 2009) developed pH-sensitive hybrid
nanospheres by incorporating a sustained-release polymer, poly lactic-co-glycolic acid
(PLGA). The loaded drug, budesonide, had good entrapment efficiency of >85% and
was released only at pH 7.4 with minimal release at pH 6.8 and 1.2 (20% and 28%,
respectively). pH-sensitive NPs face the prospect of burst release of a drug due to a
larger surface area, which was overcome through the integration of PLGA, which
exhibited a sustained-release pattern. In vivo studies in the TNBS-induced rat colitis
model demonstrated that pH-sensitive nanospheres exhibited higher drug localization
in the colon and reduced systemic levels when compared to the unmodified
nanospheres. Further, strong adhesion of pH-sensitive nanospheres at the inflamed
tissues clarified the role of particulate-mediated targeting, with increased retention time
and elevated therapeutic efficacy; the effects persisted even after 7 days of the last
administered dose (Makhlof et al., 2009). Similarly, curcumin loaded ES100/PLGA
nanospheres were developed to resolve curcumin pharmacokinetic issues and to
achieve local drug accumulation in the colon for IBD therapy. These nanospheres
showed better permeation across colorectal adenocarcinoma (Caco-2) cell monolayers
as compared to the free curcumin suspension. In vivo administration to a DSS-induced
rat colitis model yielded promising results in terms of suppression of inflammation by
decreasing tumor necrosis factor-a (TNF-a) levels and neutrophil infiltration (Beloqui
et al., 2014). Therefore, a matrix combination of PLGA and ES100 proved suitable
while designing pH-sensitive sustained-release nanospheres. Likewise, cyclosporin A
was loaded in dual-function EFS30D/PLGA nanospheres, which released the drug at

pH 7.4 in a sustained manner. The improved morphological scores, histopathological
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scores, and cytokine profiles in the murine model suggested the potential for use in UC

therapy (Naeem et al., 2018a).

Another approach is combining pH-sensitive and time-dependent systems at the
nanoscale level for treating colitis. Budesonide was loaded in polymeric nanocarriers
comprising EFS30D (pH-sensitive polymer) and Eudragit® RS100 (a time-dependent,
controlled-release polymer). These hybrid nanospheres prevented burst release of
budesonide in acidic pH while releasing it in a sustained manner at colonic pH. In vivo
administration to a DSS-induced rat colitis model showed therapeutic efficacy in the
inflamed colon tissues when measured through different clinical indices. The dual

strategy had better outcomes than the single pH-sensitive nanospheres (Naeem et al.,

2015b).

Further investigations have described the effect of a pH-sensitive polymeric coating on
NP cores (nanocapsule) to achieve specific targeting in IBD. One such effort involved
the development of budesonide loaded PLGA NPs with an ES100 outer coating. The
ES100 coat dissolves when encountering the threshold pH, while the inner PLGA core
releases the drug in a sustained manner for a prolonged duration. The ES100 coated
PLGA NPs showed maximum drug release at pH 7.4, with minimal release at acidic
pH. In comparison, uncoated PLGA NPs failed to withstand the acidic pH. The In vivo
effects of the coated PLGA NPs proved much better in reducing colitis severity when
compared to the uncoated PLGA NPs and free drug solution in the mouse colitis model
(Alietal., 2014). Similarly, hydrophilic Glycyrrhizic acid drug was encapsulated in the
PLGA core, coated with ES100 coat. The formed nanoparticles had sustained release
of the drug, with retardation of drug dumping at pH 1.2; and proved to be efficacious
in mitigating DSS induced colitis (Zeeshan et al., 2019b).

In another attempt, chitosan was incorporated in the core of pH-sensitive NPs. 5-ASA—
loaded chitosan NPs were prepared and then coated with pH-sensitive ES100 for
treating UC. In vitro studies revealed drug release at colon pH values only (Mongia et

al., 2014).

An innovation to the system is the use of a newly derived, pH-sensitive polymer from
the Eudragit® series that can target the drug to the colon effectively. Under this
approach, Meissner et al. (Meissner et al., 2006) developed tacrolimus-loaded NPs by
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using two polymers separately, namely, PLGA and a newer pH-sensitive EP4135F
polymer, to investigate the effect of particle-mediated targeting versus pH-mediated
targeting, respectively. On administration to a DSS-induced mouse colitis model, both
types of NPs exhibited the same effects in terms of induction and maintenance of
remission in IBD. Both reduced the nephrotoxic adverse effects when compared to the
oral-free drug solution. There was greater PLGA NP accumulation in the inflamed
tissues; however, there was disassociation at lower pH in the upper GIT. However, the
pH-sensitive NPs released the drug only at the higher pH of the colon, which might be
the reason behind the slightly less nephrotoxic effects compared to PLGA NPs.

In another experiment, a natural product, silybin, was loaded in ES-RL PO polymer (a
rate-controlling polymer) to formulate NPs. Subsequently, the new pH sensitive ES-
FS30D polymer was used to coat the inside of the NPs to target the colon for treating
UC. In vitro analysis showed major drug release at pH 7.4. The macroscopic and
histopathological evaluation indicated improvement in the disease condition, but

overall these effects could not surpass the effects of Dexa (Varshosaz et al., 2015).

Furthermore, pH-sensitive nanofibers proved effective in targeting the inflamed tissues
of the colon. In this regard, Xu et al. (Xu et al., 2013) prepared budesonide-loaded
ES100/ethyl cellulose nanofibers. The in vitro drug release profile of the nanofibers
was parallel to that of spherical NPs, with the maximum amount of drug released at pH

7.4.

Moreover, pH-sensitive liposomes were designed by coating cationic lipids with
anionic ES100, which exhibited significant drug release at pH 7.8 while retarding
release at pH 1.4 and 6.3. However, the inclusion of bile salts in the release media
reduced the integrity of the pH-sensitive coating, which served as a challenge for the

pH-dependent liposomal system and needs to be addressed (Barea et al., 2010).

Recently, surface charge—reversal pH-sensitive lipid NPs were fabricated, where
cationic polyethyleneimine (PEI) lipid-core NPs were covered under an anionic ES100
coating. The pH-sensitive lipid NPs had -30 mV zeta potential, which released a major
portion of the drug, budesonide, at pH 7.4. The in vivo experiments demonstrated

charge reversal characteristics after reaching the colon and enhanced mucoadhesion by
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the uncovered cationic PEI-lipid core NPs (zeta potential: +23 mV), and significantly

ameliorated DSS-induced colitis in mice (Naeem et al., 2018b).

Another novel advancement in the pH-responsive approach was the formation of
NaYF4:Yb**/Er** silicon dioxide (SiO2) nanocomposites that were further engraved
with a pH-sensitive polymethacrylic acid polymer (PMAA) to yield NaYF4:Yb**/Er**-
Si02-PMAA nanocomposites. 5-ASA was the loaded drug for treating IBD. In vitro
drug release studies demonstrated that the major portion of the drug was released at pH
7.4 in the simulated colonic fluid, along with a smaller portion of drug releases at pH

1.2 (Tian et al., 2016).

In the search to obtain better colon-specific DDS, Lamprecht et al. (Lamprecht et al.,
2005) innovated the particulate systems by fabricating NP-in-pH-sensitive microsphere
(NP-MS) formulation; tacrolimus-loaded PLGA NPs were entrapped inside EP4135F
microspheres. The structure is illustrated in Figure 1. 3. The NP-MS strictly followed
pH-dependent drug release at pH 7.4 only. In vivo studies on an animal colitis model
indicated that the NP-MS had statistically significant therapeutic effects in comparison
to the free drug solution, tacrolimus NPs, and tacrolimus microspheres when measured
through the colon—body weight ratio and myeloperoxidase activity. The low systemic
absorption of the fluorescent dye coumarin-6 demonstrated the lower systemic

bioavailability of tacrolimus (Lamprecht et al., 2005).

Likewise, rifaximin was loaded in dual pH- and redox-sensitive NPs-in-
microcomposites (NP-MC). With this approach, redox-sensitive, mucoadhesive
chitosan NPs were formulated first. Then, the NPs were encapsulated inside pH-
sensitive microcomposites using hydroxypropyl methylcellulose acetate succinate as a
pH-sensitive polymer. The NP-MC were resistant to drug release at acidic pH and
released the drug at pH 6.8 and in response to the oxidative radicals, hydrogen peroxide
(H202). H20O: is an oxidative species; its levels are significantly elevated in
inflammation. In comparison to pH-sensitive microcomposite alone, the addition of the
redox-sensitive polymer in the NP-MC provided better control over the burst release of
the drug. The NP-MC could serve as a better alternative to colon-specific drug delivery
in IBD but requires further in vivo investigations (Bertoni et al., 2018). All the research

findings are summarized in Table 1. 5.
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pH-sensitive polymeric combinations or hybrid combinations reduce problems such as
burst release of the drug and stability issues of the coating material. However, inter-and
intra-individual variability in pH, microbiome, TT, immune regulation, and colon fluids
still threaten the efficiency of pH-dependent systems and require detailed human
investigations. The sum-up of advantages and drawbacks of the pH-dependent

strategies is illustrated in Figure 1. 4.

Figure 1. 3: Classification of pH-sensitive nanostructures for IBD (Zeeshan et al., 2019a)
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Figure 1. 4: Advantages and disadvantages of conventional and novel pH-dependent drug delivery

systems (Zeeshan et al., 2019a)
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Table 1. 5: pH-dependent microparticles and nanoparticles for the drug targeting in IBD

DRUG pH-SENSITIVE ADJACENT SIZE RAT COLITIS REFERENCES
POLYMER POLYMER/MATERIAL MODEL/EFFECT
pH-DEPENDENT MICROPARTICLES
5-Aminosalicylic acid (5- | ES100 Chitosan 61-90 um Only In vitro (Badhana et al., 2013)
ASA) ES100 Egg albumin 75-107 pm In vitro only (Namdev and Patidar, 2016)
5-ASA + Curcumin ES100 Thiolated chitosan-aliginate | 35.3 + 3.6 um TNBS (Duan et al., 2016)
5-ASA + Camylofine ES100 Chitosan 21-27 pm TNBS (Dubey et al., 2010)
Budesonide ES100 Chitosan 4 um TNBS (Crcarevska et al., (2008);
Crcarevska et al., 2009)
-- Chitosan 5.3 um TNBS (Crcarevska et al., (2008);
Crcarevska et al., 2009)
Curcumin ES100 Chitosan 36-129 um Acetic acid (Sareen et al., 2016)
Enoxaparin (LMWH) EP4135F -- 120-133 um TNBS, OXA (Pellequer. Yann et al., 2007)
5-Fluorouracil EP4135F ES-RS100 123-135 pm In vitro (at pH 6.8 and 7.4) | (Lamprecht et al., 2003)
Prednisolone EL100 Chitosan 31.8£11 um TNBS (Onishi et al., 2008)
-- Chitosan 1.3 um TNBS (Onishi et al., 2008)
Tacrolimus EP4135F -- 113-157 um In vitro (at pH 6.8 and 7.4) | (Lamprecht et al., 2004)
pH-DEPENDENT MICROCRYSTALS
Dexamethasone | ES100/alginate | Chitosan | 2-2.5um DSS | (Oshi etal., 2018)
pH-DEPENDENT NANOPARTICLES
5-ASA ES100 Chitosan 501nm In vitro only (Mongia et al., 2014)
Polymethacrylic acid | NaYF4:Yb*'/Er**-SiO, 324 nm In vitro only (Tian et al., 2016)
ES100 (mixture) PLGA 260-290 nm TNBS (Makhlof et al., 2009)
ES100 PLGA 240 nm TNBS, DSS, OXA (Alietal., 2014)
(coating)
Budesonide ES100 -- 191 nm TNBS (Naeem et al., 2015a)
ES100 Azo-polyurethane 195 nm TNBS (Naeem et al., 2015a)
ES100 Ethylcellulose 190 nm In vitro only (Xuetal., 2013)
ES-FS30D ES-RS100 251 nm DSS (Naeem et al., 2015b)
Curcumin ES100 PLGA 166 nm Caco-2 cells, DSS (Beloqui et al., 2014)
Curcumin + Celecoxib ES100 -- 111 nm TNBS (Gugulothu et al., 2014)
Coumarin-6 (model drug) ES100 -- 214 nm TNBS (Naeem et al., 2014)
ES100 Azo-polyurethane 244 nm TNBS (Naeem et al., 2014)
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Cyclosporin A EFS30D PLGA 200-260 nm DSS (Naeem et al., 2018a)
Prednisolone ES100 -- 567.87 nm Rat plasma study (Kshirsagar et al., 2012)
Silybin ES-FS30D ES-RL PO 109+6 nm Acetic acid (Varshosaz et al., 2015)
Tacrolimus EP4135F -- 469 nm DSS (Meissner et al., 2006)
Glycyrrhizic Acid ES100 PLGA 203.57 £11.5 nm DSS (Zeeshan et al., 2019b)
NANOPARTICLE-in-pH-SENSITIVE MICROSPHERE (NP-MS)
Tacrolimus EP4135F PLGA (nanoparticle) 238-256 nm (NP) TNBS (Lamprecht et al., 2005)
(microsphere) 30-60 um (MS)
Rifaximin Hydroxypropyl Oxidation-sensitive 50-200 nm (NP) C2BBel/HT29-MTX. (Bertoni et al., 2018)
methylcellulose dextran/chitosan 53£3 pm (MS) Cell monolayer
acetate succinate | (nanoparticle)
(microcomposite)

pH-SENSITIVE NANOMICELLES

Celecoxib Succinic anhydride Inulin-Vitamin E (INVITE) | 13-22 nm Caco-2 cells (Mandracchia et al., 2018)
Cross cellular monolayer
pH-SENSITIVE LIPIDIC NANOPARTICLES
Budesonide ES100 Phospholipon 90 G, | 302 nm DSS (Naeem et al., 2018b)
Polyethyleneimine

pH-SENSITIVE MICROENCAPSULATED NANOGELS

TNF-a siRNA Trypsin- polycationic 2- | 110-122 nm | Gene knockdown of TNF-a | (Knipe et al., 2016)
Poly(methacrylic (diethylamino)ethyl (nanogel) in macrophages
acid-co-vinyl- methacrylate (DEAEMA) | <30 um (microgel)
pyrrolidone) nanogel

(PIMAA-co-NVP])
hydrogel
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1.5. Dual microbial enzyme sensitive and pH sensitive nanocarriers for IBD

Colon microenvironment is suitable for the growth of microorganisms that constitutes
the natural microbiome. The microbiome has various beneficial bacteria that secretes
numerous enzymes and peptidases to carry out multiple metabolic reactions. Therefore,
the biomaterial degraded by microbiome enzymes had been exploited for colon drug
delivery purpose. Coupling of pH sensitive and microbial enzyme sensitive approach is

a better choice to override the obstacles faced by either strategy alone.

TARGIT technology is a novel approach that combined pH-dependent and microbially
triggered systems. It was comprised of a pH sensitive EL/S (3:1) coating on injection-
molded starch capsules. Upon administration, 73 of 84 TARGIT capsules were found in
the colon and terminal ileum (Table 1.4). It is currently under phase II clinical trials for
delivering budesonide in IBD (Watts and Smith, 2005). The potential threats are the
versatile colonic environment and pathophysiology of IBD. Likewise, CODES™ was
developed using pH-dependent and microbially triggered polymers. CODES™ have an
inner core containing an active site for lactulose, surrounded by an acid-sensitive layer
of Eudragit® E and further encapsulated by Eudragit® L. Eudragit® L dissociates upon
contact with the higher pH colonic fluid. Subsequently, the colon microbes degrade the
lactulose into organic acid, which decreases the surrounding pH, disintegrating
Eudragit® E and releasing the encapsulated drug (Masataka Katsuma et al., 2004).
CODES™ is used to deliver 5-ASA (Katsuma et al., 2002) and budesonide (Varshosaz
etal., 2011) for colon-specific delivery and can be further refined for use in IBD (Table
1.4).

A combination of approaches facilitates targeted drug delivery to the colon; a hybrid
pH- and enzyme-sensitive approach at a nanoparticulate system had been developed,
using the pH-sensitive ES100 and enzyme-sensitive azo-polyurethane polymers.
Coumarin-6 was loaded as a model drug into plain ES100 and ES100—azo-polyurethane
(ES100-azopu) nanospheres. The plain ES100 nanospheres exhibited burst release of
the drug at pH 7.4 in a rat colitis model. In comparison, the ES100-azopu nanospheres
had more controlled drug release and showed a sustained-release pattern with 5.5 times
greater accumulation in the inflamed colon tissues as compared to the plain ES100
nanospheres (Naeem et al., 2014) (Table 1. 5). Likewise, budesonide was delivered to

inflamed colon tissues through ES100-azopu nanospheres. In vivo investigations
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revealed a greater accumulation of the combined nanospheres in the inflamed tissues as
compared to simple ES100 nanospheres. It clarifies the role of the enzyme-sensitive
polymer in achieving a controlled release rate of the drug and improving selective
targeting to the inflamed colon tissues. Moreover, ES100-azopu nanospheres were
more efficacious in reducing signs of inflammation in the colon, along with decreased

plasma levels (Naeem et al., 2015a) (Table 1. 5.).

Furthermore, dual pH- and enzyme-sensitive microencapsulated nanogels have been
fabricated for the specific targeting of TNF-a-siRNA (small interfering RNA) to murine
macrophages. The findings showed significant uptake and internalization by the
macrophages and the ability to withstand lower gastric pH, whereby polymeric swelling
was observed at pH 6-7.5. This novel strategy can be considered for treating IBD in

the future (Knipe et al., 2016).

1.5.1. Pullulan-a new versatile microbial sensitive polymer

Researchers attempted to utilize new natural polymers degradable by colonic resident
bacteria (microbiome) for nanoparticle-oriented drug delivery to the colon (Sohail et
al., 2019). In this quest, pullulan (Pu) is a neutral polysaccharide with widespread
biomedical applications because of its biodegradability, adhesiveness, film-forming
nature, mechanical strength, and can be used as a binder, stabilizer, emulsifier, and
prone to degradation by colonic bacteria by the pullulanase enzyme (Singh et al., 2017,
Singh and Saini, 2014). Additionally, Pu can serve as a probiotic that improves colon
health. Recently, Pu had been employed for colon targeting purpose with good in vitro
outcomes (Lima et al., 2017; de Arce Velasquez et al., 2014), however, Pu based nano-

formulations are not yet explored in animal models of IBD.

1.6. Second generation of ligand anchored nanocarriers for IBD

Though nanocarriers can passively deliver the drug to the inflamed colon tissue under
eEPR effect, still drug effective concentrations may be lost because of inter-and intra-

cellular barriers and rapid clearance.

Colon inflammation is governed by several pathophysiological changes. Under
inflammation, some receptors and cell adhesion molecules are overexpressed onto the

surface of colon epithelial cells and the recruited immune cells like macrophage
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galactose type lectin-C (MGL/CD301), mannose receptor (CD206), hyaluronic
receptor (CD44), transferrin receptor, Folate receptor, CD98, PepT1, etc. (Liu et al.,
2021). Active targeting of the overexpressed receptors in IBD through ligand anchored
nanocarriers can facilitate in delivering the drug moieties to the destined inflamed colon

cells in effective concentrations and avoid off-site drug delivery and its rapid clearance.

Moreover, cell adhesion molecules (CAMs) are overexpressed on the luminal side of
mucosal endothelium to recruit leukocytes that triggered inflammatory cascade in IBD.
Such CAMs can be targeted by specific antibodies and proteins anchored nanocarriers
in IBD. In this regard, an anti-intercellular adhesion molecule (ICAM) functionalized
bacterial nanocarriers targeted ICAM-1 receptor in the inflamed tissues (Anselmo et

al., 2016).

1.6.1. MGL

MGL or CD301 is a transmembrane type-II C-lectin protein with N-terminal
cytoplasmic domains, transmembrane domains, extracellular domains, and C-type
carbohydrate recognition domain that binds to the N-acetylgalactosamine and D-
galactose (Zizzari et al., 2015; Pirro et al., 2020). MGL-2 receptors are heavily
expressed on macrophages and dendritic cells (van Kooyk et al., 2015). Therefore,
nanocarriers with galactose moiety can efficiently interact with MGL-2 receptor and
mediate specific targeting of macrophages, recruited at the inflamed site. This ligand-
receptor oriented drug delivery approach have been opted by some researchers for
targeting inflamed colon via rectal and oral routes. However, the intravenous or
systemic route is not desirable for colitis therapy because the asialoglycoprotein
receptor preferably binds to the galactose residues and is abundantly expressed on the
liver. Therefore, systemic delivery of galactose anchored nanocarriers may have larger

accumulation in the liver instead of the colon (D'souza and Devarajan, 2015).

For oral drug delivery, galactosylated low molecular weight chitosan nanocarriers were
developed to deliver anti-sense TNF-a oligonucleotide to the macrophages of the
inflamed colon. Colon TNF- a and other pro-inflammatory cytokines were prominently
decreased with significant improvement in the severity of TNBS induced and CD4+
CD45RB" T cell transfer colitis (Zuo et al., 2010). Further, TNF-a-siRNA loaded
PLGA nanoparticles were coated with galactosylated chitosan (GPNs) for macrophage
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targeting in UC via the oral route. GPNs have marked internalization by RAW 264.7
macrophages and delivered stable TNF-a-siRNA to the inflamed colon with superb

anti-inflammatory action against the colitis (Huang et al., 2018).

Galactose-trimethyl chitosan-cysteine (GTC) nanoparticles delivered ‘mitogen-
activated protein kinase 4-siRNA (Map4k4-siRNA)’ to the activated macrophages of
the inflamed colon in the murine colitis model through oral administration. The GTC
nanoparticles protected Map4k4-siRNA against GIT harsh environment and
accumulated it at the colon with significant alleviation of TNF-a and colitis clinical

symptoms (Zhang et al., 2013).

Galactosylated polymeric nanoparticles encapsulating siTNF-a were co-delivered with
IL-22 embedded into a chitosan/alginate hydrogel via the oral route. The combined
rationale had efficient colon targeting ability and proved to be synergistic in mucosal

healing with superior therapeutic efficacy in UC (Xiao et al., 2018).

1.6.2. Transferrin receptor (TFR)

TFR is a glycoprotein transmembrane receptor that is present on the normal cells
surface at a lower concentration. TFR efficiently binds and uptake transferrin (tfr)
through receptor-mediated endocytosis to maintain the normal supply of iron in the
cells (Gammella et al., 2017). In special circumstances like inflammation, cancer, and
on rapidly proliferating cells including macrophages, the TFR especially TFR-1 is
overexpressed on the cell surface (Shen et al., 2018; Tacchini et al., 2008). Therefore,
the overexpressed receptor can be exploited to mediate specific targeting of immune
cells, inflamed and cancerous cells. Tfr modified nanocarriers have been developed for
drug delivery purpose in cancer and inflammation (Zhou et al., 2018; Tirosh et al.,
2009). In IBD, TFR-1 is upregulated not only on macrophages but also on colon
epithelial cells on the apical and basolateral sides (Harel et al., 2011; Tirosh et al.,
2009). Therefore, tfr anchored nanocarriers can extensively target the TFR-1 on the
macrophages and epithelial cells and specifically deliver the drug to the inflamed colon.
In an experiment, tfr-antibody modified liposomes have better internalization by the
caco-2 cells than plain liposomes, because cytokines treated caco-2 cells have higher
expression of TFR (Harel et al., 2011). However, the efficacy of tfr-anchored

nanocarriers must be elucidated in the IBD animal models because the current strategies
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are focused on in vitro and ex vivo models. Further, the question of the stability of such

nanocarriers across GIT is unresolved. Drug delivery strategy should be designed in a

way that avoids degradation by the stomach acidic pH, enzymes, etc. in the upper GIT.

1.7.

Patents For pH-Dependent Micro/Nanoparticulate DDS for IBD

Patents concerning pH-sensitive micro/nanoparticulate systems for the oral delivery of

drugs to the colon are listed in Table 1. 6. ES100 coated mesalamine NPs for oral drug

delivery to the colon for treating IBD with the desired characteristics have been

invented, which protect the drug from GI juices and release the drug at pH > 7 (Hu and

Liu, 2015). Several other pH-sensitive particulate systems have been developed for the

colon with the potential to be used in IBD, such as the nanospheres-in-pH-sensitive

microspheres system for delivering several moieties including steroids and antibiotics

(Shefer and Shefer, 2010), and DNA, vaccines, and genes (Shefer and Shefer, 2004).

Table 1. 6: Patents for a pH-sensitive micro-/nanoparticulate system for the treatment of IBD

Patent No. Title Encapsulating Particulate | Publication | References
Moiety System Date
CN1033159 | Orally taken colon- | Eudragit S100 Nanoparticle | May 6, 2015 | (Hu and Liu,
59B targeted  preparation | 5-ASA ] 2015)
for  treatment  of 70-400 nm
inflammatory  bowel
diseases and
preparation  method
thereof
US7670627 | pH triggered targeted | Various  therapeutic | Nanospheres | Mar 2,2010 | (Shefer and
B2 controlled release | agents including -in- Shefer,
systems for the | steroids,  analgesics, | microsphere 2010)
delivery of | and antibiotics s
pharmaceutical active
ingredients
US2004022 | Oral controlled release | Sense, antisense | Nanosphere- Nov 11, (Shefer and
4019 A1 system for targeted | nucleotide sequences, in- 2004 Shefer,
drug delivery into the | antigens, antibodies, | microsphere 2004)
cell and its nucleus for | ribozymes,
gene therapy, DNA | oligonucleotides and
vaccination, and | polynucleotide
administration of gene- | viruses, vectors,
based drugs proteins, peptides, and

nucleic acids, DNA or
RNA fragments
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1.8. Present Advancements & Directions

The advancements in oral DDS have significantly improved the selective targeting of
active agents to the inflammation site. In this context, pH-sensitive NPs serve as a
platform to deliver the drug to the colon, accompanied by multiple anatomical and
pathophysiological challenges and opportunities. Inflammation targeting can be
improved with targeting modalities or ligand attachment to the pH-sensitive polymeric
surface to target overexpressed macrophages, proteins, and receptors at the colon site.
Currently, the focus is on developing nanovesicles derived from living cell origins, such
as macrophages, leukocytes, platelets, and red blood cells, to constitute biomimetic
nanovesicles that are not only biocompatible but also resemble endogenous
inflammatory mediators and suppressors. In this regard, leukocyte-derived
nanovesicles were effective in a mouse model of IBD (Corbo et al., 2017). Coupling
biomimetic nanovesicles with pH-sensitive moieties could facilitate oral colon-specific

delivery to the inflamed tissues.

1.9. Safety and Challenges

Some key issues are associated with the translational use of NPs in clinics for IBD. The
foremost concern is the limited investigations on the toxicity of NPs/pH-dependent NPs
for human usage, particularly in the GIT. Second, data on biodistribution studies still
need to be elucidated. Human investigations have revealed the accumulation of
microparticles in ulcerated tissues; however, contrary to animal findings, only traces of
NPs were found at the mucosal surfaces (Schmidt et al., 2013), highlighting the
prerequisite of evaluating pH-dependent micro- and nanocarriers in humans. Third, it
should be kept in mind that NPs have unique physicochemical properties that pose a
greater threat to biological systems and demand assessment of their environmental
impact (Pichai and Ferguson, 2012). Fourth, polymeric carriers must be carefully
selected; most of the time, non-biological carriers cause cellular-level toxicity by
derangement of the membranes, disturbance of the cytoskeleton, and exploitation of
phagocytic cells (Pichai and Ferguson, 2012). ES100 is a non-biodegradable and non-
absorbable pH-sensitive synthetic polymer but is least associated with toxicity (Thakral
et al., 2013). Thus, it overcomes the issues of synthetic polymer toxicity, but further

investigations are required at the nanoscale level. A daily intake of 2 mg/kg (150 mg
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for an adult) of ES100 is safe for human consumption (Rowe et al., 2009), and usually,
NPs require smaller amounts of polymers as compared to the macro-dosage forms.
However, the allocated occupational exposure limits in the United Kingdom for methyl
methacrylate polymers is 208 mg/m?® (50 ppm) for long-term exposure and 416 mg/m?
(100 ppm) for short-term exposure, which should be kept in mind when fabricating pH-
sensitive NPs (Executive., 2002).

pH-dependent nanoparticulate DDS have shown promising and encouraging results in
treating IBD, especially through the oral route. Based on the results to date, we may
postulate that the future of IBD therapy would be much more significant and effective
by designing them the right way. This approach enables a wide array of small-drug
substances and even proteinaceous drugs to be delivered successfully to the colon, with
improved retention and therapeutic effects. The combination of the pH-dependent
nanoparticulate strategy with other approaches facilitates the targeting potential and
drug release characteristics of the drug delivery system. However, the successful
translation of this novel concept into clinical practice depends on the associated issues
that need to be addressed, such as the safety of the polymers or other materials; the
nanocarrier surface chemistry, followed by the uptake or binding mechanism and
stability during GI transit would need to be explored exclusively. Finally, with respect
to the commercialization of these nanocarriers, simplification and stability of the

preparation method are essentially desirable for large-scale manufacturing.

1.10. Study Rationale

The rationale is to develop stimuli-sensitive ligand anchored nanocarriers that have
multi-level targeting properties. The stimuli sensitive dissolves at the pH of the colon,
while the underneath ligand anchored core binds specifically to the targeted receptors
overexpressed at the immune cells or epithelial colon cells in the inflammation (Figure
1. 5 A). To achieve targeted drug delivery to the inflamed tissues of the colon and to
avoid oral-route related obstacles in the colonic drug delivery; we hypothesized to
develop stimuli sensitive, bio-functionalized nanocarrier system, which adopts a two-
level targeting approach. At first, pH-sensitive or microbial-sensitive polymeric coat on
the nanocarrier system enables the nanocarriers to breach the anatomical and

pathophysiological barriers and to reach the colon, At the colon, stimuli sensitive coat
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dissolves under the influence of colon pH or microbes. Afterward, the attached bio-
moiety, either the galactose or transferrin, on the drug-containing PLGA core would
specifically target the immune cells or epithelial cells or both to achieve intracellular
targeting and stay there for a prolonged duration (Corbo et al., 2017). The entrapped
drug releases in a sustained fashion and mechanistically interferes with the
inflammatory cascade and pathways to inhibit the pro-inflammatory mediators. The
drugs dexamethasone (Dexa), a corticosteroid and tofacitinib citrate (Tofa), a Janus
kinase inhibitor (immunosuppressant) are used for two different types of bio-
functionalized nano-formulations separately. Dexa possesses anti-inflammatory
properties through mediating intracellular glucocorticoid activity (Nunes et al., 2013).
On the other hand, Tofa inhibits the activation and phosphorylation of the JAK-STAT
pathway intracellularly, preventing cytokines production which ultimately suppresses
inflammation. Whereby, intestinal degradation, dose-related adverse events, and
systemic absorption of dexamethasone and tofacitinib will be reduced through
entrapment in the bio-functionalized nanocarrier. Further, tacrolimus, an
immunosuppressant, is a drug used for severe IBD cases and we load it in the third
strategy. Tacrolimus (TAC) worked by suppressing T-cells, however, associated with
systemic adverse effects. Its entrapment within biofunctionalized nanocarrier not only
reducing its systemic absorption and adverse effects but also enhance local therapeutic

effects at the colon.

PLGA, a versatile biocompatible biodegradable polymer (Makadia and Siegel, 2011;
Danhier et al., 2012) and approved safer for human use, is selected as a main polymeric
nanocarrier for bio-functionalization. It serves as a platform for a wide range of bio-
molecular attachment and modifications. Afterward, the bio-functionalized PLGA
nanocarrier is coated with pH-sensitive/microbially triggered polymers to exploit

pathophysiological conditions for colon-specific targeting.

Overall, the combined rationale of stimuli sensitive and ligand-mediated colon
targeting overcome the pathophysiological barriers at the organ level plus mucus and
inter-and intra-cellular barriers at a ground level. Therefore, nanocarriers localized at
inflamed colon for a prolonged duration, concentrating more drug at colon with lesser

chances of diarrhea mediated clearance or degradation and enhanced therapeutic
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efficacy of the drug. We have hypothesized three strategies under this approach (Figure
1.5B).

Drug: Tacrolimus Drug: Tofacitinib citrate Drug: Dexamethaosne

(TAC) (Tofa) (Dexa)

CORE: PLGA/L-Lysine Ligand: Holo-human Ligand: D-Galactose

COAT: ES100 & EL100 transferrin (tfr) CORE: PLGA

Features: Colondrug ~ CORE:PLGAor gfg’k COAT: ES100 & Pullulan

delivery, control Features:
release, counter COAT: ES100

inter-, intraindividual ) o Stimuli sensitive colon

pH variations Features: p_H sensitive specific delivery + MGL-2

colon targeting + TFR-1 targeting

binding

Figure 1. 5: pH sensitive ligand anchored polymeric nanocarriers and proposed strategies for IBD; A.
Dual pH-sensitive ligand anchored nanocarriers evade the anatomic and pathophysiological barriers at
organs and cellular levels to target inflamed colon, B. Three strategies for stimuli sensitive

biofunctionalized nanocarriers to target inflamed colon (I-III)

35



Chapter 1: Introduction

1.11.

Aims and Objectives

The study aims to fabricate stimuli-sensitive, biofunctionalized PLGA nanocarriers

incorporating surface attached biomolecules for more specific targeting of colon

inflamed tissues through active and passive mechanisms. Stimuli sensitive coat

facilitates colon targeting and exposes underneath biofunctionalized PLGA core only

at the colon, where it binds to specific receptors and releases the drug in a sustained

fashion for long-term therapeutic effects.

The objectives to achieve the goals are:

1. Development of analytical methods (HPLC, UV) for the drugs

2. Preparation and optimization of nanocarriers

A. Bio-functionalized PLGA nanoparticles/nanocarriers/nanoshells

Synthesis and Characterization of galactosylated-PLGA (GAL-PLGA) polymer
and dexamethasone loaded galactosylated-PLGA nanocarrier (Dexa-GAL-
PLGA NPs) under quality by design (QbD) approach

Preparation and characterization of transferrin-PLGA nanocarrier under QbD
approach and fabrication of tofacitinib citrate loaded transferrin-PLGA
nanocarrier (Tofa-P/tfr NCs) and tofacitinib citrate loaded transferrin-
lipid/PLGA nanoshells (Tofa-LP/tfr NSh)

Preparation and characterization of tacrolimus loaded PLGA/L-Lysine

nanocarrier (TAC-P/Lys NCs)

B. Stimuli sensitive, biofunctionalized PLGA nanocarriers/ nanocargoes/

nanoshells

Preparation of suitable enteric coatings; ES100 and pullulan mixture
Preparation and characterization of dual pH+ microbial enzyme sensitive
ES100/ pullulan coated bio-functional GAL-PLGA (GP) nanocargoes (Dexa-
GP/ES/Pu NCs)

Coating of Tofa-LP/tfr NSh with pH-sensitive ES100 coat to prepare pH
sensitive Tofa-LP/tft/ES NSh

Coating of TAC-P/Lys NCs with the dual pH-sensitive coat (ES100 + EL100)
to prepare TAC-P/Lys/ES-L100 NCs

3. Evaluation of physicochemical characteristics of nano-formulations
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e Particle size, morphology, zeta potential, drug entrapment, interactions and
compatibility, surface coating analysis, thermal stability, physical state analysis,

etc.

. In vitro drug release profiling and kinetics at GIT pH values (1.2 and 7.4)

. Cell-based studies to explore nanocarriers biocompatibility and cell-uptake

potential

. Establishment of murine colitis models for in vivo animal studies

Development of chemically induced (DSS or OXA) colitis model

Preliminary investigations to determine colon targeting potential of nanocarriers
e [Evaluation of therapeutic effects of drug-loaded Dexa-GP/ES/Pu NCs, in the

DSS induced colitis mice

e Evaluation of therapeutic effects of Tofa-P/tfr NCs, Tofa-LP/tfr NSh, and Tofa-
LP/tft/ES NSh in the DSS induced animal colitis model

e [Evaluation of therapeutic effects of TAC-P/Lys NCs and TAC-P/Lys/ES-L100

NCs in Oxazolone induced colitis model

¢ In vivo toxicity evaluation of nanocarriers
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Chemicals and reagents

PLGA (Resomer® 502, 50:50, MW 7000-17000) and ES100 were obtained from
Evonik Industries (Darmstadt, Germany). Pullulan (Pu) (CAS: 9057-02-7, MW 500-
700 kDa) was gifted from Xi’an Sgonek Biological Technology Co., Ltd (China). Dexa
(MW 392.46), polyvinyl alcohol (PVA; Mowiol®, MW 31000), D-galactose (MW
180.68), DSS (MW 40000), organic solvents (methanol, ethyl acetate, chloroform,
acetonitrile, etc.), Evans blue, sodium phosphate buffer and NaCl had been taken from
Sigma Aldrich (Germany). HCI, potassium di-hydrogen phosphate (KH2PO4), and di-
sodium hydrogen phosphate (NaxHPO4.2H>0O) were purchased from BDH Laboratory
Supplies (Poole, UK). Cetyltrimethylammonium bromide (CTAB), rhodamine-B,
thioglycolate, Glutathione (GSH), Glutathione S-transferases (GST), catalase,
thiobarbituric acid, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), cRPMI-1640, fetal bovine serum (FBS), penicillin/ streptomycin, methane
sulfonic acid, and N, N-dimethylformamide (DMF) were purchased from Millipore
Sigma Aldrich (St Louis, MO, USA). Propidium iodide (PI) and annexin-V from BD
Biosciences (San Diego, CA, USA), TAC (FK506) were purchased from Abcam.
EL100 was the gift samples from Evonik Industries. The organic reagents were
obtained from Millipore Sigma Aldrich, Germany. Coumarin-6 was obtained from

Sigma Aldrich, Germany, L-Lysine monohydrochloride (L5626, Sigma Aldrich)

2.1.2. Animals

Part I and II: Male BALB/c mice, 3-4 weeks old (25-30 g), were purchased from the
National Institute of Health (NIH), Islamabad, Pakistan. Mice were kept under
protocols prescribed for care and use of laboratory animals under QAU, Islamabad
bioethical committee, and NIH. The protocol for animal studies of the project was
approved under protocol no. BEC-FBS-QAU2020-238. The mice were housed at
standard laboratory conditions of temperature and humidity and fed with standard diet

and distilled tap water under 12 hours light-dark cycle.
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Part III: C57BL/6J mice (weighing 20-22 g) were housed and acclimatized to a
pathogen-free hygienic environment under standard environmental conditions. The
study was planned according to the ethical guidelines of NIH care and handling of lab
animals. The protocol was approved under RUF-55.2.2-2532-2-1152-18 for the
conductance of animal studies at University Hospital Clinic, Erlangen by the

government of Middle Franconia, Germany.

2.1.3. Preparation of solutions

2.1.3.1. HEPES buffer

HEPES solution is prepared by mixing 1.8mmol of CaClz (199.764 mg), 0.8 mmol of
MgSO4 (96.288 mg), 5.6 mmol of KCl (417.48 mg), 0.8 mmol of NaH,PO4 (95.984
mg), 5.5 mmol of D-glucose (990.825 mg), 116 mmol of NaCl (6779 mg) and 25 mmol
of HEPES (5957.5 mg) in 1L of distilled water. CaCl, was added in the last step after

dissolving other ingredients, otherwise, it forms precipitates.

2.1.3.2. 0.1 N NaOH solution

0.4g of NaOH pellets were added to a small amount of distilled water and mix well.

Then make up the volume up to 100 mL with distilled water.

2.1.3.3. PVA solutions

Add either 1, 2 or 3 g of PVA to 100 mL of distilled water. Stir overnight to make 1, 2,
or 3% PVA solution, respectively.

2.1.3.4. Brewer thioglycollate solution (3%)

Dissolve 3g of thioglycolate medium, brewer (Millipore Sigma Aldrich, Germany) in
100 mL distilled water and boil it to dissolve the solid. Then sterilize it through

autoclave and store it in the dark.

2.1.3.5. FACS buffer

Take Phosphate buffer saline (PBS, 1x) and add 2% of FBS to it. Dissolve well to
prepare FACS buffer.
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2.2. Methods

Synthesis and characterization of the first two parts were executed at the Department
of Pharmacy, QAU, Islamabad, and the last part at the University Clinic Hospital,
Erlangen, Germany. In vitro cell-based studies and In vivo experiments have been done
at QAU and Medical Clinic 1, University Hospital Clinic, Erlangen, Germany. Allied
pharmacy institutes in Islamabad were considered for some in vitro characterization

techniques.
PART-I (Section A)

Note: Part-1 has two sections, A and B. Section A describes the synthesis, optimization,
characterization, and preliminary in vivo testing of D-galactose-PLGA nanoparticles
(Dexa-GAL-PLGA NPs). Section B describes further modifications and coating of dual
stimuli sensitive coat, ES100 and Pullulan (ES/Pu), on GAL-PLGA nanocore (GP). The
formed Dexa-GP/ES/Pu nanocargoes (NCs) have been characterized through in vitro,

ex vivo, and animal studies in the murine colitis model.
2.2.1. HPLC instrumentation and analytical procedure

Dexa quantification was conducted through RP-HPLC system (Agilent technologies
1200 series), assisted with UV detector and C18 column (250 mm x 4.6 mm, Sum pore
size; supelcosil LC-1, Supelco). For isocratic chromatographic separation, the mobile
phase consisting of acetonitrile (32%) and 10 mM sodium phosphate buffer (68%, pH
5) eluted the column at a flow rate of 1 mL/min and ambient column temperature. The
UV detector was operated at 240 nm wavelength and the injection volume for the
samples was 20 pL. A stock solution of Dexa (1 mg/mL) was prepared in the mobile
phase and a standard calibration curve was obtained over a concentration of 6.25-100

pg/mL with suitable linearity (R2 = 0.998).

2.2.2. Molecular docking

The sequence of Human macrophage galactose type lectin-2 (MGL, isoform-2) was
obtained from the NCBI database, accession no. NP _006335. The homologous
structure Q8IUNDY, C-type lectin domain family 10 member A (CLC10_ HUMAN), was
considered the best template, which was based on the protein template, mammalian

asialoglycoprotein receptor 1 (PDB code: SJPV, sequence identity 71.22%), (). The two
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ligands recognized by the MGL-2 receptor were prepared by ChemBioDraw Ultra 14.0
(Cambridge Soft interface, PerkinElmer, Cambridge, USA). The studied ligands were
D-galactose and galactose conjugated PLGA polymer (GAL-PLGA), for simplicity
monomer was considered (). Macromolecule (MGL-2 protein homolog) and ligands
were loaded in the PyRx 0.8, a virtual screening program. Docking studies were
performed using AutoDock Vina 4.2 tool (Scripps Research, La Jolla, CA, USA),
integrated with the PyRx 0.8 program. It is an automated docking software to study
ligand-receptor binding in the 3D dimensions. Docking calculations were interpreted in
the form of binding energy scores. The best ligand binding pose was further evaluated
for molecular orientation and amino acid interactions using BIOVIA Discovery Studio

Visualizer v16.1.0.15350.

2.2.2.1. Homology modeling for MGL-2 receptor

The MGL-2 (accession no. NP_006335) sequences were investigated using Research
Collaboratory for Structural Bioinformatics (RCSB) Protein data bank to find suitable
templates. Further, the SWISS-MODEL repository server was accessed to find the best
template for homology modeling. The homologous structure Q8IUN9, C-type lectin
domain family 10 member A (CLC10_HUMAN), was considered which was based on
the protein template, mammalian asialoglycoprotein receptor 1 (PDB code: 5JPV,
sequence identity 71.22%). The MGL-2 homology model ( a) was saved in PDB format
for docking. Furthermore, the constructed homology model was accessed for quality
and structural stability with the verified programs like PROCHECK and ProSA which

generate Ramachandran and quality score plots, respectively for the protein model.

2.2.2.2. Ligands Preparation

Since D-galactose residue is known to target the MGL-2 receptor, thus two ligands were
prepared. One with a simple galactose unit ( b) which is used as a control to be
recognized by MGL-2 proteins. Another prepared ligand to interact MGL-2 receptor is
galactose conjugated PLGA polymer (GAL-PLGA), for simplicity monomer unit is
considered ( c). The ligand structures were investigated and drawn using
ChemBioDraw Ultra 14.0 (Cambridge Soft interface, PerkinElmer, Cambridge, USA)
and converted to 3D models were using ChemBio3D Ultra 14.0. The structures were

submitted to energy minimization using the Merck Molecular Force Field 94
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(MMFF94) method built in the ChemBio3D Ultra 14.0 program. The ligand structures

were saved in MOL2 format for docking purposes.

Figure 2. 1: Molecular structures of MGL-2 homologous receptor (5JPV) (a); D-galactose ligand (b);
GAL-PLGA polymer (monomer unit) (c) as a ligand (Zeeshan et al., 2021)

2.2.3. Polymer synthesis: Conjugation reaction between D-galactose and PLGA

GAL-PLGA conjugated polymer was synthesized through an esterification reaction. In
brief, 10 mg of D-galactose was solubilized in 10 mL DMF; followed by the addition
of methane sulfonic acid (0.004 mL, 0.056 mmol) and 200 mg of PLGA in the round
bottom flask. The flask was clamped with the distillation assembly and the process was
continued for 24 hours (Figure 2. 2 1) (Peca et al., 2012). Afterward, the flask solution
was immersed in ice-cold distilled water to get white precipitates. The precipitates were
washed and filtered under vacuum and dried to obtain a white powder of GAL-PLGA
conjugated polymer. Conjugation of galactose moiety to the PLGA backbone was
confirmed through spectroscopic and thermal analysis techniques. A two-level
fractional factorial design 2'V(4-1) was applied to study the reaction variables
controlling the outcomes of the synthesized polymer using STATISTICA® 10.0
software (Statsoft. Inc., USA). The independent reaction variables (X) optimized
through fractional factorial design (Table 2. 1) and the measured outcomes or responses

(Y) are % yield and powder consistency.

Controlling parameters for better vield and powder consistency:

A two-level fractional factorial design 21v*" was applied to study the reaction variables

controlling the outcomes of the synthesized polymer using STATISTICA® 10.0
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software (Statsoft. Inc., USA). The independent reaction variables optimized through
fractional factorial design and their two-level variations are presented in Table 2. 1,
while some factors are kept constant during the reaction. The studied variables are
temperature (Xi), heating conditions (X2), drying conditions (X3), and atmospheric
conditions (X4). In a 2-level fractional factorial design, some variables and their
interactions have the same effect, aliases, or confounded variables, and thus have a
negligible role to be computed individually. Therefore, this type of design omits
unnecessary runs and facilitates the cost-effective optimization of experimental
procedures (Djuris et al., 2013). To find the effect estimate of variables on each

response, the following mathematical equation (1) is computed:

Y= 1o tI1 X1 +12X2 + I3X3 + 14X4 + 112X X2 H113 X1 X3 H14X1X e eeeeeeeennnnn. 1

Where Y is the response factor, Iy is a constant, [a represents the effect of variables and

1aB their interactions.

Under these conditions, the 2iv*! fractional factorial design for the synthesis of GAL-
PLGA polymer is referred to in Table 3. 1. The measured outcomes or response factors
for the synthesized GAL-PLGA polymer were %age yield (Y1) and obtained dried
powder consistency (Y2). Powder consistency was evaluated on the basis of flow
properties and moisture content. For the computational purpose, powder consistency
(Y2) was graded on a scale of 0-100 anonymously, corresponding to 0 = swollen clumps
and aggregates; 25= loose aggregates; 50 = flaky powder; 100= fine powder. The data

is utilized to estimate the effect by the above-mentioned mathematical equation.

Table 2. 1: (A) The studied independent variables and their levels in 2;v*) fractional factorial design

(B) The constant variables with constant reaction conditions during GAL-PLGA polymer synthesis

(A) In-dependent variables and their levels

Code Independent variables Level (-1) Level (+1)
X1 Temperature (°C) 60 70

X2 Heating conditions Sand bath Oil bath
X3 Drying conditions Lyophilizer/ Freeze dryer Desiccator
X4 Atmospheric conditions Air Nitrogen

(B) Variables that remain constant (not optimized)

Code Constant variables Value

Cl Reagent CH3SO3H/DMF
C2 Duration 24 hours

C3 Galactose: PLGA ratio 1:20

43



Chapter 2: Materials and Methods

2.2.4. Preparation of dye/drug-loaded GAL-PLGA nanoparticles

Dexamethasone and GAL-PLGA were dispersed in ethyl acetate in the ratio 1:20. The
organic phase was added dropwise in the aqueous phase containing a surfactant, PVA
(1-3%) while constantly stirring to form O/W emulsion. The ratio of organic to aqueous
phase was kept 1:3. Afterward, the emulsion was probe sonicated (Misonix- XL-2000
series) at 50% amplitude, while immersed in ice-cold water to dissipate heat during
sonication. Then stirred overnight to evaporate organic solvents. After solvent removal,
nano-suspension was centrifuged thrice at 13500 rpm for 30 min to remove residual
solvent and unentrapped drug (Figure 2. 2 I-II). The preparation method adopted was
suitable and single-stepped to fabricate polymeric nanoparticles loaded with a
hydrophobic drug, thus providing a feasible approach. For dye loaded GAL-PLGA
nanoparticle, Rhodamine B or fluorescein dye replaced the drug in the organic phase
with the same quantity, and the same procedure was adopted. For GAL-PLGA
nanoparticle preparation, the QbD based approach was adopted to screen some
variables on preliminary grounds and their impact was assessed (Table 2. 2). The
interactions between critical attributes and risk assessment was performed using Lean
QbD® software (QbD works LLC, Fremont, USA) on a 3-level risk assessment scale
(low, medium, high) (Table 2. 3). Thereafter, the variables with the most significant
impact were further studied and optimized using 3° Box-Behnken design through
STATISTICA® 10.0 software. The 3-level Box-Behnken experimental design with
different combinations of experimental runs. Nanoparticles obtained after
centrifugation were subjected to freeze-drying (lyophilization) for long term stability
and storage purpose. Before lyophilization, 5% cryoprotectant either trehalose or
sorbitol was incorporated to protect the formulation from the harsh effects of freezing.
The nano-formulation was refrigerated at -80°C, followed by main drying and residual

drying phase of lyophilization under controlled temperature and pressure.
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") Material

Drug: log P, solubility

Polymer characteristics;
ligand-polymer ratio

Stabilizer: PVA

Solvent evaporation:
time, temperature

Process (Emulsion-Evaporation) |

Stirring speed

Ultrasonication:

Drug release profile

Structure

Surface morphology
Physicochemical properties

Product attributes

Solvent type power, time
o |Dexa-GAL-PLGA
| nanoparticles
Uptake and targeting potential Macrophage targeting
Biocompatibility Effect: local

Disease indication: IBD

Dosage form

Oral delivery

Therapeutic output ‘

Figure 2. 2: Synthesis of GAL-PLGA polymer and nanoparticles under QbD and DOE approach; (I)

Scheme for the synthesis of Galactose conjugated PLGA (GAL-PLGA) polymer under controlled

reaction conditions, then QbD based DOE approach to fabricate GAL-PLGA nanoparticles via emulsion-

evaporation method incorporating a hydrophobic drug. (II) Ishikawa cause and effect diagram for drug-

loaded GAL-PLGA nanoparticle synthesis (Zeeshan et al., 2021)
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2.2.4.1. The QbD process for the development of nano-formulation

The QbD approach, at first, starts with the development of “knowledge space”, a
systematic collection of concerned scientific data and literature. Knowledge space laid
the foundations of ‘quality target product profile (QTPP) that is the main building block
in the development of the nanoparticles concerning therapeutic use. Based on
knowledge space, QTPP for Dexa-GAL-PLGA nanoparticles was designed (Table 2.
2). Afterward critical material (CMA), and critical process attributes (CPA) were
selected that tremendously affect the quality of nano-formulation (Pallagi et al., 2015),
listed in Table 2. 2. Both CMAs and CPAs strongly influence the product’s quality as
manifested through critical quality attributes (CQA) (Pallagi et al., 2015; Simdes et al.,
2018). In the case of Dexa-GAL-PLGA nanoparticles, CQAs are particle size,
encapsulation efficiency, zeta potential, PDI, appearance, toxicity, and stability that
should be within an acceptable range (Table 2. 2). To control these major attributes, an
initial risk assessment is performed to know related interdependence and their impact,
which is displayed through various charts. The interactions between critical attributes
and risk assessment was performed using Lean QbD software® (QbD works LLC,

Fremont, USA) on a 3-level risk assessment scale (low, medium, high).

Determination of QTPP for Dexa-GAL-PLGA nanoparticles

International council for harmonization of technical requirements for pharmaceuticals
for human use (ICH) Q8 guidelines consider QTPP an essential element of the QbD
process and guided about selection criteria of QTPPs (Park et al., 2019). In the present
study, ICH guidelines, literature digging, and previous data suggested QTPPs like
therapeutic indication, route of administration, dosage form design, dissolution,

stability, etc. as mentioned in Table 2. 2.

Determination of CPP. CMA. and CQA for Dexa- GAL-PLGA nanoparticles

Based on knowledge space, critical material, and process attributes are selected that
tremendously affect the quality of nano-formulation (Pallagi et al., 2015). The studied
CMAs and CPPs for GAL-PLGA nanoparticle synthesis are listed in Table 2. 2. Both
CMAs and CPAs strongly influence the product’s quality as manifested through CQA
(Pallagi et al., 2015; Simodes et al., 2018). In the case of Dexa-GAL-PLGA

nanoparticles, CQAs are particle size, encapsulation efficiency, zeta potential, PDI,
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appearance, toxicity, and stability that should be within an acceptable range (Table 2.

2).

2.2.4.2. Initial risk assessment

The potential influence of CMAs and CPAs on product quality, their impact, and

interdependence is determined through a risk assessment tool. After the selection of

critical attributes, inter-relation between each QTPP and CQA and between each

CPP/CMA and CQA was ascertained using Lean QbD software® (QbD works LLC,

Fremont, USA) on a 3-level risk assessment scale (low, medium, high). The severity

and impact of the attributes were displayed in the charts by the software. Further,

attributes/parameters were scrutinized on these bases, screened, and optimized.

Table 2. 2: The selected QTPP elements, CQAs, and CPPs/CMAs with targets and justifications for
dexamethasone loaded GAL-PLGA nanoparticles

| Target | Justification

QTPP elements

Therapeutic Ant-inflammatory Easy access to the intestine (colon) through oral

indication route to combat IBD

Target patient | No age specifications Safer for all age groups

population

Route of | Oral Ease of administration, and it is the safest and natural

administration route to target intestinal mucosa locally

Site of activity Local  effect: target | Accumulation in intestinal tissue, avoid systemic
macrophages in  the | side effects
inflamed intestine

Dosage form design | Freeze-dried Solid  lyophilized dosage form enhanced
nanoparticles, formulation’s handling and stability; Freeze-dried
reconstituted nano-formulation reconstituted into nano-suspension
nanoparticulate before use
suspension

CQAs

Particle size /surface | Increased surface area; | Large specific surface area, increased dissolution

area (SA) nanosized range (~200 | rate, enhanced solubility, enhanced eEPR effect,
nm) lesser GIT clearance. Nanosized particles have

increased uptake by colon epithelial cells

Encapsulation Must be greater than 50% | Enough drug should be entrapped within
efficiency (EE) nanoparticles to demonstrate the suitability of a
nanocarrier system for better therapeutic efficacy

Zeta potential Negative Characteristic of polymer, charge indicate stability
PDI Must be less than 0.3 Demonstrate homogeneous distribution
Appearance, Whitish dry lyophilized | The freeze-dried amorphous powder easily dispersed
homogeneity powder (amorphous) in distilled water to form stable nanosuspension

Or reconstituted white

translucent liquid

suspension
Dissolution Sustained; at least up to 24 | Effective intestinal mucosa absorption and

hours

prolonged therapeutic efficacy
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Toxicity/irritation Non-toxic  and  non- | Nanoformulation must be biocompatible for living
irritative tissues; it must have negligible side effects on the

intestinal mucosa, GIT, and vital organs.

Stability Physicochemical and | Nanoformulation must remain stable with minimal
conformational stability at | precipitation, phase separation, aggregation upon
room temperature (25°C), | standing. It should be easily re-dispersible after
when reconstituted prolong storage either in solid form or liquid. It

should not be degraded physically or chemically and
retain drug content.

CPPs

Emulsification- Overnight evaporation (24 | Evaporation of solvent is critical to obtain nano-

solvent evaporation | hours) at room | sized particles and to eradicate possible solvent

method: Solvent | temperature (25°C) associated toxicity

evaporation

time/temperature

Ultrasonication:

Sonication time

Enough time to generate a
shear force

Time to apply force to reduce particle size; affects
EE

Sonication power Enough power to | Shear stress determine particle size and EE
breakdown droplets
Temperature 20-25°C Optimal temperature is required, otherwise leads to
instability
Stirring speed For homogeneous | Facilitates emulsification process, important for

dispersion and shear force

stability and particle size

CMAs

Drug nature

Hydrophilic/lipophilic

To choose solvents to solubilize drug and to develop
nanoparticle preparation method, determine EE

Ligand:
Ligand-polymer
bond

Covalent linkage

Chemical synthesis to effectively adjoin ligand
moiety and for effective targeting

Ligand-polymer 1:20 Established from literature

ratio

Organic phase: PLGA (50:50) have hydrophobic nature, soluble in
Polymer Type Hydrophobic organic solvents

Drug to Polymer | Optimum Established according to the literature; determines
Ratio EE and drug loading capacity

Polymer mol. wt. 7000-17000 Established in literature and purchasing specification

sheet

Aqueous phase:
Surfactant type
Surfactant
concentration

PVA, amphiphilic
1-3%

Emulsifier, nanoparticles  stabilizer,
aggregation and instability

According to the literature

prevent

Organic to aqueous
ratio

Optimum (1:3-1:5)

Preliminary experimental optimization based on the
values found in the literature; determines nano-
formulation stability and EE

2.2.4.3. Design of experiment (DOE): Box-Behnken design

The surface response optimization designs are a robust way to develop an experimental

setup for statistical modeling and estimating the effect of different experimental

parameters. After initial risk assessment, the three most influential independent

variables were selected including surfactant concentration (A1), stirring speed (Az), and

sonication time (A3). Each independent variable has three different levels, -1, 0, and +1
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corresponding to lower, middle, and higher values respectively, as described in Table
2. 3. The values of the levels are based on preliminary studies and literature. In this
design, the assessed responses or dependent variables are particle size (Z1), zeta
potential (Z>), and polydispersity index (PDI) (Z3). Equation 2 describes the polynomial

equation for the effect estimation of independent variables on dependent variables:

Z=bo + b1A1 + b2A2 + b3A3 + b12A1A2 + b13A1A3 + b23A2A3 + b11A12
+ b22A22 + b33A3% eeeiniininnnns 2

Where Z is the dependent variable, by is the intercept, ba is the regression coefficient
for effect estimate of the independent variable on Z and bxy, bx? corresponds to the
interaction of independent variables. Further, ANOVA was applied to determine the
statistical significance of independent variables (0=0.05) and the adequacy of the
regression model. A 3D response surface plots were obtained to ascertain the
correlation between two independent variables and the response variable. Moreover,
Pareto plot analysis clarified the significance of each independent variable for the

selected response variable.

2.2.4.4. Experimental design validation and optimization

The experimental design generated predicted values for response variables which were
compared with the experimental values for confirmation. The validation of the
experimental design was further conducted by obtaining a desirability profile through
the analysis of optimum values of independent variables to produce desirable outcomes
(Islam et al., 2012). The most fitted values and the combination of independent
variables were experimentally replicated in triplicate to validate the design. The

optimized formulation proceeded for further characterization.
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Table 2. 3: Studied independent variables at three different levels (-1, 0, +1) in 3* Box-Behnken DOE to
prepare GAL-PLGA nanoparticles of the desirable criteria

Selected parameters and their levels optimized through 3° Box-Behnken design

Independent variables Coded levels
Low (-1) Medium (0) High (+1)
A.: Surfactant conc. (%) 1 2 3
A»: Stirring speed (rpm) 1500 2000 2500
As: Sonication time (sec) 30 60 90

Response variables Desired criteria

Y: Particle size (nm) Minimum (about 100 nm)

Y>: Zeta potential (mV) Minimum

Y;: PDI

Minimum (> 0)

2.2.5. Physicochemical characterization

Nanoparticles were characterized for particle size, zeta potential, and PDI using
Malvern Zetasizer (Malvern Instruments, Worcestershire, UK) and scanning electron
microscopy (SEM, Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan). Further, drug
entrapment and drug loading within polymeric nanoparticles were determined through
free drug quantification in the supernatant (Zeeshan et al., 2019b) and through solvent
extraction from freeze-dried nanoparticles. Briefly, 10 mg of dried drug-loaded
nanoparticles were dispersed in ethyl acetate-acetone mixture, dissolved for 4 hours,
and then stirred to evaporate. Thereafter, the obtained residue was dispersed in
methanol and left overnight on constant stirring. Then the mixture was centrifuged, and
the supernatant was collected to quantify the drug under Agilent 8453 UV
spectrophotometer (Agilent Technologies, USA) at 240 nm. All experiments were

conducted in triplicate and expressed as mean + SD.

2.2.6. Thermogravimetric (TGA) analysis

The thermogravimetric analyzer (TGA) (Mettler-Toledo GmbH, GieBBen, Germany)
investigated the weight loss of dexamethasone, drug-loaded PLGA nanoparticles, and
GAL-PLGA nanoparticles on subsequent temperature elevations. About 5 mg dried
sample was placed on a platinum pan and gradually heated from 30°C to 800°C at a

heating rate of 10°C/minute under inert nitrogen control.
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2.2.7. X-ray powder diffraction (XPRD) analysis

XPRD analysis of pure drug, drug loaded PLGA, GAL-PLGA nanoparticles, and the
respective polymers was conducted to find out the crystalline or amorphous nature of
the drug inside the nanoparticles using Bruker D8 Advance X-ray powder
diffractometer (Bruker®AXS GmbH, Germany). Mounted samples were irradiated with
Cu Ka source at a wavelength of 1.5406 A°, voltage of 40 kV, and current supply of 40
mA. The XPRD patterns were acquired from 3° to 40° 20 through VANTEC-1 detector.

2.2.8. Fourier-transformed Infrared Spectroscopic (FTIR) of excipients and
formulation

The molecular vibrations of dried formulation ingredients (dexamethasone, PLGA,
GAL-PLGA polymer), their physical mixture, and lyophilized PLGA and GAL-PLGA
nanoparticles were investigated to establish drug-polymer compatibility using ATR
Cary 630 FTIR (Agilent technologies, USA). A small quantity of powdered sample was
placed on the crystal of ATR diamond and FTIR spectra were recorded over the range

of 400-4000 cm™! wavenumber.

2.2.9. In vitro drug release

In vitro release of dexamethasone from PLGA and GAL-PLGA nanoparticles was
studied through the dialysis membrane diffusion technique under a controlled
environment. Dexa-PLGA or Dexa-GAL-PLGA nanoparticles were loaded in a
presoaked dialysis membrane (MW cut-off 12-14 kDa, Millipore Sigma Aldrich
(Sigma-Aldrich, Germany) and then sealed from both ends. Immediately, each dialysis
bag was immersed in a simulated gastric fluid (0.1N HCI, 2g NaCl per 1L) at a pH of
1.2 in a shaker bath set at 100 rpm at 37°C for 2 hours. Samples were withdrawn after
every half an hour and sink conditions were maintained after sampling. Since the
normal gastric transit time of the stomach is 2 hours, therefore, the medium was
changed to simulated intestinal fluid (pH 7.4) by adding NaHPO4.2H>0 and KH>PO4
salts, and pH was adjusted to 7.4 with few drops of 0.1N NaOH (Ali etal., 2014). 0.1%
Tween 80 was incorporated as a solubilizing agent, and to achieve sink conditions.
Thereafter, the study was continued till 48 hours, and 1 ml aliquots were withdrawn
after pre-determined intervals with the replacement of fresh buffer. The samples were

analyzed for the drug quantification under UV spectrophotometer at a wavelength of
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240 nm and calculations were performed to determine % cumulative release £ SD

(n=3).

Drug release kinetics and mechanism from the nanoparticles were explored by the
application of different mathematical models using the DDsolver program (Zhang et
al., 2010). The best-fitted model have the highest coefficient of determination (R?),
adjusted coefficient of determination (adj-R?), model selection criteria (MSC), and

lowest Akaike information criterion (AIC) (Zhang et al., 2010).

2.2.10. In vitro hemocompatibility studies

Blood was collected from the healthy volunteers with informed consent, according to
standard blood drawing protocol (Organization, 2010). Further, only healthy

individuals who met the following criteria were considered for blood withdrawal:

e Healthy, weight above 60 kg, Hemoglobin > 13.5, non-pregnant, normal
blood pressure, no blood-borne disease, no communicable disease, normal
body temperature.

e Secondly, the amount of blood withdrawn was just 3 ml per 60 kg individual
once, which is far less than the standard IRB protocol (i.e., 5 ml’kg in 24
hours), therefore, no special approval from the institutional board was

required.

To ascertain the hemocompatibility of Dexa-PLGA and Dexa-GAL-PLGA
nanoparticles, fresh human blood from the young healthy volunteers (with consent) was
collected in the EDTA tube. Blood samples were purified and diluted with Dulbecco
phosphate-buffered saline (PBS) (1:9). Thereafter, various concentrations of nano-
formulations (25, 50, and 100 pg/ml) were suspended in 1 mL of diluted blood and
incubated at 37°C. While 1% Triton-X treated diluted blood sample served as a positive
control and PBS as a negative control. After 24 hours, samples were centrifuged at 3000
rpm for 10 min and supernatants were collected to analyze free hemoglobin release
using a microplate reader (Perkin Elmer, USA) at a wavelength of 540 nm. % RBC

hemolysis was calculated using equation 3:

sample absorbance—negative absorbance

% hemolysis =
% y positive absorbance—negative absorbance
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2.2.11. In vitro cell-based studies

2.2.11.1. Isolation and purification of murine derived peritoneal macrophages

and colon cells

The peritoneal cavity is an enriched source of adhered macrophages, therefore, provides
abundant macrophages for the ex vivo experimental studies, mimicking in vivo
environment. Thioglycolate elicited macrophages were extracted from the peritoneum
of BALB/c mice, according to the protocol (Zhang et al., 2008; Lu and Varley, 2013),
washed and grown at 37°C under 5% CO2 in cRPMI media containing 10% FBS,
essential amino acids, antibiotics (penicillin, streptomycin), and 25mM HEPES buffer.
Next, colon tissues were excised from healthy mice and treated as per protocol with
modifications (Lin et al., 2014). In brief, cells were immersed in HEPES buffer solution
with 1% FBS and debris was removed. Colon tissue was fragmented into smaller
fragments of about 1 cm and homogenized at 37°C for 3-5 minutes, the resulting single-
cell suspensions were centrifuged at 10,000 rpm at 4°C. The obtained pellet was washed

thrice with PBS and suspended. The cells were cultured as mentioned above.

2.2.11.2. Cytotoxicity assay on murine macrophages and colon cells

In vitro cytotoxicity of pure drug, Dexa- PLGA, and Dexa-GAL-PLGA nanoparticles
in the concentration ranging from 25-100 pg/mL was assessed against murine
macrophages and murine isolated colon cells using MTT assay. The cells were seeded
in a 96-well plate at a density of 5 x 10° cells/well in RPMI-1640 media supplemented
with 10% FBS and 1% antibiotics and incubated at 37°C in a humidified 5% CO»
atmosphere for 24 hours. Then, different concentrations of samples were added to both
types of cells in triplicate and incubated for 24 or 48 hours. Thereafter, the culture media
was aspired off and replaced with fresh media with the addition of MTT solution (500
pg/ml) to each well. After 4 hours of incubation, the media was switched with 100 pLL
DMSO to solubilize the formazan crystals produced from the mitochondrial reduction
of MTT. The optical density was recorded at 540 nm using a microplate reader (Perkin

Elmer, USA). Untreated cells were served as control. Cell viability was calculated.
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2.2.11.3. Cellular uptake studies

Murine-derived peritoneal macrophages were seeded into a 12-well plate at a density
of 5 x 10° on a growth medium RPMI-1640 under humidified 5% CO> and incubated
for 24 hours. Subsequently, free rhodamine-B, rhodamine-B loaded PLGA and GAL-
PLGA nanoparticles were added to the medium, incubated for 2 hours, and then washed
with pre-warmed PBS and fixed with paraformaldehyde (4%) for 10 min. The cells
were mounted on a glass slide to be visualized under fluorescent microscopy. For colon
cells, fluorescein-loaded PLGA and GAL-PLGA nanoparticles were used with the

same procedure.

2.2.11.4. Elucidation of galactose mediated cell uptake by murine macrophages

Since the conjugation of D-galactose to PLGA make it a more favorable candidate to
mediated macrophage MGL-2 (CD301b) driven uptake of GAL-PLGA nanoparticles
(Denda-Nagai et al., 2010). Therefore, macrophage cells were pre-treated with D-
galactose before the addition of dye loaded GAL-PLGA nanoparticles to competitively
inhibit GAL-PLGA nanoparticles uptake.

2.2.12. In vivo preliminary studies to understand nanoparticles behavior in the

inflammation

Male BALB/C mice (weight = 25 g) were administered with 3% DSS in drinking water
for seven days for the induction of UC. The mice were kept under standard laboratory
conditions according to the approved protocols for care and use of lab animals, QAU
bioethical codes, based on NIH guidelines. The number of mice was considered based
on experimental requirement and principle of 3Rs (replace-refined-reduced) to reduce
unnecessary harm to the animals (Festing and Altman, 2002). Daily clinical parameters

and indices were observed to ensure the development of the disease.
2.2.13. Harvesting of inflammation led macrophages for flow cytometry analysis

Pro-inflammatory macrophages were recruited to the inflamed tissues, therefore,
activated macrophages infiltrated the colon tissues because of DSS-induced
inflammation of the colon. The inflamed model completely developed after 7 days;
thus, mice were orally administered with fluorescein dye loaded GAL-PLGA

nanoparticles on day 7. Thereafter, mice were euthanized after 6 hours, based on the
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average transit time of oral formulation to reach the colon (Zeeshan et al., 2019a).
Colon tissues were isolated with exudates. The recruited activated macrophages in the
colon lamina propria were harvested and purified according to the previous protocol
with little modifications (Uronen-Hansson et al., 2014). Cells were washed,
centrifuged, resuspended in PBS. Afterward, cells were processed and analyzed to
assess cellular uptake of dye loaded nanoparticles under flow cytometry system (FCS)

(BD FACS™, US).

2.2.14. Accumulation of nano-formulation in the visceral organs and colon under
inflammation

Free drug suspension and Dexa-GAL-PLGA nanoparticles (drug dose = 10 mg/kg)
were orally administered to the DSS induced colitis mice (n=3/group). After 6 hours,
mice were euthanized and visceral organs including the stomach, small intestine, colon,
spleen, liver, and kidney were excised. Tissue homogenates were prepared, and the drug
was extracted overnight from the tissues in PBS and methanol (9:1) mixture. Thereafter,
the supernatant was collected through centrifugation and then analyzed
spectroscopically (A = 240 nm) for the drug quantification. Tissues excised from the

mice treated with blank nanoparticles were considered as control.
PART-I (SECTION-B)

Further, the GAL-PLGA (GP) nano-formulation was coated with pH-sensitive polymer

for more specific targeting in IBD.

2.2.15. Preparation and characterization of GP/ES100, GP/Pu Nanoparticles

(NPs), and G-PLGA/ES/Pu NCs

GP/ES100 NPs were prepared by dissolving Dexa (1 mg) and G-PLGA (10 mg) in ethyl
acetate and adding the organic solution into an aqueous phase containing ES100, 2%
PVA, methanol and 0.IN NaOH in a dropwise manner, followed by strenuous
sonication for about 1 minute and kept stirred for 2-4 hours. Stirring was continued
overnight for the evaporation of organic solvents. For GP/Pu NPs, the aqueous phase

was replaced with Pu (20 mg) and 2% PVA only.

And GP/ES/Pu NCs were fabricated in the same way except for the aqueous phase,
which contains both ES100, and Pu in an optimized ratio with 2% PV A and 0.1N NaOH
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solution. The aqueous phase was devoid of methanol because highly soluble pullulan
quickly precipitated in methanol, while ES100 was still able to dissolve in 0.1N NaOH
solution. The formed O/W nanoemulsion was kept stirred overnight for the organic
solvent evaporation. Afterward, GP/ES100, GP/Pu or GP/ES/Pu NCs were centrifuged
(13500 rpm, 40 min) for the removal of unentrapped drug and residual solvents. Then
the obtained pellets were mixed with cryoprotectant (5% trehalose) for the freeze-
drying at -80°C. Finally, dried white amorphous powder of GP/ES/Pu NCs were
acquired and further used for characterization. Rhodamine-B dye loaded NCs were

prepared using the same methodology.

2.2.16. Physicochemical Characterization

Detailed methods for physicochemical characterization (particle size, zeta potential,
SEM, TGA, XPRD, FTIR) of nanocargoes can be found in Method sections 2.2.5,2.2.6,
2.2.7, and 2.2.8. Drug entrapment efficiency (%) was measured through supernatant
collected after nanocargoes washing and quantified at 240 nm under RP-HPLC as
described above. For the confirmation of actual drug content (%) loaded inside the
freeze-dried nanocargoes, about 2.5 mg of particles were dispersed in acetone, stirred
for 2-4 hours, and then evaporated to distort nanocargoes. Afterward, the obtained
residue was dissolved in acetonitrile: PBS (pH 5.0) solvent mixture to extract the drug

overnight and then quantified under HPLC.

2.2.17. Drug Release and Kinetics of GP/ES100, GP/Pu and GP/ES/Pu NCs

Drug release from GP/ES100, GP/Pu, and GP/ES/Pu NCs were estimated through the
dialysis membrane diffusion technique. Briefly, NCs equivalent to 1 mg Dexa drug
were loaded into the dialysis bag (MW cut off = 12-14 kDa, Sigma Aldrich, Germany)
separately and then immediately clamped from both ends. The dialysis bags were
placed in 30 ml of simulated gastric fluid (SGF), pH 1.2, in a shaker bath and continued
to shake till 2 hours at 37°C. Samples were withdrawn and replaced with fresh buffer
at a regular interval. Thereafter, the medium was replaced by phosphate buffer solution,
pH 4.5 to mimic acidic conditions of the fed stomach and upper small intestine regions
and the release was continued for another 2 hours. Afterward, dissolution media was
changed with simulated intestinal fluid (pH 7.4) with or without cecal contents (5%
w/v) (Oshi et al., 2018), to match large intestine conditions, and the drug release study

was continued till 72 hours with sampling at regular time-period. The time slot for the
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pH change was based on average GIT transit time from the stomach to the small
intestine and large intestine (Ali et al., 2016). Drug concentration in the samples was
quantified at 240 nm and % drug release was calculated (n=3). Drug release kinetics
and mechanism were explored through the application of mathematical models using

the DDsolver program (Zhang et al., 2010).

2.2.18. Mucin Binding Study

The extent of mucin-nanocargoes interaction was observed through UV spectroscopic
analysis at 255 nm, as reported (Yin et al., 2006). Mucin binding efficiency was

calculated through formula in Equation 4:

Total mucin—Free mucin

% Mucin binding = X100 ceiiieiiiniiinnnnnn 4

Total mucin

Next, the interaction was additionally investigated through particle size and zeta
potential analysis using Malvern zetasizer. Further, viscoelastic effects of mucin-
nanocargoes binding were studied through rheological analysis under cone-plate
rheometer (CE AMETEK Brookfield, USA), by varying shear force (Sohail et al.,
2016). The calculated parameter was rheological synergism (An), described under

Equation 5:

AN = Mpnix — Munc T Numuc) seeeeeerceceececncnnnn 5
Where mmix 1s mucin-formulation mix apparent viscosity, Mnc 1S for the apparent
viscosity of studied nanocargoes dispersion at a concentration equal to that of the
mucin-polymer mix and nmuc 1s the mucin dispersion apparent viscosity equivalent to

mucin concentration in the mucin-polymer mix.
2.2.19. In vitro Biocompatibility Studies

The methods of hemolysis Assay, cellular biocompatibility (MTT assay), and in vitro
cell uptake assay for the nanocargoes are documented in Methods sections 2.2.10 and

2.2.11.
2.2.20. In vitro Permeability Assay

To determine in vitro permeation and retention of Rhodamine-B dye loaded GP/ES/Pu
(Rho-GP/ES/Pu) NCs, 5 cm long goat intestine was taken from the slaughterhouse,

washed thoroughly with PBS to remove mucous and luminal content. Thereafter, I mL
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of Rho-GP/ES/Pu nanosuspension was instilled into the intestine lumen, and both ends
of the intestine were secured and closed. The intestinal sac was dipped into the
compartment filled with 30 mL PBS (pH 7.4), maintained at a temperature of 37 + 1°C,
and shaken at 50 rpm under a bath shaker. 1 mL samples were withdrawn from the outer
compartment at a periodic interval of 2, 4, 6, and 8 hours and replaced with fresh buffer.
Samples were quantified under UV-Vis spectrometer at 560 nm to estimate the quantity
of dye permeated across the intestine at different time points. Meanwhile, intestine
tissues were additionally collected at regular time points. Dye was extracted from the
collected tissues and quantified under a UV-Vis spectrophotometer to determine dye
retention in the intestinal tissue. The concentration of dye retention is the estimation of
the nanocargoes localization in the intestine. Furthermore, the obtained tissues were
spliced using a microtome and visualized under a fluorescent microscope to study dye
retention. At all time points, free Rhodamine-B control was run to assess the differences

in retention and permeability of the free and entrapped dye.

2.3. Animal Studies

2.3.1. Development of DSS induced colitis model for in vivo studies

Male BALB/c mice, 3-4 weeks old, were kept under protocols prescribed for care and
use of laboratory animals under QAU, Islamabad bioethical committee, and NIH. UC
was developed in the mice through administration of 3% w/v DSS in the drinking water
for 7 days. Mice were daily observed for the development of colitis through clinical

symptoms like a decline in body weight, rectal bleeding, diarrhea, and signs of anxiety.

2.3.2. NCs Targeting Index and Localization Capacity in the Inflamed Colon

Drug concentration was quantified in the stomach, small intestine, colon, spleen, and
the major organs to demonstrate NCs residence in the respective tissues. DSS treated
colitis mice (n=5/ group) were administered with Dexa-GP/ES/Pu NCs or with a plain
Dexa drug through oral gavage at the same dose of drug separately. After 6 hours of
intake, mice were euthanized and GI major segments (stomach, small intestine, and
colon) with luminal contents were removed, cleaned, homogenized in phosphate buffer
saline (PBS), and stirred overnight in PBS: methanol (9:1) solvent mixture to extract
the drug from the tissues. Then the sample mixture was centrifuged (13500 rpm) and

the collected supernatant was spectroscopically analyzed to quantify drug concentration
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(A =240 nm). Samples excised from mice administered with blank nanocargoes were
served as a control to eradicate the influence of interfering species during
quantification. Other vital organs including the spleen, liver and kidney were treated in
the same manner to determine drug amount. NCs targeting index to the colon is
estimated as the ratio of the concentration of drug released from nanocargoes in the
colon to the drug concentration from free drug solution in the mice colon after oral
administration of Dexa-GP/ES/Pu NCs or free Dexa solution respectively (Targeting
index = Chanocargoes/ Cree drug). Higher the value, the greater the organ targeting efficiency
(Gao et al., 2016). Further, NCs selectivity index was determined as a ratio of drug
concentration in the targeted organ (colon) to the concentration in the blood plasma
after oral administration of Dexa-GP/ES/Pu NCs to the DSS induced colitis mice

(Selectivity index of nanocargoes = Ccolon/Cplasma) (Gao et al., 2016).

After 24 hours of administration of plain Dexa or Dex-GP/ES/Pu NCs, mice were
anesthetized and blood was collected through a cardiac puncture in EDTA tube. The
collected blood was centrifuged (10,000 rpm) for 10 minutes to separate the plasma,
then treated with 1 mL ethyl acetate to extract the drug overnight at optimal
temperature. Thereafter, the purified organic phase was collected by centrifugation.
Then it was dried, the residue was reconstituted with acetonitrile: PBS (pH 5.0) (32:68)
mobile phase solvents to determine drug concentration under HPLC, as described

above.

2.3.3. Flow cytometry

Orally treated DSS induced mice with nanocargoes were euthanized after 6 hours of
intake, and colon tissues were excised, washed and macrophages were harvested
according to the reported protocol (Uronen-Hansson et al., 2014). Harvested cells were
centrifuged, suspended in buffer, and processed for uptake analysis under

flowcytometer (BD, FACS™, US).

2.3.4. Therapeutic intervention of DSS induced colitis mice

To investigate the therapeutic effectiveness of Dex-GP/ES/Pu NCs against DSS-
induced colitis, mice were randomly distributed following protocols of minimum harm
and ARRIVE guidelines into 4 groups (n=5/ group). The number of subjects was
selected according to the animal resource equation (Arifin and Zahiruddin, 2017) and

considering ethical protocols of minimum harm (3Rs) (Hubrecht and Carter, 2019).
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Group I (Normal control): Normal healthy mice, received drinking water

Group II (DSS): DSS-induced colitis mice (disease control), received 3% DSS in

drinking water for 7 days

Group III (Dexa): DSS-induced colitis mice after 7 days of disease development

received Dexa drug solution (dose= 5 mg/kg) through oral gavage, from day 7-14.

Group IV (Dex-GP/ES/Pu NCs): DSS-induced colitis mice after 7 days of disease
development treated with Dex-GP/ES/Pu NCs (at Dexa dose equivalent to 5 mg/kg)
through oral gavage, from day 7-14.

2.3.5. Assessment of progression and intervention of colitis thorough
morphological parameters and mortality rate

Disease progression was monitored through physical manifestations including
bodyweight loss, rectal bleeding, and stool consistency and cumulatively scored as
disease activity index (DAI). DAI was calculated according to the reported procedure
(Zeeshan et al., 2019b). Further, inflammation indices like colon morphometrics, colon
weight to length ratio, spleen weight were estimated to explore the extent of disease.
Mice mortality rate in each group was assessed for estimating mice survival after

nanocargoes treatment.

2.3.6. Evaluation of colonic vascular integrity

Vascular integrity in IBD is compromised because of altered endothelial function in
inflammation (Jerkic et al., 2010). Vascular permeation was assessed through Evans
blue assay on the last day of the experiment. In short, mice from all groups including
healthy, DSS induced colitis, plain drug and nanocargoes treated mice (n=3) were
injected with 100 pL of Evans blue dye (2% solution in PBS) through the tail vein. 2
hours post-administration, mice were euthanized and perfused with 5 mL normal saline.
Colons were isolated, cleaned, and dried at 50°C for 24 hours. The weight of dried
colon was recorded. Thereafter, Evans blue was extracted from the colon using
dimethylformamide at 50-60°C for 24 hours and quantified at 620 nm through
spectroscopic analysis. The results were expressed as a concentration of Evans blue per

gram tissue weight (n = 3).
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2.3.7. Histopathological assessment

Small colon segments from all groups were fixed in 10% buffered formalin, paraffin-
embedded, thin sliced with a microtome and stained with H & E. Afterward, stained
samples were observed under microscope and assessed on a scale of 0-12, based on

inflammation extent and mucosal injury (Erben et al., 2014).

2.3.8. Immunohistochemistry

Dexa loaded GP/ES100/Pullulan NCs mechanistic action on the expression of NF-kB,
and COX-2 was evaluated through immunohistochemistry, according to the reported
protocol (Sana et al., 2021; Khan et al., 2019). Briefly, paraffin-embedded colon tissues
were rehydrated through xylene and graded ethanol, followed by quenching with 3%
H>0» and incubation with 5% normal goat serum for 20 minutes. Then incubated with
mouse anti-COX-2 and anti-NF-kB antibodies (Santa Cruz Biotechnology, Inc, USA)
overnight. The next day, slides were treated with biotinylated goat anti-mouse
secondary antibodies and ABC reagents (SCBT, USA); thereafter swept with 0.1M
PBS and stained with diaminobenzidine (DAB) (Sigma Aldrich, St. Louis, USA).
Quantitative expression of COX-2 and NF-kB was computed through ImagelJ software

(NIH, USA).

2.3.9. ATR-FTIR analysis of the colon tissues

Excised dried colon tissues were sliced into thin pieces and mounted on the specimen
holder (Baker et al., 2014). Subsequently, tissues were analyzed in the range of 400-
4000 cm™! wavenumber under ATR-FTIR to detect structural and functional changes in

the colon before and after disease induction and nanoparticle treatment.

2.3.10. Evaluation of colon microbial content

To determine colon microflora alterations after induction of colitis and to elucidate the
effect of nanoparticle treatment on the restoration of flora, fecal samples from all groups
were obtained at the end of the experiment. Bacterial colonies from the feces were
incubated in the nutrient agar plate at 37°C; colony forming unit (CFU) were counted
after 24 hours using the galaxy 230 colony counter instrument. Results were expressed

as log CFU/mL + SD (n=3).
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2.3.11. Real time-polymerase chain reaction (RT-PCR) analysis for the expression
of regulatory, inflammatory, and mechanistic proteins

Expression of proteins that regulates tight junction function (E-Cadherin), and mucosal
injury (iNOS)was estimated using RT-PCR analysis. Total RNA was extracted from
the resected colon of each mice group using TRIzol® reagent (Thermo Fisher Scientific,
USA), according to the manufacturer’s instructions. Total RNA quantitative and
qualitative analysis were performed at 260/280 nm using Nanodrop (Skanit RE 4.1,
Thermo Scientific, USA) spectrophotometer. Isolated RNA was converted into cDNA
through Viva cDNA synthesis kit (Vivantis ¢cDSKO01-050, Vivantis technologies,
Malaysia). Expression of target genes was quantified through qRT-PCR using Eva
Green qPCR Master mix (Solis Biodyne, Estonia) and Magnetic Induction Cycle PCR
(Bio Molecular System, Australia) machine. RT-PCR analysis for all samples run in
triplicate and primer pair sequences are listed in Table 2. 4. The gene expression was

calculated according to 224 method.

Table 2. 4: Sequence of primers for the gene of interest

Gene Forward primer Reverse primer
iNOS GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC
E-Cadherin GGCGCCACCTCGAGAGA TGTCGACCGGTGCAATCT T
GR-Common | AGCAGTGTGCTTGCTCAGGAGAGGG | GAGAGGCTTGCAGTCCTCATTCGAG
B-actin CGGTGGACATTGGTTCTGG CTGAGGAAGGGCAGAAGTTC

2.3.12. Pro-Inflammatory cytokines detection through ELISA

Exceeding concentrations of pro-inflammatory cytokines in the tissues is the indicator
of inflammation. The amount of pro-inflammatory cytokines, TNF-a, and IL-6 were
determined in the excised colon tissues from each mice group using commercially
available ELISA kits (eBioscience, Inc., CA, USA) according to the manufacturer’s

directions.

2.3.13. Biochemical antioxidant assays

Antioxidant protection against oxidative stress in the intestine inflammation was
evaluated in all experimental groups. The level of antioxidant enzymes including GSH,

GST, and catalase were determined in the colon tissues using Ellman’s reagent, 1-
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Chloro-2,4-dinitrobenzene (CDNB), and H»O; respectively according to reported
procedures (Zeeshan et al., 2019b).

Further, inflammation resulted in a heavy load of reactive oxygen species, therefore the
concentration of malondialdehyde (MDA) was determined to assess lipid peroxidation
(LPO) using the thiobarbituric acid reaction method at 540 nm (Shal et al., 2021). In
addition, nitrite (NO) concentration in the colon was estimated using Griess reagent

method (Shal et al., 2021).

Next, estimation of myeloperoxidase (MPO) activity indicated the extent of neutrophil
infiltration at the inflamed colon (Chami et al., 2018). MPO activity was determined
through the CTAB buffer. Briefly, colon tissues were homogenized in 1 mL of PBS (50
mM, pH 6) and 0.5% CTAB, followed by sonication and freeze-thaw cycles. Then
centrifuged at 13500 rpm for 5 min at 4°C, collected supernatant was added to 50 mM
PBS (pH 6) containing 0.167 mg/mL of o-dianisidine and 0.0005% H>O», and

absorbance was measured at 460 nm using a microplate spectrophotometric reader.

2.3.14. Assessment of hematological parameters

Hematologic analysis was executed to assess variations in the blood parameters after
disease induction and to find out the effect of treatment at the end. Complete blood cell
count (CBC) and total leukocyte count (TLC) were determined through the blood
derived from the cardiac puncture of the mice in each experimental group and collected
in the EDTA tube. Moreover, C-Reactive protein (CRP) is a marker of inflammation
(Sproston and Ashworth, 2018); therefore, evaluation of CRP in the blood serum
indicates the extent of inflammation. The effect of drug-loaded nanocargoes on the
blood sugar concentrations was investigated using EasyGluco™ (Infopia, Korea) test

strips.

2.3.15. In vivo biocompatibility and toxicity investigations of Dexa-GP/ES100/Pu
NCs

BALB/c healthy male mice, weighing 25-30 g, were tested under pathogen-free
standard laboratory conditions with ad libitum access to food and water. Mice were
orally administered with Dexa-GP/ES/Pu NCs (drug dose = 5 mg/kg) for 7 days to
explore the possible toxic effects of nanocargoes inside the living system. A control

group of mice received plain water only. Mice were daily assessed for acute toxicity
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symptoms including bodyweight loss, mortality rate, and behavior patterns like anxious
or depressive behavior, lethargy, lacrimation, pain, disturbance in food and water
intake, sleep, and defecation. After 7 days, mice were euthanized and assessed for the
organ to body weight ratio, histopathological investigations of the vital organs, and

biochemical hematological parameters.

Since colon is the major targeting organ, therefore, colon tissues were evaluated for the
effect of nanocargoes on cellular death through apoptotic study under flow cytometer
(BD, FACS™, USA) using Annexin-V and propidium iodide dyes. The single cell
suspension was analyzed for viability, apoptosis, and necrosis with FACScan using

CellQuest software (BD, Bioscience, San Jose, CA, USA).

PART-II (SECTION A)

Note: Part-II has two sections, A and B. Section A describes Tofacitinib-citrate (Tofa)
loaded PLGA/transferrin nanocarriers (Tofa-P/tfr NCs). And section B describes all
experiments for nncoated and ES100 coated Tofa loaded lipidic-PLGA/transferrin
nanoshells (Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh, respectively).

Section A: Tofa-P/tfr NCs

2.4. HPLC Method for Tofa

HPLC analysis of Tofa was performed through the isocratic method using reversed-
phase Agilent HPLC (Agilent technologies 1200 series). The mobile phase consisting
of 10mM ammonium acetate (pH 5) and acetonitrile (70:30, v/v), flows at a rate of 1.0
mL/minute. Tofa stock solution was prepared in the mobile phase at a concentration of
Img/mL, then various dilutions were prepared in the range of 1.5625-100 ug/mL for a
standard curve. The volume of injection for the standard or samples was 20 pL and
HPLC was assisted with a UV detector that operates at a wavelength of 287 nm. C18
reverse-phase column (250 x 4.6 mm, 5 um pore size; supelcosil LC-1, Supelco) was
used for chromatographic separation of Tofa, which was maintained at a temperature
of 35°C. The method proved to be linear with R? value of 0.9994 and obtained a

retention time of 9.035 minutes.

Another HPLC method was developed for the quantification of Tofa using reversed
phased Agilent HPLC (Agilent 1260 Infinity II series), assisted with C18 phenomene

Luna column (150 mm x 4.6 mm, 0.3 um pore size), maintained at 30°C. The mobile
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phase was constituted with Millipore water and Acetonitrile (70:30). The method was

isocratic, with the similar conditions. Calibration curve was obtained at a concentration

of 0.78125-100 pug/mL with a retention time of 5-5.19 min (R?= 0.9998).

2.5. Preparation of Tofa Loaded PLGA/tfr Nanocarriers (Tofa-P/tfr NCs)

To prepare tfr based polymeric nanocarriers, several procedures were tested to get the

maximum amount of adsorbed tfr on the nanocarriers including chemical conjugation

and physical adsorption methods. To prepare Tofa-P/tfr NCs with good stability,

particle size, and tfr adsorption, the following methods were tried:

il.

1il.

The standard method of tfr adsorption on PLGA NCs: This method is the
standard method to prepare PLGA/tfr nanocarriers (Frasco et al., 2015).
According to this method, blank PLGA nanocarriers were developed by a
simple O/W emulsion method. Once PLGA nanosuspension was centrifuged
(13500 rpm, 35 minutes) and pellet of purified nanocarriers was obtained, then
it was re-dispersed in tfr-HEPES solution (1 mg/mL) and stirred overnight for
the adsorption of tfr. The next day, PLGA/tfr nanosuspension was washed and
freeze-dried.

Tfr adsorption during emulsification: The standard method was modified. In
this method, PLGA was dissolved in organic solvent and then added dropwise
into the aqueous solution comprising 2% PVA solution and tfr-HEPES
solution. Then probe sonicated to emulsify the two phases and kept stirred for
4-8 hours. Afterward, solvent was evaporated overnight with stirring.
Therefore, tfr adsorbed to the PLGA surface during the formation of nano-
emulsion.

Chemical conjugation of tfr to PLGA NCs: At first PLGA NCs were prepared,
and then dispersed in PBS (pH 5.5, 100mM) containing EDC/NHS (400mM/
100mM). The reaction was conducted for 1 hour in the dark at 15°C.
Afterward, spin it (13000 rpm, 30 min) thrice to obtain a purified pellet. The
activated nanocarrier pellet was added to PBS (pH 7.4) containing tfr (1 mg)
and stirred for 8 hours for the conjugation of tfr to the nanocarriers. Then

centrifuged and freeze-dried to get purified PLGA/tfr NCs.

After selection of method, the following procedure is adopted:
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At first, Tofa (2 mg) was dissolved in a chloroform/methanol (0.5:1) mixture, followed
by the addition of PLGA (10 mg). The formed organic solution was added into the
aqueous solution of 1% PVA (3 mL) and tfr-HEPES solution (1 mg/mL), then
homogenized at 13500 rpm for 3 minutes. Stirred overnight to evaporate organic
solvents and then the prepared Tofa-PLGA/tfr nanosuspension was washed through
centrifugation (13500, 40 minutes) and then freeze-dried using 5% trehalose as a
cryoprotectant to form Tofa-PLGA/tfr nanocarriers. The process and formulation
parameters were studied and optimized for better quality nanocarriers. The same
procedure was opted to prepare Tofa-PLGA nanocarrier without tfr-HEPES solution in

the aqueous phase and for Tofa-PLGA/BSA nanocarriers, tfr was replaced with BSA.

The preliminary considerations including method selection and organic solvent
screening etc. for the preparation of Tofa-P/tfr NCs were conducted through QbD based
approach. The quality target product profile (QTPP) was mentioned in Table 2. 5,
indicating major parameters, their role, and outcomes. The interaction of QTPPs and
critical material and process parameters (CMAs/CPPs) with critical quality attributes
(CQAs)) was evaluated through risk-based assessment using Lean QbD software®
(QbD works LLC, Fremont, USA) on a scale of 3-levels (low, medium, high). Further,
the most influential variables were optimized using Box-Behnken 3° design using
STATISTICA® 10.0 software. The studied independent variables with their levels (-1,
0, +1) and the dependent output variables with desired criteria are mentioned in Table
2. 6. 3° Box-Behnken design provided various experimental runs of the most affecting
independent variables including tfr concentration (A), drug concentration (B) and
surfactant concentration (C). The studied outputs were particle size (X), drug

entrapment (Y), and tfr adsorption (Z). Independent variables effect estimate on output

is described under polynomial Equation 6:

X*=bg + biA + b2B + b3C + b12AB + bi3AC + b2:BC + b11A2 + b22B% + b33C? ... 6

X* is any studied dependent variable, by is the intercept, b is the effect estimate of the
independent variable on X*. While ba, and bii? are linear and quadratic interactions of
independent variables. Each variable was analyzed under ANOVA for statistical
significance (a=0.05). Pareto charts and 3D response plots were obtained to understand

the effect of each variable on a particular outcome.
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To validate the experimental design, the difference between predicted and experimental

values was observed using statistical graphs. And a desirability profile was obtained to

determine the optimum combination of variables that produced the desired outcome

responses (Islam et al., 2012). The best combination of independent variables was

considered and experimentally replicated thrice to validate the design.

Table 2. 5: QTPP for Tofa-P/tfr NCs

| Target | Justification
QTPP elements
Therapeutic Inflammatory bowel disease | Targeted delivery of Tofacitinib citrate (Tofa) to
indication (ulcerative colitis) combat intestinal inflammation via JAK/STAT
inhibition
Target patient | Not specified Children, adults, old aged
population
Administration Oral route Natural and safest route to GIT, Ease of administration

with good patient compliance

Site of activity

Colon targeted drug delivery;
interact with macrophage-
surface  receptor in  the
inflamed intestine

Accumulation in intestinal tissue, local therapeutic
action, avoid systemic side effects

Dosage form design

Freeze dried nanoparticles,
reconstituted nanoparticulate

Solid lyophilized dosage form enhanced formulation’s
handling and stability; Freeze dried nano-formulation

suspension reconstituted into nano-suspension prior to use
Therapeutic Ameliorate bowel | Enhanced uptake by immune cells and macrophages,
outcome inflammation by targeted, | high residence time and improved immunosuppressant

localized, sustained release of | and anti-inflammatory activity

drug
CQAs

Particle size

Increased surface area;
nanosized range (100-300 nm)

Large specific surface area, enhanced solubility,
enhanced eEPR effect, lesser GIT clearance.
Nanosized particles have increased uptake by colon
epithelial cells and the immune cells

Encapsulation Must be greater than 50% Enough drug should be entrapped within nanoparticles

efficiency (EE) to demonstrate suitability of nanocarrier system for

better therapeutic efficacy

Zeta potential Negative Characteristic of polymer, charge indicate stability

PDI Must be less than 0.3 Demonstrate homogeneous distribution

Ligand (tfr) | High For efficient uptake by TFR-1/CD71 receptor on

adsorption macrophages and colon epithelial cells

Dissolution pH-dependent, sustained; at | Minimum at acidic pH (Gastro-protection), sustained
least up to 24 hours drug release at colon pH that leads to effective

intestinal mucosa absorption and prolonged therapeutic
efficacy

Toxicity/irritation Non-toxic and non-irritative Nanoformulation must be biocompatible for living

tissues; it must have negligible side effects on intestinal
mucosa, GIT, and vital organs.

Stability Physicochemical and | Nanoformulation must remain stable with minimal
conformational stability at | precipitation, phase separation, aggregation upon
room temperature (25°C), | standing. It should be easily re-dispersible after
when reconstituted prolong storage either in solid form or liquid. It should

not be degraded physically or chemically and retain
drug content.

CPPs
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Method selection:
Mode of tfr
adsorption

Modified
evaporation
Physical mode of adsorption

emulsion

The method was modified to ensure maximum tfr
adsorption during emulsification

Homogenization:
Time

Speed

Temperature

Enough time to generate shear
force

Enough power to breakdown
droplets

0-4°C using ice bath

Time to apply force to reduce particle size; affects EE
Shear stress determine particle size and EE

Homogenization temperature should be lower to
minimize tfr degradation

Stirring speed

For homogeneous dispersion
and shear force

Facilitates emulsification process, for

stability and particle size

important

CMAs

Drug properties Moderately hydrophilic, For O/W emulsion: mixture of solvents must be
Soluble in mixture of organic | considered to dissolve with PLGA in the internal
solvents and DMSO organic phase

Ligand:

Ligand-polymer Physical adsorption Physical method enabled maximum tfr amount on the

linkage PLGA nanocarriers

Ligand-polymer
ratio

0.25-1 to 10 (to be optimized)

Chemical conjugation utilized toxic reagents and have
low tfr conjugation
Established from literature

Organic phase:
Core polymer Type
Drug to core
polymer Ratio
Aqueous phase:
Type of Surfactant
Tfr conc.

Hydrophobic
Optimum

PVA: hydrophilic (1-3%)
Should be optimum

PLGA have hydrophobic nature, soluble in organic
solvents
Optimized with DOE; determines EE and drug loading
capacity

The concentration of PVA should be optimum for
desired effects, stability, and prevention of
aggregation; tfr should be enough for targeting purpose

Organic to aqueous
ratio

Optimum (1:3-1:5)

Pre-liminary experimental optimization based on the
values found in the literature; determines nano-
formulation stability and EE

Table 2. 6: Studied independent variables at three different levels (-1, 0, +1) in 3* Box-Behnken DOE to

prepare Tofa-P/tfr NCs of desired characteristics

Studied variables at 3 levels, optimized through 3° Box-Behnken design

Independent variables Coded levels

Low (-1) Medium (0) High (+1)
A: Tfr conc. (mg) 0.50 0.75 1.00
B: Drug conc. (mg) 0.50 1.00 2.00
C: Surfactant conc. (%) 1.00 2.00 3.00

Response variables

Desired criteria

X: Particle size (nm) Minimum
Y: Drug entrapment (%) Maximum
Z: Tfr adsorption (mg) Maximum
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2.6. Physicochemical Characterization

The nano-formulation was characterized for particle size, zeta potential, PDI, and
conductivity using Malvern zeta sizer ZS90 (Malvern Instruments, Worcestershire,
UK). Particle size distribution and morphology were further assessed through a
scanning electron microscope (SEM, Hitachi S4700, Hitachi Scientific Ltd., Tokyo,
Japan). Encapsulation efficiency (EE) was determined from the free amount of drug in
the supernatant collected during washing of nanocarriers using HPLC method at 287
nm. Further, drug content loaded into the nanocarrier was estimated by dispersing
freeze-dried nanocarriers in acetone-methanol (1:1) solution for the dissolution of
excipients and polymers for 4 hours, then evaporated to a residue. Afterward
acetonitrile: Millipore water mixture (3:7) was added to extract the drug overnight into
the solvent system, then centrifuged to remove the residue, and collected supernatant
was analyzed under HPLC for drug quantification. The formulas used to determine EE

and drug content are mentioned in Equation 7 and 8:

Total conc.of drug—Free drug conc.

% EE =

Total conc.of drug

Drug conc.extracted from nanocarriers

Drug content (ug/mg) = —————————————— ......oeeeee 8

Total amount of nanocarrier

2.6.1. Protein quantification

Tfr content was determined through Bradford assay and Nanodrop instrument named
as Titertek-Berthold Colibri Microvolume Spectrometer (Berthold Detection Systems
GmbH, Germany). Nanodrop measured the adsorption of tfr onto the nanocarriers
through quantification of free tfr in the supernatant of the blank nanocarriers at 280/260

nm. Then the amount of adsorbed tfr was calculated using Equation 9.

total conc.of tfr—free tfr content

Conc. of tfr adsorbed = —MM—————— ............ 9

total conc.of tfr

Further, tfr or BSA protein content was assessed through Bradford assay (Bradford,
1976). To prepare a standard curve, BSA was dissolved in distilled water at various
concentrations (7.8125-1000 ug/mL), 100 uL from each BSA dilution was mixed with
Bradford reagent (SmL, 5X) and incubated for 5-10 minutes and analyzed at 595 nm.
For samples, unbound tfr in the supernatants of the centrifuged nanocarriers were

collected (100 puL) and mixed with Bradford reagent (5 mL) separately, followed by
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incubation for 5-10 minutes. Then the standards and samples were analyzed under a

spectrophotometer at 595 nm.

2.6.2. TGA, ATR-FTIR and XPRD

Effect of temperature elevations (10°C/ minute) on the degradative behavior of the drug
and the drug-loaded nanocarriers (2 mg) was evaluated through thermogravimetric
analysis (TGA) at 30-450°C using TG analyzer (Mettler-Toledo GmbH, GieB3en,

Germany).

ATR-FTIR analysis was conducted to determine computability between drug and
excipients in the nanoshells using ATR FTIR Cary 630 (Agilent Technologies, USA).
XPRD was performed to detect the crystallinity of the drug in the pure form and inside
the nanoshells using XPRD instrument (Bruker® AXS GmbH, Germany). Samples
were prepared by mounting powders on aluminum stages with leveling of the upper

surface to a smooth layer.

2.6.3. DSC

Differential scanning calorimetry (DSC, Mettler-Toledo DSC822e, Gieflen, Germany)
was performed to determine the physical state of Tofa inside the nanocarriers and the
effect of subsequent heating on the degradative pattern of nanocarriers. Briefly, samples
were weighed, crimpled into an aluminum pan, placed on the holder, and ran at a
scanning temperature of -10°C to 220°C and at a heating rate of 10°C/minute under
nitrogen purge. An empty pan was served as a reference pan. Data analysis has been

done using STARe software (Mettler Toledo Mettler Inc.).

2.7. Drug Release and Kinetics

In vitro drug release studies of Tofa-PLGA NCs and Tofa-P/tfr NCs were carried out
using the dialysis bag method at 37+1°C. The release was conducted in simulated
gastric fluid (SGF: 0.1N HCI + 2g of NaCl/L) at pH 1.2 for the first two hours and then
the bag was shifted to simulated intestinal fluid (SIF, pH 7.4) (Zeeshan et al., 2019b),
and release was conducted till 72 hours. The pH values were screened and selected
according to natural variations of pH in the GIT (Ali et al., 2014). Samples are
withdrawn at pre-determined intervals and replaced with fresh medium aliquots to
maintain the sink conditions. Then the samples were analyzed under UV/HPLC at 287

nm and cumulative drug release was calculated (mean + SD, n=3). Kinetics and
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mechanistic of drug release from the nanocarriers were evaluated using the DDsolver

program (Zhang et al., 2010).

2.8. Mucin Binding Study

Mucin-nanocarrier interaction was studied to determine mucoadhesion properties.
Briefly, 5% artificial mucin (Sigma Aldrich, US) solution in PBS (pH 7.4) was
combined with 1% nanosuspension of Tofa-P/tfr NCs, followed by incubation for 4
hours at 37 £0.5°C. Then the mixture was assessed for % mucin binding efficiency
using UV-Vis spectrophotometer and evaluated for changes in viscosity using DV3T
Brookfield rheometer (Brookfield Engineering Laboratories, USA) and particle size

distribution using Malvern zeta sizer ZS90 (Malvern Instruments, Worcestershire, UK)

2.9. In Vitro Biocompatibility and Toxicity Studies

2.9.1. Hemolysis assay

Hemo-toxicity was investigated as per the method described in Methods section 2.2.10.

2.9.2. Cellular biocompatibility on murine derived colon cells and macrophages

Mice were given IP injection of 3% thioglycolate medium to elicit macrophages in the
peritoneal cavity. The harvested macrophages and murine colon cells were analyzed

under MTT assay (See Methods section 2.2.11.1 and 2.2.11.2).

2.9.3. Cellular uptake study
2.9.3.1. Colon and macrophage uptake

The murine-derived colon and macrophages were seeded into 12-well plates in a
cRPMI- 1640 media under a controlled humidified CO (5%) environment at 37°C for
24 hours. Afterward, Dye-P/tfr NCs were added into the medium and incubated for 2
hours, then washed and fixed with paraformaldehyde and visualized under a fluorescent
microscope (Olympus CX41, Olympus Corporation, Japan) and quantified through
Imagel] (NIH, USA) software. Plain dye was used as a control.

2.9.3.2.Macrophage uptake and tfr inhibition assay

THP-1 monocytes were treated with 10 ng/mL phorbol myristate acetate (PMA) in the
RPMI media for 24 hours, followed by PMA free RPMI media for the next 24 hours.
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Thereafter, monocytes had been grown into macrophages. The developed macrophages
were assessed for F4/80 and CD71 (TFR-1) surface markers. About 90% were found
to be F4/80 positive and about 22% F4/80+CD71 positive. The CD71 expressing
macrophages were considered for macrophage uptake assay. Briefly, coumarin-6 (Dye)
loaded nanocarriers were prepared using the same method. Dye-PLGA NCs and Dye-
P/tfr NCs were added to the grown macrophages in the RPMI media under controlled
conditions (37°C, 5% CO,) for 2 hours. Then washed, fixed, and visualized for cellular
uptake under the fluorescent microscope. In another set of parallel experiments, purified
anti-mouse CD71 antibody (R17217, BioLegend, USA) was added to the macrophage
media before adding nano-formulation. After 30 minutes, nano-formulations were
added to the respective wells, and uptake was observed after 2 hours of incubation under

a fluorescent microscope (Leica microsystem GmbH, Germany).

2.10. Stability Studies

Physicochemical parameters of nanocarriers were assessed after 6 months at 4°C and

25°C, according to ICH guidelines.

2.11. Animal Studies

Male BALB/c mice (weight=25g) were acclimatized in pathogen-free, standard
laboratory conditions (37£1°C). The study was conducted according to the approved
protocols for care and use of laboratory animals, QAU bioethical code of conduct, and

NIH guidelines.

2.11.1. Induction of ulcerative colitis (UC)

The mice were induced with UC by oral administration of 3% DSS (MW 40000) in the
drinking water for 7 days. After induction, mice were segregated randomly for two

domains of animal studies i.e., nanocarrier targeting studies and therapeutic studies.

2.11.2. Nanocarrier targeting ability and biodistribution

The targeting potential of Tofa-P/tfr NCs to the colon tissues was assessed by oral
administration of nanocarrier (drug dose=0.43 mg/mice) to the DSS-induced colitis
(n=3). Mice were euthanized post 6 hours of intake and the colon was excised.
Additionally, the GI organs like stomach, small intestine, spleen, and organs of

elimination like liver and kidney had been taken out to determine drug concentration in
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the respective organs. Tissue homogenates were prepared, and drug was extracted using
acetonitrile: PBS (1:1) solution from the tissues by overnight shaking (37°C). Clean
supernatants were collected the next day and the drug was quantified through the RP-
HPLC method (287 nm). The estimation of the released drug at colon and other organs
provides an indirect insight of nanocarrier targeting and localization to the colon
(Zeeshan et al., 2021). A blank nanocarrier treated mice was used as a control to

minimize the influence of nanocarrier excipients and the tissue remnants.

Further, fluorescein dye loaded P/tfr NCs were prepared, and the study was repeated.
After 6 hours of administration, colons were excised with exudates. The activated
macrophages in the colon lamina propria were harvested according to the protocol
(Uronen-Hansson et al., 2014). Cells were processed and resuspended in the buffer to
analyze under flow cytometer (BD FACS™, US) for the uptake of dye loaded

nanocarriers by the harvested cells.

2.11.3. Evaluation of therapeutic efficacy in the DSS induced colitis mice

After the establishment of DSS-induced colitis, the ameliorative effects of the drug
either as a free form or inside the nanocarrier were evaluated after 7-day treatment. Tofa
or Tofa-P/tfr NCs were administered to the mice at the drug equivalent dose of 17.5
mg/kg or 0.4375ng for 25g mice. The number of mice per group was selected according
to the resource equation, ARRIVE guidelines, and 3Rs of minimum harm (Arifin and

Zahiruddin, 2017; Hubrecht and Carter, 2019).
Group I (Normal control): Healthy mice, administered with drinking water (n=5)

Group II (DSS-colitis): DSS- induced colitis mice (n=5). The DSS was orally

administered in the drinking water from day 0-7 and left untreated from day 7-14

Group III: Tofa drug was administered to DSS-induced colitis mice from day 7-14

(n=5), through oral gavage

Group IV: Tofa-P/tfr NCs administered to DSS-induced colitis mice from day 7-14
(n=5), through oral gavage
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2.11.4. Assessment of progression and intervention of colitis thorough
morphological parameters and mortality rate

The colitis progression and severity were assessed on daily basis through body weight
changes and DAI from day 0-14. DAI was the cumulative of body weight loss, stool
consistency, and rectal bleeding, and protrusion (Zeeshan et al., 2019b). Mice mortality
was recorded in each group to know the survival rate at the end. At the termination of
the experiment, mice were sacrificed and the organs of interest including colon,
stomach, small intestine, spleen, liver, kidney, heart, and lungs were resected from each
group. The intestine length, weight, and other morphometric parameters were

calculated to know inflammation extent.

2.11.5. Histological investigations

I-cm colon tissue was treated with 10% formalin-PBS, then embedded in paraffin and
cryosection with a microtome. The sample embedded slide was stained with
hematoxylin and eosin (H&E). Then the H&E stained slides from each group were
observed under a light microscope and scored according to the pre-determined criteria

of colon inflammation (Erben et al., 2014).

2.11.6. Assessment of vascular integrity

The endothelial membrane structure is compromised function in colitis (Jerkic et al.,
2010). The vasculature became leaky with endothelial gaps at the inflammation region;
therefore, we have performed Evans blue assay to determine endothelial function. The
Evans blue (2%, 100 pL) solution was injected IV through the mice tail vein on the 14™
day of study. After 2 hours, mice were perfused with 5% normal saline and euthanized,
colons were resected, cleaned, and dried. Afterward the amount of Evans blue
permeated into the colon tissue from the malfunctioned vasculature was extracted in

DMF at 50-60°C for 24 hours and quantified spectroscopically at 620 nm.

2.11.7. RT-PCR analysis of expression of inflammatory and regulatory proteins

The expression of proteins like E-cadherin (tight junction protein), iNOS (inflammation
mediator), STAT-1 (inflammation regulator, Tofa target), and TFR-1/CD71 (the
increased expression on macrophages and colon epithelial cells surface) was

determined through RT-PCR. Total RNA was extracted from the harvested colon
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tissues of each group using TRIzol® reagent (Thermo Fisher Scientific, USA),
according to manufacturer protocol. The RNA concentration was determined using
Nanodrop (Skanit RE 4.1, Thermo Scientific, USA) instrument. cDNA was constructed
from extracted RNA using a cDNA synthesis kit (Vivantis technologies, Malaysia).
Then the expression of target mRNA was estimated by RT-PCR using Eva Green qPCR
Master mix (Solis Biodyne, Estonia). The target gene primer pair sequences are

mentioned in Table 2. 7.

Table 2. 7: Forward and reverse primer sequence of the targeted genes

Gene Forward primer Reverse primer
STAT-1 CTGAATATTTCCCTCCTGGG TCCCGTACAGATGTCCATGAT
TFR-1 GGTAAACTGGTCCATGCTAAT CCCTGCTCTAACAATCACTAAA
iNOS GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC
E-Cadherin GGCGCCACCTCGAGAGA TGTCGACCGGTGCAATCT T
B-actin CGGTGGACATTGGTTCTGG CTGAGGAAGGGCAGAAGTTC

2.11.8. Pro-inflammatory cytokines analysis (ELISA)

Pro-inflammatory cytokines including IL-6 and TNF-a in the colons from the mice of
each group were quantified using ELISA kits (eBioscience, Inc., CA, USA), as per

manufacturer instructions.

2.11.9. Assessment of antioxidant protection level

Biochemical antioxidant assays were performed to detect the level of tissue protection
by the quantification of antioxidant (GSH, GST, catalase) and oxidants (NO,
MDA/LPO, MPO) in the colon, excised from the mice of different groups. In short,
colon tissue homogenates were prepared in PBS, centrifuged (13500 rpm, 10 minutes)
and the supernatant was collected. Then the samples were used to detect GSH
concentration using Ellman’s reagent (Moron et al., 1979). The obtained amount was
expressed as nmole/g tissue. GST worked by enzymatically conjugating CDNB to the
GSH. The GST enzyme activity to react the sample and CDNB was detected
spectroscopically at 340 nm (Habig et al., 1974). Further, catalase enzymatic activity
was determined by its ability to decompose H>O, and measured spectroscopically at
240 nm (Senthilkumar et al., 2021). Next, the oxidant NO was estimated by the Griess
reagent method (Tsikas, 2007). And lipid peroxidation was assessed by MDA levels
through thiobarbituric acid and detected spectroscopically at 540 nm (Shal et al., 2021).

The neutrophil marker activity, myeloperoxidase (MPO), increased in colitis.
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Therefore, MPO activity was evaluated using CTAB buffer and o-dianisdine reagent at

460 nm (Pulli et al., 2013).

2.11.10. Biochemical hematological parameters

Blood-borne parameters suggested a disease condition and we can assess the treatment
efficacy through it. The blood was withdrawn from the cardiac puncture of the mice
from each group and assessed for CBC. Further, the blood serum was collected and
analyzed for the inflammatory marker, C-reactive protein (CRP). We investigated the
effect of nano-formulation treatment in DSS-colitis on the kidney, therefore sera were

evaluated for RFTs.

2.11.11. Evaluation of colon microbiome

Colitis leads to several changes in the colon microenvironment and disturbs the natural
microbiome of the colon. Some bacteria exceed in amount while some beneficial
bacteria decline in growth (Zeeshan et al., 2019a). Therefore, we evaluated the effect
of DSS-colitis and the course of treatment on the microbiome of the colon by collecting
and culturing the feces and colon exudates at the end of the animal experiment. The
samples were cultured in a nutrient agar plate at 37°C for 48 hours to assess bacterial

growth. The CFU were counted and represented as logioCFU/ mL (n=3).

PART-II (SECTION B)
Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh

2.12. Preparation of Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh

Tofa-LP/tfr NSh: Tofa-LP/tfr NSh was prepared using the W/O/W double emulsion
method. Briefly, Tofa (2 mg/mL) was dissolved in PBS (Ph 7.4). An organic solution
of PLGA (10 mg) and lipid phospholipon-90G (2.5 mg) in ethyl acetate (1 mL) was

prepared. The aqueous solution was added to the organic solution, with continuous
stirring. The formed W/O emulsion was probe sonicated for 30 seconds and
immediately added to the external aqueous solution made up of 2% PVA solution
(2mL) and tfr-HEPES solution (1 mg/mL) in a dropwise fashion. Then, again sonicated
for 1 minute, 30 seconds, and stirred for 6 hours to prepare W/O/W nano-emulsion.

Then remove the coverlid of the vial and kept stirred overnight for the removal of
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organic solvents. The formed Tofa-LP/tfr nanosuspension was centrifuged (13500 rpm,
40 minutes) thrice for the removal of unentrapped drug and residual solvents.
Thereafter, 5% trehalose solution was added as a cryoprotectant, and the nano-

formulation was freeze-dried at -80°C using a lyophilizer.

Tofa- LP/tft/ES NSh: The procedure was the same for Tofa-LP/tfr/ES NSh except an
additional coating step was incorporated. For ES100 coating, ES100 (20 mg) in I mL
methanol and a few drops of 0.1N NaOH. The formed Tofa-LP/tfr nano-emulsion was
added to ES100 solution and kept stirred for 4 hours, then remove the lid for overnight
evaporation of the solvent. Then the nano-formulation was centrifuged thrice and

freeze-dried to get lyophilized powder of Tofa-LP/tfr/ES NSh.

2.13. Physicochemical Characterization

The nano-formulations were assessed for particle size, PDI and zeta potential, tfr
adsorption, TGA, DSC, and ATR-FTIR using the methods described in Methods

section 2.6.

2.14. Drug Release and Kinetics

In vitro release and kinetics of Tofa from Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh

were conducted through dialysis membrane technique, as per method in section 2.7.

2.15. Mucin Binding Study

See section 2.8 for the method of mucin-interaction study.

2.16. In Vitro Cell-Based Assays

2.16.1. Hemo-toxicity assay

The compatibility of nanoshells with the blood was investigated through a reported
procedure (Zeeshan et al., 2021). Consent and approvals from the young healthy

individuals were taken before the experiment.
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2.16.2. Cellular biocompatibility assay
2.16.2.1. MTT viability assay (colon, macrophages)

MTT assay was performed to study the biocompatibility of Tofa-LP/tfr NSh and Tofa-
LP/tfr/ES NSh (25-100 pg/mL) towards murine-derived macrophages, and colon cells
(Zeeshan et al., 2021).

2.16.2.2. Colon apoptosis study (7-AAD, PI)

Caco-2 cells were seeded into the 12-well plate in the RPMI media at 37+0.5°C under
humidified 5% COz. The caco-2 cells were treated either with 100 pL of Tofa-LP/tfr
NSh or Tofa-LP/tft/ES NSh for 6 hours and 24 hours. At the fixed time points, the cells
were taken in the FACs tube, diluted with Millipore water (1:10), and washed with
centrifugation (5000 rpm, 5 minutes). Decant the supernatant and collect the cell pellet
and add 100 pL of FACS buffer, then stained either with SuL of propidium iodide (PI)
(BioLegend, US) or 7-Aminoactinomycin D (7AAD) (BioLegend, US) and incubate
for 10 minutes in the dark. Afterward, the prepared samples were run under
flowcytometer (BD Accuri Flow Cytometer, USA) to investigate nano-formulations’
impact on caco-2 viability and death. Unstained untreated cells served as negative
control. And only PI or 7AAD treated cells served as a positive control, it was not

incubated with any nano-formulation.

2.16.3. Colon uptake study

Caco-2 colon cells were used to investigate the uptake potential of Dye-LP/tfr NSh and
Dye-LP/tfr/ES. Briefly, Caco-2 cells at a density of 5 x 10°/ well were grown in RPMI-
media, supplemented with 10% FBS and 1% antibiotics (penicillin-streptomycin) at
37°C under humidified 5% CO> for 24 hours. Afterward, the Caco-2 cells were treated
with Dye-LP/tfr NSh and Dye-LP/tft/ES, separately for 2 and 4 hours. Thereafter cells
were washed and observed under Leica fluorescent microscope (Germany). The images

were processed using Leica Application Suite (LAS) X software.

2.16.4. Macrophage assays
2.16.4.1. THP-1 monocyte differentiation into macrophages

THP-1 monocyte cells were grown in RPMI 1640 media (10% FBS, 1% Pen/Strep) at
37°C with 5% CO,. The THP-1 cells were converted into macrophages by the reported
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protocol (Genin et al., 2015). In short, THP-1 cells were sensitized with 10 ng/mL PMA
(Sigma Aldrich, US) for 24 hours and then incubated with RPMI media without PMA
for the next 24 hours to differentiate into macrophages. Harvested macrophages were
washed with RPMI 1640 media containing 10% FBS and then counted using trypan
blue. The formed macrophages were observed under the microscope to confirm

morphological changes and macrophage surface markers like F4/80 and CD71 were

confirmed by FACS.

2.16.4.2. Macrophage uptake and tfr inhibition assay

Then the CD71 receptor expressing macrophages were treated with Dye-LP/tfr NSh
and Dye-LP/tft/ES NSh to the respective wells in the RPMI media (with 10% FBS and
1% Pen/Strep) for 2 hours at 37°C under humidified 5% CO>. Then cells were washed,
fixed, and observed for the cellular uptake under a fluorescent microscope. To visualize
tfr mediated uptake, the receptor was blocked by the addition of purified anti-mouse
CD71 antibody (R17217, BioLegend, US) to the media, 30 minutes prior to nanoshells

addition. Then the experiment was carried out in the same way.

2.16.4.3. Macrophage JAK-1/STAT-1 inhibition assay

The THP-1 derived macrophages were further stimulated by the addition of LPS (100
ng/mL) and IF-y (20 ng/mL) in RPMI 1640 media (10% FBS + 1%
Penicillin/Streptomycin) for 24 hours. Then the activated M1 macrophages were
washed, and media was replaced. Both LPS and IF-y activated the JAK/STAT signaling
in the M1 macrophages (Dell'Albani et al., 2001; Venkatesan et al., 2018). Since Tofa
is well known JAK/STAT inhibitor, therefore, we have evaluated JAK-1/STAT-1
inhibition activity by incubating Tofa loaded nanoshells (Tofa-LP/tfr NSh and Tofa-
LP/tft/ES NSh) with M1 macrophages for 4 hours. Tofa drug was also incubated
separately. And PBS-treated M1 cells served as a positive control. After 4 hours, total
RNA was extracted from the cells using RNA micro kit (Macherey-Nagel Gmbh,
Germany), and cDNA was synthesized by SCRIPT cDNA Synthesis kit (Jena
Bioscience GmbH, Germany). qRT-PCR expression of JAK-1 and STAT-1 was
measured using SYBR Green dye with respective primers on C1000 RT-PCR system
(BioRad, Hercules, CA). 18S rRNA was used as a reference gene.
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2.17. Stability Studies

Tofa-LP/tfr/ES NSh were stored at -4°C and at room temperature (25°C) to observe
changes in physicochemical properties including particle size, zeta potential, PDI, and

% drug entrapment.

2.18. Animal Studies

Mice were induced with DSS to develop UC. Thereafter, mice were separated for
targeting and biodistribution studies and the rest were randomly divided into different

groups for the therapeutic investigations.

2.19. Preliminary In Vivo Studies

2.19.1. Nanoshells localization and colon targeting ability

The nanoshells colon targeting and localization potential were determined by oral
administration of nanoshells (drug dose=0.43 mg/mice) to the DSS-induced mice (n=3.
After 6 hours, mice were euthanized and all vital organs including the colon were
excised out. The released drug was extracted from the tissues and quantified to

determine drug retention using HPLC at 287 nm.

2.19.2. Flow cytometry uptake study

Nanoshell colon-macrophage targeting ability was assessed through flowcytometry by
administering dye-loaded LP/tfr NSh and dye loaded LP/tfr/ES NSh to the DSS induced

mice, according to the protocol (Zeeshan et al., 2021).

2.19.3. In vivo biodistribution and visualization study

Coumarin-6 (Co-6) dye was loaded into the nanoshells using the same preparation
method for the in vivo visualization experiment. To study the biodistribution of dye
loaded nanoshells in the healthy and colitis mice, mice (weight=20-25 g) were
distributed into 4 groups. Group 1 and 2 have healthy mice, while Group 3 and 4 are
DSS (3%) challenged colitis mice. Group 1 and 3 received Co-6 loaded LP/tfr NSh and
group 2 and 4 got Co-6 loaded LP/tfr/ES NSh through oral administration. After 18
hours of nano-formulation intake, mice were euthanized and the whole GIT was
resected, then kept under Maestro In Vivo Imaging System (CRI-InTAS, Woburn USA)

to visualize the biodistribution of dye loaded nanoshells.
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To determine the localized retention of Co-6 loaded LP/tft/ES NSh in the colon of
healthy and DSS-colitis mice, colon tissues (from group 2 and 4) were sliced using
cryostat microtome and fixed with 0.5% paraformaldehyde (histofix), rinsed with PBS
twice and stained with DAPI. A small drop of Mowiol® (PVA) was added to adjust the
coverslips on the slide. Then the slides were observed under a confocal microscope
(Leica SP5 II and Leica Stellaris 8, Leica microsystem, Germany) to study the

accumulation of nanoshells within colon tissue.

2.20. In Vivo Therapeutic Efficacy in DSS-Induced Colitis Mice

2.20.1. Evaluation of therapeutic efficacy in the DSS-induced colitis mice

To evaluate in vivo therapeutic efficacy of nanoshells, mice were randomly divided into
5 groups (n=5/group) following the ethical protocol of minimum harm and ARRIVE
guidelines and resource equation (Arifin and Zahiruddin, 2017; Hubrecht and Carter,

2019). The groups are:

Normal control: The normal healthy mice (n=5), received only drinking water from

Day 0-14

DSS-colitis: UC was induced in the mice by DSS administration in the drinking
water from day 0-7, and left untreated from Day 7-14 (n=5)

Treatment I: Tofa: (drug dose=17.5 mg/kg) was administered to DSS-induced
colitis mice from Day 7-14 through oral gavage(n=5)

Treatment II: Tofa-LP/tfr NSh (equivalent drug dose=17.5 mg/kg) were

administered to DSS-induced colitis mice from day 7-14 through oral gavage (n=5)

Treatment III: Tofa-LP/tfr/ES NSh (equivalent drug dose=17.5 mg/kg) were

administered to DSS-induced colitis mice from day 7-14 (n=5) through oral gavage.

2.20.2. Morphological assessment for colitis severity and treatment efficacy,
histopathology, and vascular membrane integrity

Detailed methods are mentioned in sections 2.11.4,2.11.5, and 2.11.6.
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2.20.3. RT-PCR analysis for the expression of the epithelial membrane (E-
cadherin), inflammatory (iNOS), mechanistic (STAT-1), and receptor-
oriented proteins (TFR-1)

RT-PCR analysis was conducted to determine the expression of STAT-1, TFR-1, iNOS,
and E-cadherin proteins. B-actin was used as a control. Total RNA from the isolated
colons was harvested using TRIzol reagent (Thermo Fisher Scientific, USA) and
transformed into cDNA using a cDNA synthesis kit (Vivantis cDSK01-050, Vivantis
technologies, Malaysia). Target mRNA expression was assessed using Eva Green
Master Mix (Solis Biodyne, Estonia) and cycler PCR machine (BioMolecular System,

Australia). The calculations were performed according to 222" method.

2.20.4. Assessment of pro-inflammatory cytokines

The quantity of pro-inflammatory cytokines (IL-6, TNF-a) in the excised colons of
mice (from 5 groups) was assessed through commercially available ELISA kits for IL-

6 and TNF-a (eBioscience, Inc., USA), under the manufacturer's directions.

2.20.5. Antioxidant protection by the nano-formulations
2.20.5.1. Immunohistochemistry for the expression of antioxidant proteins

The protective effects of drug loaded nanoshells on restoring the antioxidants levels of
the colon were investigated by measuring the expression of antioxidant proteins
including Nrf2, and HO-1 through immunohistochemistry (Sana et al., 2021; Khan et
al., 2019). In short, xylene was used to rehydrate paraffin-colon tissues, followed by
the treatment of graded ethanol. Then treated with Proteinase-K and normal goat serum
and incubated for 20 minutes. Thereafter, the antibodies, either mouse anti-Nrf2 or HO-
1 (Santa Cruz Biotechnology, Inc, USA) was applied to the slides with an overnight
incubation at 4°C. Then treated with secondary biotinylated goat anti-mouse antibodies
and ABC reagents. After washing with 0.1M PBS, stained with 3,3’-diaminobenzidine
(DAB) (Sigma Aldrich, USA). The prepared slides were visualized under a light

microscope and expression was computed using Image] software (NIH, USA).

2.20.5.2. Biochemical antioxidant assays

The increased oxidative stress in the colitis lowered the protective antioxidants and

increased the oxidative species. We evaluated the levels of antioxidants like GSH, GST,
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and catalase enzymatic activity from the colon samples of the disease and treatment
groups using Ellman’s reagent method, CDNB conjugation method (340 nm), and H>O»
decomposition by catalase, respectively (Zeeshan et al., 2019b).

Further, the oxygen species including malondialdehyde (MDA) was estimated to know
lipid peroxidation using the thiobarbituric acid method (540 nm). And nitrite (NO) was
measured using the Griess reagent method (Shal et al., 2021). Sodium nitrite was used
as a standard to develop a standard calibration curve. Further myeloperoxidase (MPO)

activity was determined through the CTAB method (460 nm) (Pulli et al., 2013).

2.20.6. Biochemical hematological parameters

Hematologic parameters get altered in bowel inflammation. Therefore, we assessed
complete blood count (CBC) at the end of the experiment. And C-reactive proteins
(CRP) levels to determine the extent of inflammation (Masoodi et al., 2011). Further,
RFTs were conducted from the collected blood sera (each group mice) to determine any

detrimental effects on kidney function.

2.20.7. Colon microbiome growth evaluation

To ascertain the DSS-colitis effects and the treatment led recovery of the colon
microenvironment, we collected feces and exudates from the colon of the mice from
each group. The samples were mixed with PBS, thoroughly shaken, and centrifuged.
Then supernatants were used to culture on nutrient agar at 37°C for 48 hours. The

bacterial growth was estimated as log1oCFU/ mL (n=3).

2.20.8. In vivo biocompatibility of nanoshells in the healthy mice

Healthy BALB/c male mice were housed in a standard laboratory environment. To
evaluate the toxic potential of the Tofa-LP/tfr/ES NSh, the nano-formulation was orally
administered to the mice (n=3) for 7 days. The dose was kept the same as that of the
therapeutic study experiment. Mice were daily examined for body weight, mortality,
distress symptoms, food-water intake patter, allergies, lethargy, lacrimation, and any
signs of changed behavior. The mice were euthanized after 7 days, and organs of
interest were resected for investigations. Colon fecal content was collected to evaluate
the influence of nanoshells on the natural microbiome. The colon was assessed for
necrosis and apoptosis using Annexin-V/ Propidium iodide (PI) dyes under

flowcytometry ((BD, FACS™, USA). In short, the colon tissue homogenate was
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prepared in PBS and cell counting was done through preparation of 1x trypan blue
solution, followed by mixing of trypan blue with cell suspension (1:1) and loading into
a hemocytometer. Then hemocytometer was visualized under a light microscope and
viable cells were counted. For Annexin-V/PI staining, take 1x10° cells and add 500 pL
of 1% FBS and 200 pL of Annexin-V binding buffer and incubate for 5 minutes at room
temperature. Centrifuged at 400 rcf for 5 minutes and collect the pellet. Add 100 pL of
Annexin-V binding buffer and resuspend the cell pellet in it, then add 5 pL of Annexin-

V and 5 pL of PI dyes, incubate for a few minutes and run under flowcytometer.
PART-III

Note: This section describes tacrolimus (TAC) loaded PLGA/L-Lysine nanocarriers
(TAC-P/Lys NCs) and ES100 and EL100 coated TAC loaded PLGA/L-Lysine
nanocarriers (TAC-P/Lys/ES-L100 NCs).

2.21. HPLC Analysis of TAC

RP-HPLC method was developed for quantification of TAC (FK506) using Agilent
1260 Infinity I HPLC instrument (Agilent Technologies, Santa Clara, CA, USA), and
C18 Phenomenex Luna (150 mm x 4.6 mm, 100 A, 0.3 um pore size) column at 60°C.
The isocratic method worked at a wavelength of 210 nm and the injection flow rate was
adjusted to 1 mL/min. The mobile phase was composed of 0.1% trifluoroacetic acid-
Millipore water and acetonitrile (1:1). To construct a standard curve, a stock solution
of 1 mg/mL was prepared in acetonitrile, and dilutions were prepared accordingly. TAC
in the concentration of 3.09 pg to 500 ug was estimated under HPLC to plot a standard
calibration curve. The obtained retention time was about 26 minutes and the correlation

coefficient has a linearity of 0.995.

2.22. Preparation and Optimization of TAC-P/Lys NCs and TAC-
PLGA/Lys/ES-L100 NCs

TAC-P/Lys NCs were prepared using O/W emulsion-evaporation method. In short,
TAC (1 mg) and PLGA (10 mg) were dissolved in ethyl acetate (1 mL) to constitute
the organic phase. Then the organic solution was added dropwise into the aqueous
phase, containing 2% PV A and L-Lysine (5 mg). The resultant mixture was sonicated
using a probe sonicator for 1 minute, 30 seconds (97% Amplitude), and then stirred for

2 hours. The lid of the vial was removed to remove organic solvents, under continuous
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stirring at 780-850 rpm. The formed nanosuspension was purified through
centrifugation at 14000 rpm for 40 minutes thrice. The obtained pellet was resuspended
in 1 ml of distilled water with 5% trehalose (cryoprotectant). Afterward, the

nanocarriers were freeze-dried at -80°C using a lyophilizer (Vir tis Genesis 25EL, US).

TAC-P/Lys/ES-L100 NCs were prepared using the same method with the addition of
another last step. The organic phase had the same composition. It was added to the
aqueous phase of L-lysine (5 mg) + 1% PVA (1 mL), probe sonicated for 1 minute, 30
seconds (97% amplitude), and stirred for 2 hours to form O/W TAC-P/Lys
nanoemulsion. The pH-sensitive polymer solution was made up of ES100 (10 mg) and
EL100 (10 mg) in methanol (2 mL), a few drops of 0.1N NaOH, and 2% PV A solution
(2mL). The O/W TAC-P/Lys nanoemulsion was added into the pH-sensitive polymer
solution, probe sonicated (97% amplitude) for 2 minutes, and kept on stirring (800-
1000 rpm) for 2 hours. Afterward, the organic solvent was evaporated through
overnight stirring, followed by centrifugation and freeze-drying to obtain powdered

TAC-P/Lys/ES-L100 NCs.

2.23. Physicochemical properties

The main physicochemical characteristics including particle size, zeta potential, and
PDI were determined using dynamic light scattering technique under Malvern Nano-
7590 zetasizer (Malvern Instruments Ltd, Worcestershire, UK). The morphology was
examined using SEM and scanning transmission electron microscope (STEM, Thermo
Fisher Scientific Spectra 200 C-FEG, Massachusetts, US). The TAC loaded
nanocarriers were centrifuged at 14000 rpm for 40 minutes and the supernatant was
collected and assessed for the quantification of free unbound TAC using the RP-HPLC
method at 210 nm. The entrapment efficiency and loaded drug content were determined
from the unbound drug. Differential scanning calorimetry (DSC) of TAC and TAC

loaded nanocarriers was performed through the same method in section 2.6.3.

2.24. Drug Release Studies and Kinetics

The TAC (FK506) release profiles from TAC-PLGA NCs, TAC-P/Lys NCs, and TAC-
P/Lys/ES-L100 NCs were obtained at the simulated gastric fluid (SGF) of pH 1.2 for
initial 2 hours, and at the simulated intestinal fluid (SIF) of pH 7.4 from 2-72 hours
with continuous rotation at 37°C. The pH values were selected according to the

variation of pH within GIT from the stomach to colon (Zeeshan et al., 2019a). The
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samples were withdrawn at pre-determined time intervals and replaced with fresh

media. The drug concentration was quantified at 210 nm.

2.25. 1In Vitro Cell-Based Studies

2.25.1. Caco-2 viability assay with 7-AAD and PI staining

Caco-2 cells were cultured in RPMI 1640 media, supplemented with 10% FBS, 1%
Penicillin-Streptomycin antibiotics, 1% sodium pyruvate in a humidified 5% CO;
atmosphere at 37°C. The viability dyes 7-AAD and PI were used to assess the effect of
nanocarriers on the viability of Caco-2 cells. Briefly, the Caco-2 cells were seeded in a
24-well plate at a density of 1 x 10° cells/well and incubated for 24 hours. TAC-P/Lys
NCs and TAC-P/Lys/ES-L100 NCs (100 pg/mL) were added to the wells and incubate
for either 6 hours or 24 hours. Then, the cells were collected in FACS buffer and washed
with centrifugation (5000 rpm, 5 minutes). Then the cells were treated with either 5 uLL
of 7-AAD (BioLegend, USA) or PI (BioLegend, US) dye and 100 uL of FACS buffer
was added to it. After 5-10 minutes of incubation, the samples were analyzed under
flowcytometry (BD Accuri Flow Cytometer, USA). Data were analyzed through
FlowJo ™ LLC Software v10.6.2 (BD Life Sciences, USA). Unstained untreated cells
had been taken as negative, while only dye (7-AAD or PI) stained cells with no

nanocarrier treatment served as a positive control.

2.25.2. Caco-2 uptake studies

Caco-2 cells were grown under the same conditions and incubated with Coumarin-6
dye loaded PLGA/Lys NCs and PLGA/Lys/ES-L100 NCs for 4 hours. Untreated cells
served as a control and only dye treated cells served as a positive control. After 4 hours,
cells were washed to remove excessive nanocarrier, fixed and visualized under Leica
fluorescent microscope (Germany), assisted with Lecia Application Suite (LAS) X

software.

2.25.3. Macrophage uptake studies

Macrophages were derived from THP-1 monocytes using PMA, according to the
mentioned protocol (Genin et al., 2015). The formed macrophages were seeded in a 24-
well plate in RPMI 1640 media (10% FBS, 1% antibiotics) under 5% CO> at 37°C for

24 hours. Afterward, Coumarin-6 dye loaded nanocarriers were added and incubated
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for 4 hours. Then washed, fixed, and visualized under a fluorescent microscope for the

uptake of nanocarriers

2.26. Animal Studies

C57BL/6J mice (weighing 20-22 g) were housed and acclimatized to a pathogen-free
hygienic environment under standard environmental conditions and proceeded for the

development of colitis and therapeutic investigations.

2.26.1. Instillation of oxazolone (OXA) to induce UC
2.26.1.1. Pre-sensitization with OXA

At first, the solvent mixture of acetone and olive oil (4:1) was prepared by vigorous
mixing. Then 3% OXA solution was prepared in the solvent mixture with vortex mixing
and under proper precautions and careful handling. The mice were pre-sensitized with

this 3% OXA solution by spreading it to the mice abdominal skin.

2.26.1.2. Intra-rectal instillation of 0.6% OXA solution

0.6% OXA solution was prepared in 50% ethanol. On the 4" day of pre-sensitization,
mice were anesthetized with ketamine/xylene solution, and 100 puL of 0.6% OXA

solution was administered intrarectally.

2.27. Therapeutic Evaluation of Nanocarriers

After intra-rectal administration of OXA, mice were randomly distributed into 4 groups.
And the treatment with a plain drug (TAC), TAC-P/Lys NCs, and TAC-P/Lys/ES-L100
was started on the same day and continued for 4 days. One group was left untreated as
a disease control (OXA-colitis). And the group of mice consisted of normal healthy
mice considered normal control. TAC either as a free drug or within nanocarriers was

given at a dose of 1 mg/kg (n=4/ group).

1. Normal: Untreated healthy mice

2. OXA-Colitis

3. TAC only treated OXA-colitis mice

4. TAC- PLGA/Lys NCs treated OXA-colitis mice

5. TAC- PLGA/Lys/ES-L100 NCs treated OXA-colitis mice
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2.27.1. Assessment of therapeutic efficacy through morphological indices

Colitis severity and progression were monitored using high-resolution mini endoscopy
to visualize the interior of the colon under the Coloview system (Storz) and graded
according to the Murine Endoscopy Index of Colitis Severity (MEICS) score (Becker
et al., 2005). The MEICS score is based on several symptoms and manifestations of
IBD, with a maximum score of 15 (Table 2. 8). Briefly, mice were anesthetized using
Isoflurane under oxygen supply. The miniature endoscope rod (1.9 mm outer diameter)
assisted with xenon light, triple chipped camera, and air pump was inserted through the
rectum and moved upward towards the intestine, carefully without damaging the mice
interior. Further, mice body weight was daily assessed for any changes. At the
termination of the experiment, the colon was excised, and morphometric parameters

were assessed.

Table 2. 8: Inflammation indices determining the MEICS

Endoscopy score (MEICS) levels
Inflammation Index Nil Little Moderate High
Translucent 0 1 2 3
Granularity 0 1 2 3
Fibrin 0 1 2 3
Vascularity 0 1 2 3
Stool 0 1 2 3

2.27.2. Histopathological analysis

Excised colon tissues were preserved in the cryo-molds using Tissue-Tek OCT and
frozen down under liquid nitrogen. Then Sum sections of the colon were sliced using
Leica CM3050 S cryostat (Leica, Germany) onto the slides. The slides were stained
with H & E for histological evaluation of the tissue. The histopathological features were
observed under NanoZoomer (Hamamatsu NanoZoomer 2.0HT) and graded on a scale

of 0-12 (Erben et al., 2014).

2.27.3. IVIS imaging to assess myeloperoxidase (MPQO) activity

In vivo imaging of inflammation intensity and MPO activity was assessed using In Vivo
Imaging System (IVIS). Briefly, mice were injected with 100 pL of 5-amino-2,3-
dihydro-1,4-phthalazine-dione (luminol) dye through the IP route. Immediately, mice

were anesthetized using isoflurane, while oxygen supply was maintained. Then placed
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inside the chamber of IVIS and the bioluminescence signals were obtained and captured
by charged couple device (CCD) camera. Luminol is a redox compound that radiates
blue fluorescence (Amax=425 nm) on exposure to oxidizing agents. Therefore, the
strength of the bioluminescence signal is the indicator of inflammation severity and

MPO activity.

2.27.4. Immunohistochemistry for the pITK expression in the CD3+ T cells of the
colon tissue

Cryo-sections of colon tissue were embedded on glass slides and fixed with 2% Histofix
(paraformaldehyde). Wash slides with PBS for 5 minutes thrice and then add 50 pL of
0.2% Triton-X100 per section for 5 minutes. Again, wash with PBS for 5 minutes.
Block the sections with 50 pL. Dako and incubate for 30 minutes at room temperature.
Wash with PBS for 5 minutes. Then add 5% BSA and 20% FBS and incubate for 30
minutes. Again, wash with PBS one time. Prepare ROTI®ImmunoBlock mixture (1x)
with primary antibody anti-Human/Mouse phospho-BTK/ITK (pITK) (Invitrogen ™,
eBioscience ™) in the ratio 1:25 and add 50 puL of the mixture per section and incubate
overnight at 4°C. For isotype control, use anti-mouse IgG2b kappa isotype control
(Invitrogen ™, eBioscience ™) instead of pITK on the control section. The next day,
wash three times with PBS for 5 minutes. Prepare the mixture of ROTI®ImmunoBlock
and antibody anti-Human/Mouse CD3 (Invitrogen ™, eBioscience ™) in the ratio of
1:50 and add 50 pL of this mixture to the section and incubate overnight at 4°C. Then
wash three times with PBS.

Afterward, prepare a mixture of ROTI®*ImmunoBlock and secondary antibody, Goat
anti-hamster Dylight ™ -488 (BioLegend®, San Diego, CA, USA), add to the slide
tissue sections, and incubate for 1-2 hours. Then wash with PBS three times. Add DAPI
(1:5000) to all sections and leave it for 7 minutes. Instill a drop of Mowiol® to the slide
and place a coverslip on it. Store the prepared slides at 4°C. Visualize under a high-
resolution confocal microscope (Leica SP5 II and Leica Stellaris 8, Leica microsystem,

Germany) to assess the expression of pITK in the CD3+ T-cells of the colon.
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2.27.5. RT-PCR analysis of inflammation markers and ELISA for pro-
Inflammatory mediators’ analysis

The colon tissues from the mice of all experimental groups were sliced and total RNA
was extracted using RNA micro kit (Macherey-Nagel Gmbh, Germany), according to
the manufacturer’s instructions. The RNA content was quantified using Nanodrop at
260/280 nm. The cDNA was synthesized from RNA using a SCRIPT cDNA synthesis
kit (Jena Bioscience GmbH, Germany). Then the qRT-PCR expression of pITK,
NFATc-1, NFkB, Ocln-1, TGF-B, and VEGF-A were measured against respective
primers on thermal cycler C1000 RT-PCR system (BioRad, Hercules, CA) using SYBR
Green dye. 18S rRNA served as a reference gene. The pro-inflammatory cytokine was

determined using ELISA kits (BioLegend, USA), as per instructions.

2.27.6. Flowcytometry
2.27.6.1. Isolation of T-cells and macrophages from spleen cells

The spleen was excised from the mice of all groups at the end of the experiment.
Spleens were smashed using glass slides, add into the PBS, and filtered using cell
strainers. Then incubate at 37°C and add 5-10 mL of PBS and centrifuge down the cell
pellet at 5000 rpm for 5 minutes. Add 3 mL of lysis buffer to exclude RBC cells.
Incubate it at room temperature (RT) for 15 minutes and wash with PBS, centrifuged
(5000 rpm, 5 minutes), and collect the cell pellet. Resuspend pellet in PBS, count the
cells using trypan blue, and culture in RPMI 1640 media (supplement with FBS and

antibiotics) for further activity.

2.27.6.2. Assessment of pITK expression in the T-cells

Take 1-2 million isolated spleen cells from the culture and pipette into the FACS tubes.
Wash with 200 uLL FACS buffer with centrifugation. Take the pellet and add 200 pL of
30% H20,-PBA solution and incubate for 20 minutes at 4°C. The wash with FACS
buffer, centrifuge, and incubated with 2 pL of anti-CD4 antibody for 20 minutes at 4°C.
Then wash with FACS buffer and fix with FOXp3/PERM buffer kit (Invitrogen™,
eBioscience™) and incubate overnight at 4°C. After washing, incubate with 2x Perm
buffer for 10 minutes at RT. Centrifuged and add 200 puL of 30% H20:-PBA solution
with incubation for 2 minutes at RT. Was with FACS buffer and add 2x Perm-buffer to
it, followed by the addition of 3-5 pL of anti-pITK PE antibody (BioLegend, USA) and
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incubate for 30 minutes at RT. Wash and add 200 puL of FACS buffer to analyze under

flowcytometer.

2.27.6.3. Assessment of pro-inflammatory M 1-macrophages in the spleen cells

Take 1-2 million spleen cells into the FACS tube. Wash and add FACS buffer to each
tube, then sequentially stain with anti-F4/80, CD11b, and CD38 antibodies (BioLegend,
USA) with all in between necessary washings and steps. In the end, add FACS buffer
and run under flowcytometer (BD Accuri Flow Cytometer, USA). Sort out the cells and
estimate CD38+ M1 cells among F4/80+CD11b+ macrophage populations.

2.28. Statistical Analysis

The data were expressed as mean =+ standard deviation (SD) (n=3) unless otherwise
stated. Statistical analysis was conducted using t-test and one-way ANOVA with
Bonferroni post hoc analysis. The level of significance was 0.05 (p < 0.05%), 0.01 (p <
0.01**) and 0.001 (p < 0.001%**),
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3. RESULTS

PART-I (SECTION A)

3.1. HPLC Calibration Curve of Dexa

Dexa standard curve was successfully achieved at a concentration of 6.25-100 pg/mL,

with linearity (R=0.9984) (Figure 3. 1).

Figure 3. 1: HPLC standard curve of Dexamethasone (Dexa)

3.2.Molecular Docking

MGL-2 homology model (5JPV) has two coordinates, A and B, illustrated in . The
protein model was accessed through the Ramachandran plot and Z-scores using
PROCHECK and ProSA online servers, respectively. Ramachandran plot have shown
that amino acid residues are distributed about 90.6% in the most favored regions for the
MGL-2 receptor (Figure 3. 2 a). Further, Z-score determines the model quality and the

negative residual energy of -7.34 confirmed model uniformity (Figure 3. 2 b).
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Figure 3. 2: Evaluation of quality of MGL-2 homologous model through Ramachandran plot (a) and, Z-
score plot (b) (Zeeshan et al., 2021)

Docking studies of the prepared ligands with galactose (carbohydrates) binding
domains of MGL-2 receptor (Q8IUN9, PDB: 5JPV) were carried out using the
AutoDock Vina tool in the PyRx program. The protein receptor has two chains, A and
B; both chains were individually docked with the ligands. To determine the strength of
binding interaction between ligands (D-galactose or GAL-PLGA polymer) and the
protein receptor, binding energies were obtained. The best ligand binding pose is
considered with the least binding energy. The amino acid residues of the receptor that
interact with GAL-PLGA ligand either through hydrogen bonding or electrostatic
interactions are Arg298, Asp294, Asn292, Glu280, Asp269, GIn267, and Lys264 ().
For D-galactose, the main binding residues are Asp294, Asn292, Glu280; while chains
A and B differ in terms of Tyr300, Tyr236, and GIn267 bonding with D-galactose ().
Besides, obtained binding energy scores make it obvious that GAL-PLGA ligand have
better recognition by both coordinates (A, B) of the MGL-2 receptor as compared to

plain D-galactose.
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I

binding

Ligands energy

(kcal/mol) residues

binding
energy
(kcal/mol)

no. of
H-
bonds

bonding
residues

D- . Tyr300, 2.67, Asn292,
galactose Tyr 236, 2.23, 2.55,
Asp294 2.37 and Glu280 2.06
2.52
GAL- 5.8 5 Arg298, 5.29, 5.8 7 Arg298, 2.74,
PLGA Asn292, 2.19 and Asp294, 2.58,
conjugate 2.43, Asn292, 2.22,
GIn267, 2.95, Glu280, 2.69,
Lys264 1.99 Asp269, 2.45,
GIn267 1.99 and
2.62

Figure 3. 3: Molecular docking: simulated ligand interaction with MGL-2 homologous receptor

(model/coordinates A and B) with binding energies, H-bonds, and binding amino acid residues; (I) H-

bonding between D-galactose and MGL-2, coordinates A and B (al,bl), their 2D interaction depicting

binding amino acids (a2, b2), and D-galactose best receptor binding pose (a3, b3). H-bonding between

GAL-PLGA and MGL-2, coordinates A and B (c1,dl), their 2D interaction depicting binding amino

acids (c2, d2), and GAL-PLGA best receptor binding pose (c3, d3). Green dashed line indicated H-bond,

Red line indicated other unfavorable bonds, (IT) Ligand-receptor interaction with respective binding

energies and other details (Zeeshan et al., 2021)

94




Chapter 3: Results

3.3. GAL-PLGA Polymer Synthesis

The reaction between D-galactose and PLGA was a conventional esterification reaction
(Pegaetal., 2012; Park et al., 2017; Margarida Cardoso et al., 2016), that was opted to
successfully produce GAL-PLGA polymer, as shown in Figure 2. 2. The acid-catalyzed
esterification reaction was feasible, easy to proceed using distillation apparatus, and
cost-effective as compared to the other methods of synthesis like microwave irradiation,

etc. (Pega et al., 2012; Park et al., 2017; Margarida Cardoso et al., 2016).

It was carried out in mildly acidic conditions, using DMF as a solvent and
methanesulfonic acid as a catalyst in a quantity of 0.004 mL (0.056 mmol), which is
minute and constitutes pH of around 4. And the reaction was completed in 24 hours. It
was noticed that several days (>15) are required to change the internal pH of PLGA
based particulate systems that tend to degrade its polymeric structure and the
encapsulant (Fu et al., 2000). A study reported a little deviation in the thermograph
(TGA) of PLGA at pH 2.4 over 5 days and smooth morphology of PLGA microspheres
at pH 2.4 with homogenous degradation (Zolnik and Burgess, 2007). As per our
examination, PLGA degraded only under strongly acidic conditions (pH 1-1.5) but does
not degrade faster in mild-moderate acidic conditions. It tends to degrade over time.
Thus, these mild acidic conditions facilitated deprotonation of PLGA to aid ester

formation but does not disintegrate its polymeric structure.

PLGA carboxylic group at the terminal end was covalently linked with the anomeric
hydroxyl groups of D-galactose under mild acidic or basic conditions. Although, the
reaction was susceptible between any hydroxyl group of D-galactose and PLGA,
however, we assume linkage to anomeric hydroxyl because it is the most reactive one
with the highest coupling constant and therefore more prone to undergo ester linkage
with PLGA carboxylic group (Miljkovi¢, 2010; Lim and Fairbanks, 2017; Pega et al.,
2012). Therefore, no prior activation of D-galactose was required. Mostly, OH groups
on other carbon atoms were protected when reaction involves any OH group of
galactose, other than anomeric -OH, here, it was not the case (Miljkovi¢, 2010; Lim
and Fairbanks, 2017). In the case of unprotected OH, the reaction with anomeric OH is

most feasible (Lim and Fairbanks, 2017)

Further, DMF was used as a reaction media because both reactants are solubilized in it,

have a higher boiling point (153°C) and facilitated nucleophilic substitution (Peca et
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al., 2012). The reaction conditions that affect resultant GAL-PLGA polymeric powder
quality and yield were further studied and optimized. To study the effect of interfering
reaction variables, the 2rv*? fractional factorial design was adopted which provides

different experimental runs with varying conditions, as presented in Table 3. 1.

Effect of independent variables on GAL-PLGA polymer vield (Y1) and powder

consistency (Y>2):

In a two-level fractional factorial design, four independent variables including
temperature (Xi), heating conditions (X2), drying conditions (X3), and atmospheric
conditions (X4) were studied with different experimental combinations to determine
their effect on dependent variables (response) i.e., % age yield (Y1) and powder
consistency (Y2) of the synthesized polymer (Table 3. 1). The generated effect
estimates, and corresponding polynomial equation show the main and interacting effect
of the independent variables on the response variables with the help of STATISTICA®
software. The mathematical model to compute the effect of independent variables on

%age yield through 21v*? fractional factorial design is represented by Equation 10:

Y1=75 + 14.5X1 + 5.5X2 + 5X3 + 7X4 + 0X1 X2 — 2.5X1X3 +3.5X1X4 ...... 10

The positive sign in the polynomial equation indicates a synergistic effect whereas the
negative sign suggests an inverse effect. Moreover, the higher associated coefficient of
each variable (pre-factor of Xa) has more control over the response variable. In the
above equation, the highest coefficient is accredited to temperature (Xi), which
indicates that the temperature affects polymeric yield more than other variables.
Further, an analysis of variance (ANOV A) was carried out to authenticate the statistical
significance of each variable. ANOVA analysis indicates that the regression sum of
squares, p-values, and F-values are statistically significant for the effect of temperature
on % yield (Table 3.2), at a significance level of 0.05 (0¢=0.05). Other independent
variables affect % yield to some extent. Furthermore, Pareto chart analysis (Figure 3.4
I) graphically illustrated the influence of each variable on the response variable, % yield
(Y1), highlighting the influence of temperature to obtain a better yield of GAL-PLGA
polymer. Similarly, the polynomial equation for the response variable powder

consistency (Y2) using 2rv*"! fractional factorial design is:

Y2=43.75 + 0X1 + 0X2 + 37.5X3 + 62.5X4 + 12.5X01X2 + 0X1X3 + 0X1X4eeeuuunnnnnn 11
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The equation indicates that the independent variable atmospheric conditions (X4) have
the maximum influence to obtain a better quality dried polymeric powder. It represents
that a nitrogen-controlled environment is the utmost for good quality dried powder. In
addition, drying conditions (X3) affect powder consistency pronouncedly; it
demonstrates polymer obtained at the end of the reaction when dried in the desiccator
overnight produced better results as compared to the freeze-drying (lyophilization)
procedure. Whilst temperature and heating conditions minorly influence final
polymeric powder quality. ANOVA confirmed the statistical significance of
atmospheric and drying conditions on powder consistency (Table 3. 3). Moreover,
Pareto charts graphically showed the effect of atmospheric and drying conditions are
statistically superior to other independent variables to produce freely flowing dried

powder (Figure 3.4 II)

Table 3. 1: Two-level 21y fractional factorial design to study the effect of reaction variables on %

yield and powder consistency of the synthesized GAL-PLGA polymer

Xi: Xa: X3s: X4: Yi: Yo2:
Temperature | Heating Drying Atmospheric | Yield Powder
Runs | (°C) conditions conditions conditions (%) consistency
1 60 | Sand bath Lyophilizer Air 60 0
2 70 | Sand bath Lyophilizer Nitrogen 84 50
3 60 | Oil bath Lyophilizer Nitrogen 69 50
4 70 | Oil bath Lyophilizer Air 79 0
5 60 | Sand bath Desiccator Nitrogen 71 100
6 70 | Sand bath Desiccator Air 76 25
7 60 | Oil bath Desiccator Air 73 25
8 70 | Oil bath Desiccator Nitrogen 92 100

Table 3. 2: ANOVA analysis to study the influence of independent variables on % Yield (Y1) of GAL-
PLGA polymer under 2;v*" fractional factorial design

Independent variable SS df MS F p Result
(1) Temperature (°C) 420.5000 1 420.5000 | 34.09459 | 0.010009 | Significant
(2) Heating conditions 60.5000 1 60.5000 | 4.90541 | 0.113590

(3) Drying conditions 50.0000 1 50.0000 | 4.05405 | 0.137521

(4) Atmospheric conditions 98.0000 1 98.0000 7.94595 0.066802

Error 37.0000 3 12.3333

Total SS 666.0000 7

Table 3. 3: ANOVA analysis to study influence of independent variables on powder consistency (Y2) of
GAL-PLGA polymer under 2;v*? fractional factorial design
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Independent variable SS df MS F P Result
(1) Temperature (°C) 0.00 1 0.000 0.00000 1.000000

(2) Heating conditions 0.00 1 0.000 0.00000 1.000000

(3) Drying conditions 2812.50 1 2812.500 | 27.00000 | 0.013847 | Significant
(4) Atmospheric conditions 7812.50 1 7812.500 | 75.00000 | 0.003239 | Significant
Error 312.50 3 104.167

Total SS 10937.50 7

3.3.1. Confirmation of synthesized polymer through ATR-FTIR, NMR, and TGA

Obtained ATR-FTIR spectra of D-galactose conjugated PLGA polymer confirmed the
conjugation reaction and formation of ester linkage (Figure 3.4). In FTIR, the peak at
3389 cm™ corresponds to the O-H functional group which demonstrated galactose
attachment. Next, the prominent peak at 1748 cm! represented the ester group, another
minute peak at 1672 cm™! presented the C=O group in the structure. Further, esteric C-
O bend is present at 1165 cm™ and 1130 cm™'. The CHj stretches were allocated at 2922
and 2953 cm™! and CH; at 2852 cm’! vibrations.

Further, NMR spectroscopy of the synthesized polymer under Agilent VNMR 400
NMR ("H NMR at 400 MHz and '*C NMR at 101 MHz) spectrometer provided H and
C details associated with each functional group. 'H-NMR (CDCl3) spectra of the
synthesized polymer have representative areas of galactose moiety and PLGA (PLA,
PGA), as shown in Figure 3.4. The main chemical shifts of PLA appeared at 5.2-5.3
ppm (CH) and 1.55-1.59 ppm (CH3); and the PGA peak of CH; present at 4.8 ppm.
While chemical shifts at 4.31 and 6.2-6.3 ppm are the representatives of C-H and other
CH protons linked to the hydroxyl group of D-galactose moiety, respectively (Figure
3.4) (Dong et al., 2017). The specific chemical shifts (4.31) and methyl, methylene
protons mole ratio indicated galactose conjugation to PLGA. Both FTIR and NMR

analysis assured galactose conjugation with PLGA polymer.

Furthermore, TGA investigations confirmed polymer synthesis as indicated by large
deviations between PLGA and GAL-PLGA thermal degradation patterns (Figure 3.4).
PLGA polymer was completely burnt (about 99%) at 300-400°C, which is the
characteristic of PLGA (Wang et al., 2016). Whereas TGA spectrum of GAL-PLGA
polymer started declining after 150°C, then GAL-PLGA decomposed in shifts from
240°C to 460°C gradually, resting about more than 50% residue till 550°C (Figure 3.4).
Gradual melting and decomposition is the characteristic of sugars (Hurtta et al., 2004),

that imparted a slow decomposition pattern to the synthesized polymer rather than a
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sharp decline (Goel et al., 2021). Galactose-based polymers have multiple phases of
degradation, with initial loss of OH groups, followed by decomposition of sugar residue
and polymeric backbone (Goel et al., 2021; Saltan and Akat, 2013). It is expected that
during water loss in the initial phase, the sugar-based structure caramelizes, thus leaving
60% water and 40% of carbon black (Hurtta et al., 2004). It indicated that ~50% weight
of GAL-PLGA polymer left at 550°C might be the carbon black content (Figure 3.4).
Further, sugar-based products might continue to burn over a range of temperatures, for
instance, complete degradation occurs at 1050°C during sintering (Le Ray et al., 2010).
Thus, we can say that GAL-PLGA polymer decomposed almost 50% till 550°C,
however, chances existed that it underwent another phase of decline at higher
temperatures. Overall, GAL-PLGA polymer have an earlier onset of degradation than
underived PLGA polymer (Figure 3.4), however, the GAL-PLGA polymer gradual
degradation pattern at higher temperature assisted the polymer to completely deteriorate

over a broader time and temperature range.
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Figure 3. 4: Effect of reaction variables on quality of GAL-PLGA powder and physicochemical
characterization of GAL-PLGA polymer; (I-II) Pareto chart analysis for the effect of independent
variables on % Yield (Y1) and powder consistency (Y2) of GAL-PLGA polymer, (a-¢) Characterization:
Investigation of GAL-PLGA polymer synthesis through FTIR and TGA techniques (a, b) chemical
structure of GAL-PLGA for the display of main functional groups (c) *C-NMR and 'H-NMR (d, €) of
GAL-PLGA polymer for the confirmation of main groups (Zeeshan et al., 2021)
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3.3. Preparation of Drug-Loaded GAL-PLGA Nanoparticles & Optimization
3.3.1. QbD process for Dexa-GAL-PLGA nanoparticles

QbD process started with defining quality target product profile (QTPP) for
dexamethasone incorporated GAL-PLGA nanoparticles for macrophage targeting
under inflammation with appropriate particle size control and physiochemical profile
(Table 2. 2). For the fabrication of nanoparticles, initially, the critical material (CMA)
and critical process attributes (CPA) were considered based on literature and
preliminary experiments (Table 2. 2), and their relative impact on critical quality
attributes, CQA, were determined through risk assessment using lean QbD software.
Estimated inter-relations between each QTPP and CQA and between each CPP/CMA
and CQA were mentioned in Figure 3. 5 (I-II) and rated on 3-levels (low, medium, and
high). Severity scores clarified the significance of each variable. CPPs/CMAs with the
highest impact on quality are in the order: surfactant concentration > sonication time >
stirring speed (Figure 3. 5). From risk assessment scrutinization, the most influential
CPPs and CMAs were further optimized during the Box-Behnken DOE. Among CQAs,
particle size, encapsulation efficiency, PDI, dissolution, and zeta potential have the
maximum effect on the product’s quality (Figure 3. 5). Herein, we consider particle
size, PDI, and zeta potential to develop a blank formulation. Classic Ishikawa cause
and effect diagram categorizes influencing variables/factors into 4 major groups

affecting the final product quality (Figure 2. 2 II).

3.3.2. DOE: Box-Behnken design

A 3% Box-Behnken design (Magalhies et al., 2020) was considered because it provides
fewer experimental runs, avoids extreme combinations, easy to interpret, and saves cost
and time (Islam et al., 2012). After initial preliminary studies and risk assessment
process, surfactant concentration (A1), stirring speed (A2), and sonication time (As3)
were selected to be the most influential independent variables affecting product
outcomes. The 3° Box-Behnken design, a response surface model, was chosen to design
experimental conditions based on these variables and their corresponding effects. It
generated 15 different combinations of independent variables and their effect on
response variables particle size (Z1), zeta potential (Z2), and PDI (Z3), presented in
Table 3. 4. The model regression coefficient of determination (R?) estimates its

goodness of fit. R? for the particle size (Z1), zeta potential (Z>), and PDI (Z3) were found
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to be 0.97, 0.91, and 0.79 respectively, and statistical significance for all independent
variables is confirmed through p-value<<0.05, indicating reasonable agreement of the

results with the predicted values.

Table 3. 4: 3-level, 3-factor Box-Behnken DOE to explore the effect of independent variables (A-A3z)

on experimental and predicted values of response variables (particle size (Z:), zeta potential (Z,) and PDI

(Z3)) to control GAL-PLGA nanoparticles quality

Su?f;c ta | s ti?lz';ng Sorﬁz; tio Zi-Particle size (nm) | Z-Zeta potential (mV) Z5-PDI
Ru | ntconc. speed n time Experim Experime Experim
ns (%) (rpm) (sec) ental Predicted ntal Predicted ental Predicted
1 | 1.000000 | 1500.000 | 60.00000 269.1 262.8649 | -4.63000 | -3.81793 | 0.032000 | -0.010516
2 | 3.000000 | 1500.000 | 60.00000 598 560.5099 | -7.42000 -7.35793 | 0.181000 | 0.170734
3 | 1.000000 | 2500.000 | 60.00000 137 165.9549 | -7.50000 | -7.69793 | 0.009000 | 0.013484
4 | 3.000000 | 2500.000 | 60.00000 546.7 5443999 | -2.80000 | -3.74793 | 0.048000 | 0.084734
5 | 1.000000 | 2000.000 | 30.00000 280.5 229.0150 | -6.05000 | -6.31500 | 0.068000 | 0.053000
6 | 3.000000 | 2000.000 | 30.00000 656.7 636.4700 | -6.64000 | -6.15500 | 0.272000 | 0.224750
7 | 1.000000 | 2000.000 | 90.00000 145.3 174.0652 | -7.00000 | -7.34913 | 0.005000 | 0.058033
g | 3.000000 | 2000.000 | 90.00000 | 382.68 | 442.7002 | -7.50000 -7.09913 | 0.118000 | 0.138783
9 | 2.000000 | 1500.000 | 30.00000 179.5 232.9525 | -7.01000 | -7.62500 | 0.032000 | 0.086625
10 | 2.000000 | 2500.000 | 30.00000 | 150.43 | 168.6925 | -8.30000 | -7.90500 | 0.005000 | 0.012625
11 | 2.000000 | 1500.000 | 90.00000 | 110.57 | 100.8427 | -8.50000 | -8.75913 | 0.005000 | 0.003158
12 | 2.000000 | 2500.000 | 90.00000 97 52.0827 | -9.50000 | -8.74913 | 0.064000 | 0.015158
13 | 2.000000 | 2000.000 | 90.00000 99.5 65.3591 -8.60000 | -9.14348 | 0.064000 | 0.040870
14 | 2.000000 | 2000.000 | 60.00000 | 124.02 | 129.3052 | -8.20000 -7.96413 | 0.005000 | 0.038783
15 | 2.000000 | 2000.000 | 60.00000 | 117.52 | 129.3052 | -8.00000 | -7.96413 | 0.061000 | 0.038783

Effect of independent variables on particle size (Z1): Different experimental
combinations of independent variables generated particle size in the range of 97-656
nm (Table 3. 4). The second-order polynomial equation 12 for establishing an empiric

relationship between particle size (Z1) and independent variables is:
Z1=297.621+ 338A1 — 56.51A2 — 124.36A3 + 40.4A1A2 -69.410A1A3

+7.75A2A3 -243.129A1% — 11.1A22+ 1.76A3* .............. 12

The equation shows a multi-variable effect on particle size, the positive sign is for
synergy and the negative indicates the opposing effect. Surfactant concentration (A1)
have the maximum impact on particle size with a positive sign indicating an increase
in concentration produces larger particles. It was obvious from the 3D response surface
plot (Figure 3. 5 A) that initially increase in surfactant concentration from 1% to 2%

decreased the particle size, however, greater than 2% concentration drastically
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increased the size. Initially, particle size reduction is attributed to enhanced interfacial
stabilization on increasing surfactant concentration which prevents particles
agglomeration; while surfactant concentration beyond a certain limit saturates the
medium and increases the viscosity with lowering of cumulative shear stress to split the
droplets or it can be referred to the point of micelles formation. Further, the second
effect is confirmed by quadratic relation, A2, that depicted a negative correlation i.e.,
particle destabilization if the surfactant concentration is highly exceeded. Next,
prolongation of probe sonication time (A3) produced greater energy density in the
medium, thus elevating the intensity of shear stress which ultimately diminished
particle size (Figure 3. 5 A), the effect agreed with the literature (Sharma et al., 2016;
Bhatt et al., 2017). Likewise, stirring speed (Az) is negatively linked with the particle
size, thus increasing speed generates greater shear force to break down the droplets
which reduced the particle size (Figure 3. 5 A). ANOVA confirms the significant effect
of surfactant concentration and sonication time on the particle size, as p<0.05 (Table 3.
5), while stirring speed although reduced the size but not significantly. Pareto chart

analysis emphasizes the same results (Figure 3. 5 a).

Effect of independent variables on zeta potential (Z;): Different combinations of
independent variables generated negative zeta potential (Table 3. 4, Figure 3. 5 B). The
multivariate regression equation 13 for zeta potential and its relationship with

independent variables is:
7> =-6.882 + 0.205A1— 0.135A2 — 0.989A3 + 3.745A1A2 + 0.045A1A3

+0.145A2A3 — 1.919A12 — 0.389A2% + 0.684A3%.....c.euvennenns 13

The model applied provides results within a 95% confidence interval. From the
equation and 3D plot (Figure 3. 5 B), it is comprehended that surfactant concentration
positively correlated with zeta potential, increasing concentration shifted the anionic
nature of the polymer towards the neutral side. The effect was found to be consistent
with studies on PLGA nanoparticles (Takeuchi et al., 2017). Though the linear impact
is not wide enough to be significant, its quadratic impact stood significant (p<0.05), as
presented through the Pareto chart (Figure 3. 5 b) and ANOVA analysis (Table 3. 6).
Stirring speed have non-significant positive, while sonication time have an antagonist

effect on zeta potential.
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Figure 3. 5: QbD risk assessment and 33 Box-Behnken DOE to investigate effect of independent
variables on nanoparticles outcomes; (I) Evaluation of inter-relation between each QTPP-CQA and (II)
CPP/CMA-CQA with their severity scores; 3-dimensional surface (3D) plots to depict the effect of
independent variables on (A) particle size, (B) zeta potential, and (C) PDI of GAL-PLGA nanoparticles
under 3* Box-Behnken design; Pareto chart analysis of standardized effects on a) particle size, b) zeta

potential and ¢) PDI of GAL-PLGA nanoparticles (Zeeshan et al., 2021)

Effect of independent variables on PDI (Z3): Box-Behnken model provides regression

equation 14 describing influence of independent variables on PDI:
73=10.0709 + 0.126A1 — 0.031A2— 0.0404A3— 0.055A1A2 — 0.045A1A3

+0.043A2A3 — 0.0575A1% +0.0317A2% — 0.0223A37 ...... 14

Nearly all experimental runs provided PDI in a narrow suitable range (<< 0.3) (Table
3.4). The most promising influencing parameter was surfactant concentration which

directly increases PDI (Figure 3. 5 C). The significance is established through ANOVA
(

Table 3. 7) and Pareto plot (Figure 3. 5 c). The increased surfactant concentration might
escalate the medium viscosity which reduced shear stress and generate particles of
various size distributions (Patel et al., 2016b). Other variables have minimal effect on

PDI. 3D response surface plots are drawn to illustrate the effects (Figure 3. 5 C).

Table 3. 5: ANOVA analysis to study effect of independent variables (Ai-A3) on particle size (Z;) of
GAL-PLGA nanoparticles under 33 Box-Behnken DOE

Independent variable SS df MS F P Result
Aj-Surfactant conc. (%) 228548.8 1 228548.8 | 69.52296 | 0.000406 | Significant
A,2-Surfactant conc. (%) 205218.2 1 205218.2 | 62.42595 | 0.000523 | Significant
A»-Stirring speed (rpm) 6286.6 1 6286.6 1.91233 | 0.225276

A2-Stirring speed (rpm) 471.5 1 471.5 0.14343 | 0.720440
Asz-Sonication time (sec) 33872.3 1 33872.3 10.30373 | 0.023730 | Significant
As2-Sonication time (sec) 8.8 1 8.8 0.00268 0.960694

AA; 1632.2 1 1632.2 0.49649 | 0.512503

A1A;3 4817.7 1 4817.7 1.46553 | 0.280151

AsAj 74.6 1 74.6 0.02271 0.886110

Error 16436.9 5 3287.4

Total SS 529675.3 14
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Table 3. 6: ANOVA analysis to study effect of independent variables (A1-A3) on zeta potential (Z,) of
GAL-PLGA nanoparticles under 33 Box-Behnken DOE

Independent variable SS df MS F p Result
Ai-Surfactant conc. (%) 0.08405 | 1 | 0.08405 | 0.11338 | 0.750002
A,2-Surfactant conc. (%) 12.78938 | 1 | 12.78938 | 17.25220 | 0.008879 | Significant
A,-Stirring speed (rpm) 0.03645 | 1 | 0.03645 | 0.04917 | 0.833287

A2-Stirring speed (rpm) 0.52628 | 1 | 0.52628 | 0.70993 | 0.437904
As-Sonication time (sec) 2.14312 | 1 | 2.14312 | 2.89095 | 0.149823
A32-Sonication time (sec) 1.51373 | 1 1.51373 | 2.04194 | 0.212392

AlAy 14.02503 | 1 | 14.02503 | 18.91903 | 0.007362 | Significant
A1A3 0.00203 | 1 | 0.00203 | 0.00273 | 0.960341

ArA;z 0.02103 | 1 | 0.02103 | 0.02836 | 0.872862

Error 3.70659 | 5 | 0.74132

Total SS 39.68733 | 14

Table 3. 7: ANOVA analysis to study effect of independent variables (Ai-Az) on PDI (Z3) of GAL-
PLGA nanoparticles under 3° Box-Behnken DOE

Independent variable SS df MS F P Result
A-Surfactant conc. (%) 0.031878 | 1 | 0.031878 | 9.610334 | 0.026852 | Significant
A;2-Surfactant conc. (%) 0.011493 | 1 | 0.011493 | 3.464957 | 0.121745
A,-Stirring speed (rpm) 0.001922 | 1 | 0.001922 | 0.579427 | 0.480876
A2-Stirring speed (rpm) 0.003491 | 1 | 0.003491 | 1.052528 | 0.351973
As-Sonication time (sec) 0.003587 | 1 | 0.003587 | 1.081421 | 0.346029
Aj2-Sonication time (sec) 0.001608 | 1 | 0.001608 | 0.484844 | 0.517270
AlAr 0.003025 | 1 | 0.003025 | 0.911950 | 0.383454
ALAs 0.002070 | 1 | 0.002070 | 0.624121 | 0.465319
AoAs 0.001849 | 1 | 0.001849 | 0.557420 | 0.488898
Error 0.016585 | 5 | 0.003317
Total SS 0.079142 | 14

3.3.3. Experimental design validation and optimization

Box-Behnken model predicted values for the response variables including particle size
(Z1), zeta potential (Z2), and PDI (Z3) are found to be in good agreement with the
experimental values apart from little variations (Table 3. 4). The profiles for predicted
response values and desirability was obtained using STATISTICA® 10.0 software, as
presented in Figure 3. 6. The suitable combination of independent variables (2%
surfactant concentration, 2500 rpm stirring speed, and 90 seconds sonication time) that

produced desirable outcomes have proceeded for characterization.
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Profiles for Predicted Values and Desirability
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Figure 3. 6: Prediction and desirability profiling of the optimum values of independent variables to

produced GAL-PLGA nanoparticles with desired characteristics (Zeeshan et al., 2021)

3.3.4. Physicochemical characterization

The optimized formulation from the Box-Behnken design was replicated thrice and
characterized for physicochemical properties; and loaded with dexamethasone drug.
The average hydrodynamic particle size for blank and drug-loaded GAL-PLGA
nanoparticles was 97.74 nm = 0.72 nm and 118.77 nm + 0.74 nm, respectively (Figure
3. 7 a-c). Additionally, SEM morphological examination indicated nanoparticles with
round spherical shape and smooth topology (Figure 3. 7 b). Particle size below 200 nm
is favorable for enhanced epithelial permeability and retention effect at the inflamed
region and the efficient immune cells uptake (Zeeshan et al., 2019a). Moreover, zeta
potential was found to be -9.58 =0.19 mV (Figure 3.7 c). Negative zeta potential value
is the characteristic for PLGA and similar values were reported for GAL-PLGA
nanoparticles (Gupta et al., 2013). The negative charge may persist because of
remaining PLGA carboxylic functional groups. The anionic nature represented PLGA

and galactose moiety and stabilizes the structure with charge-charge repulsion among
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particles. Furthermore, PDI lesser << 0.1 indicated homogenous particle size
distribution (Figure 3. 7 a-c) and this mono-disperse system is more reluctant to be
removed by the reticuloendothelial system (Sipos et al., 2020). Various drug-polymer
ratios were investigated in the preliminary studies with minor differences in EE,
therefore, 1:10 was chosen with EE of about 87.33 + 3.47 % and drug loading of about
79.39 + 3.15 pg per mg GAL-PLGA nanoparticles (Figure 3. 7 ¢). Stability analysis of
Dexa-GAL-PLGA nanoparticles according to ICH guidelines for 6 months revealed
particle size and zeta potential lied within a suitable range, and the drug content was

little bit decreased but within the limit, as listed in Table 3. 8.
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Figure 3. 7: Physicochemical and In vitro characteristics of Dexa-GAL-PLGA nanoparticles (a) particle
size (nm) and PDI (b) surface morphology through SEM analysis (c) physicochemical properties and
drug content (d) thermal analysis under TGA (e) XPRD spectra of drug, polymers and drug loaded
nanoparticles; (f) FTIR spectra of drug and drug loaded nanoparticles; (g) In vitro dexamethasone release
from plain PLGA and GAL-PLGA nanoparticles at pH 1.2 (SGF) and pH 7.4 (SIF), statistical
comparison (t-test) between release profiles p<0.05*, p<0.01**, p<0.001*** (n=3) (Zeeshan et al.,
2021)
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Table 3. 8: Effect of storage conditions on physicochemical characteristics of Dexamethasone loaded

GAL-PLGA nanoparticles

Dexa-GAL-PLGA Initial After 1 month After 6 months
nanoparticles

4°C 25°C 4°C 25°C 4°C 25°C

Particle size (nm) | 118.8+0.74 | 118.8+0.74 | 118.8+0.74 | 123.5+1.2 | 121.9+1.5 | 137.1£1.87

Zeta potential -9.5+0.19 | -9.5£0.19 | -95+0.5 | -9.1£0.25 | -9.4+1.1 | -9.05+0.75
(mV)

Drug content 79.39+3.15 | 79.39+3.15 | 77.45%1.35 | 76.15+0.55 | 77.0£2.25 | 75.45£1.25
(ng/mg)

3.3.5. TGA

The thermal behavior of pure dexamethasone, Dexa-PLGA nanoparticles, and Dexa-
GAL-PLGA nanoparticles was evaluated through TGA analysis. Dexamethasone
thermal evaluation indicated about 80% of the mass loss gradually between 250-440°C
(Figure 3. 7 e), because of drug decomposition into various products including f-
hydroxy dexamethasone and dexamethasone-21-oic acid (Jain and Datta, 2015). After
then, the weight became constant (about 20%) due to the formation of carbon black.
Dexa-PLGA nanoparticles showed complete single-step thermal degradation started at
a temperature of 300°C with 94.11 % weight loss, followed by a constant weight (~6
%) due to carbon black. For Dexa-GAL-PLGA nanoparticles, total mass loss was
35.41% as signaled by an initial peak around 260-300°C followed by a broad down
peak gradually declined from 300°C to 680°C. Thereafter, the peak became constant.
Although degradation was continuous and started earlier, however, approximately 64
% of the mass either remained stable against degradation or constituted residual matter
(Figure 3. 7 e). It has been established that the addition of D-galactose moiety to the
polymers brought decomposition more gradual with more char content at the end
(Saltan and Akat, 2013). The pattern matches to thermal decomposition pattern of
GAL-PLGA polymer and depicted that polymer properties stayed unchanged while

fabricating their nanocarriers.

3.3.6. X-ray powder diffraction (XPRD) analysis

XPRD patterns of dexamethasone, polymers, and nanoparticles were obtained to
investigate the physical form of the entrapped drug inside the polymeric nanocarrier.
Dexamethasone in the pure state had peaks at 12.5, 16.5, and between 18-20 20 (Figure
3. 7 1), reflecting crystalline nature. On contrary, polymers including PLGA and GAL-
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PLGA are amorphous in nature and their spectra have no sharp peak. While
dexamethasone inside the PLGA and GAL-PLGA nanoparticles resided in the
amorphous form, as reflected from smooth, low-intensity spectra of the nanoparticles,
as shown in Figure 3. 7 f. Additionally, the absence of dexamethasone sharp peak in
the PLGA and GAL-PLGA nanoparticles spectra confirmed complete encapsulation of
the drug and negate the presence of surface-bound drug traces. During preparation,
dexamethasone was dispersed in a molecular state and entrapped within PLGA

polymeric structure in an amorphous form.

3.3.7. FTIR of excipients and formulation

FTIR spectra of dexamethasone drug, drug-loaded PLGA, and GAL-PLGA
nanoparticles were obtained to identify possible drug-polymer molecular interaction
and drug entrapment inside nanoparticles. The FTIR spectrum of dexamethasone
(Figure 3. 7 g) exhibited main peaks at 3470 cm™!, 2939 cm™, 1701 cm™!, 1660 cm™,
1617 cm™, 1392 cm™, 1080 and 892 cm! corresponding to -OH, -CHa, aldehyde C=0,
ketone C=0, C=C, CH3, C-O and C-F functional groups respectively. The Dexa-PLGA
nanoparticles spectra, Figure 3. 7 g, have representative bands of -CH, C=0, C-OH in-
plane, -CH3, esteric C-O, alcoholic C-O at 2942 cm!, 1742 cm™, 1422 cm’!, 1382 cm”
1164 cm™, 1086 cm! respectively, the spectra mimics previous findings (Nejad et
al., 2019). FTIR spectrum of Dexa-GAL-PLGA nanoparticles (Figure 3. 7 g) have a
broadened peak of -OH at 3339 cm™ and a pointed peak of CHs at 2944 cm™.
Furthermore, ester C=0 stretch at 1748 cm™ and 1666 cm!, ester C-O peak at 1166 cm’
I and alcoholic C-O pointed at 1089 cm™. A smaller peak at 855 cm™ indicated either
C-F or C-H group of drug or GAL-PLGA, respectively. The spectra of drug-loaded
PLGA and GAL-PLGA nanoparticles negate new bond formation or changes in the
bond position which nullify drug-polymer interaction. Further, nanoparticles spectra
retained the position of the peaks as found in the respective polymer, Figure 3.4 a,
which confirmed the physical entanglement of the drug in the polymeric nanocarrier.
Drug bands were not obvious in both types of nanoparticles which ensured complete
drug encapsulation with minimal chances of the surface-bound drug. However, a bit

sharper bond intensity represented drug presence inside the nanoparticles (Figure 3. 7

g)-
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3.4. In Vitro Drug Release Study

Drug release study was performed in simulated fluids, SGF (pH 1.2) and SIF (pH 7.4),
Figure 3. 7 h, based on the physiological pH of the stomach and large intestine (Ali et
al., 2014). In the first 2 hours, Dexa-PLGA nanoparticles showed an abrupt release of
a drug, accounting for almost 40% of drug release. Whereas Dexa-GAL-PLGA
nanoparticles have statistically relevant control over immediate drug release in the
initial 2 hours in SGF. After pH change to 7.4 (SIF), the drug release pattern of both
PLGA and GAL-PLGA nanoparticles was almost parallel and sustained. About 8§9.6%
drug was released in SIF till 48 hours from PLGA nanoparticles. While 84% drug was
released from GAL-PLGA nanoparticles in 48 hours (Figure 3. 7 h).

Basically, the polymeric nanocarriers like PLGA and derived-PLGA nanoparticles
exhibited a biphasic drug release pattern, an initial burst release of the drug which is
followed by a sustained release pattern (Ali et al., 2016; Godse et al., 2021). Attachment
of galactose to the PLGA backbone has the same biphasic pattern of drug release
(Godse et al., 2021). That is why a slowdown occurred in the drug release pattern of
the GAL-PLGA nanoparticles, which demonstrated the typical sustained release pattern

after an initial phase.

However, GAL-PLGA predominantly controlled the burst release effect of bare PLGA
particles and is, therefore, suitable to be considered for colon drug delivery. The
student’s t-test was applied to differentiate between time points of release profiles of
PLGA and GAL-PLGA nanoparticles. At pH 1.2, each time point significantly differs
from the other (p < 0.001); whereas only two-time points showed a difference at pH

7.4, the rest of the points did not differ (Figure 3. 7 h).

If we compare the drug release from plain PLGA and GAL-PLGA nanoparticles in the
first 2 hours at acidic pH (1.2), the burst release content was very much controlled in
the case of GAL-PLGA nanoparticles because of possible steric hindrance conferred
by the galactose moiety on attachment to PLGA backbone. The addition of galactose
conferred structural stability to the GAL-PLGA nanostructure from initial abrupt
disintegration at acidic conditions (pH 1.2), thus offering a steric barrier to the initial
burst of the drug (Jain et al., 2015). Further, when pH was changed to 7.4 after 2 hours,
the first time point (at 4™ hour) also significantly differ between the two profiles.

Therefore, we can postulate that galactose moiety induced structural integrity which
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hinders abrupt diffusion of drug in the initial hours, thereafter, the profile pattern
became parallel to PLGA nanoparticles. It does not depict pH-mediated drug release,
however, controlled earlier burst release avoids drug dumping in upper GIT regions and

facilitates colon targeting.

One-way ANOVA analysis compared whole release profiles and declared both to differ
insignificantly with p-value >0.05. Thus, difference occurred in the initial time points

(0.5-4 hours) drug release, thereafter the pattern of the two profiles became similar

3.4.1. Drug release kinetic modeling

With more advancement, it is necessary to evaluate release kinetics through
mathematical models and evaluate the behavior and mechanism of drug release from
nanoparticles using the DDsolver program. Based on R, R?, RMSE, MSC, and AIC
parameters, both Korsmeyer-Peppas and Peppas-Sahlin models were best fitted for the
drug release profile of GAL-PLGA nanoparticles at pH 1.2 (Table 3. 9). The reason
behind this is when Peppas-Sahlin’s coefficients k1>k2, then the system favored the
release of drug molecule more towards diffusion mechanism rather than polymer chain
relaxation and its m-value becomes equal to the n-value of Korsmeyer-Peppas (Freire
et al., 2017). Therefore, both models explained the drug release in the same manner
without the involvement of polymer chain relaxation or elongation. In this case, the
value is near to n-value (m=0.128, n=0.17) and Fickian was the major drug release
mechanism because n/m are lesser than 0.5. The same trend was observed for drug
release data from the PLGA nanoparticles with k1>k2, n=0.43, and m=0.33. Peppas-
Sahlin and Korsmeyer-Peppas models describe the release of a drug from the polymeric
systems as a function of either diffusion or polymer relaxation or both (Bruschi, 2015).
At pH 7.4, Peppas-Sahlin remains the best-fitted model for both PLGA and GAL-
PLGA nanoparticles with the highest R, R* and MSC, lowest RMSE, and AIC and
k1>k2, m-value was approaching n-value and Fickian diffusion as a drug release

mechanism (Table 3. 9).
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Table 3. 9: Mathematical models describing drug release kinetics from GAL-PLGA and PLGA
nanoparticles at pH 1.2 (SGF) and pH 7.4 (SIF)

a) Dexamethasone loaded GAL-PLGA nanoparticles (pH 1.2)
Parameter Zero First Higuchi Korsmeyer- Hixon- Peppas-Sahlin
order order Peppas Crowell
R 0.9177 0.9286 0.9883 0.9947 0.9250 0.9950
R? 0.7394 0.7823 0.9734 0.9894 0.7686 0.9901
RMSE 3.8079 3.4800 1.2162 0.8850 3.5877 1.0503
AIC 22.3022 | 21.4017 10.8892 8.2716 21.7066 9.9568
MSC -0.2161 -0.0360 2.0665 2.5900 -0.0970 2.2530
Other kO=11.13 | k1=0.124 | kH=14.005 | kkp=14.6379, | Khc=0.04 k1=9.74,
n=0.36 k2=4.86,
m=0.271
b) Dexamethasone loaded PLGA nanoparticles (pH 1.2)
Parameter Zero First Higuchi Korsmeyer- Hixon- Peppas-Sahlin
order order Peppas Crowell
R 0.9419 0.9607 0.9942 0.9953 0.9550 0.9957
R? 0.8138 0.8857 0.9885 0.9906 0.8647 0.9915
RMSE 6.5500 5.1330 1.8800 1.6990 5.5840 1.9800
AIC 27.7260 | 25.2800 15.8100 14.7900 26.1300 16.3110
MSC 0.2340 0.7220 2.6200 2.8200 0.5500 2.5000
Other k0=22.33 | k1=0.284 kH=27.3 Kkp=28.49, | kHC=0.087 | k1=19.1, k2=
n=0.43 9.28, m=0.33
¢) Dexamethasone loaded GAL-PLGA nanoparticles (pH 7.4)
Parameter Zero First Higuchi Korsmeyer- Hixon- Peppas-Sahlin
order order Peppas Crowell
R 0.5756 0.9773 0.7886 0.9768 0.8361 0.9865
R? -1.0522 0.8951 0.6219 0.9541 0.4785 0.9732
RMSE 46.4470 10.4993 22.2900 7.7700 23.4100 6.8600
AIC 57.7165 | 39.8723 49.5676 36.9218 49.4966 35.6968
MSC -2.4020 0.5720 -1.0439 1.0638 -1.0320 1.2679
Other k0=2.439 | k1=0.203 | kH=10.584 kkp=56.13, khc=0.03 k1=46.99, k2=
n=0.115 -6.33, m=0.392
d) Dexamethasone loaded PLGA nanoparticles (pH 7.4)
Parameter Zero First Higuchi Korsmeyer- Hixon- Peppas-Sahlin
order order Peppas Crowell
R 0.5414 0.9894 0.7635 0.9947 0.8046 0.9978
R? -1.2858 0.9524 0.5830 0.9895 0.3680 0.9957
RMSE 51.9100 7.4900 24.7900 3.9300 27.2900 2.9100
AIC 59.0503 | 35.8231 50.8419 28.7405 51.3367 254115
MSC -2.7502 1.1210 -1.3822 2.3014 -1.4646 2.8562
Other k0=2.62 | k1=0.268 | kH=10.86 kkp=67.05, khc=0.032 | k1=66.28, k2=
n=0.082 -12, m=0.296
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3.5. In Vitro Biocompatibility Studies

3.5.1. Hemolysis assay

RBCs In vitro compatibility experiment assured that both Dexa-PLGA and Dexa-GAL-
PLGA nanoparticles have negligible toxicity potential. Different concentrations of
dexamethasone loaded PLGA nanoparticles have 1.3-1.538% and GAL-PLGA
nanoparticles have 0.53-0.68% hemolytic activity compared to the positive control
(triton-X) after 24 hours (Figure 3. 8 a). Both types of polymeric nanocarriers were
found to be RBCs friendly and thus safe and compatible to be delivered through any

route and exposure to blood content.

Figure 3. 8: In vitro hemolysis and cellular biocompatibility assessment of GAL-PLGA nanoparticles;
In vitro hemocompatibility of drug-loaded PLGA and GAL-PLGA nanoparticles (a), In vitro cytotoxic
evaluation of drug-loaded PLGA and GAL-PLGA nanoparticles on macrophages after 24 hours (b) and
48 hours (c), and colon cells biocompatibility of drug-loaded PLGA and GAL-PLGA nanoparticles after
24 hours (d) and 48 hours (e); Statistical comparison of groups with Normal control p<0.05*, p<0.01**,
p<0.001*** Normal vs Triton-X: p<0.05#, p<0.01##, p<0.001### (Zeeshan et al., 2021)
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3.5.2. In vitro cell-based cytotoxicity assay on derived macrophages and colon
cells

Extracted macrophages and colon cells were morphologically analyzed, and trypan blue
exclusion assay and FACS apoptotic assay of colon cells validated their viability. Drug
loaded PLGA and GAL-PLGA nanoparticles were incubated at various concentrations
with murine-derived macrophages and colon cells and evaluated for cytotoxic potential
using MTT assay. Various concentrations of PLGA nanoparticles remained
biocompatible with 77-82% and 77-81% macrophage viability and 74-82% and 76-85%
colon cell viability after 24 and 48 hours, respectively. Likewise, Dexa-GAL-PLGA, in
different strengths, proved to be more bio-safer with 82-89% and 79-83% macrophage
viability and 75-83% and 75-87% colon cells viability after 24 and 48 hours,
respectively (Figure 3. 8 b-e). All groups were compared with normal (untreated) cells
control and differ insignificantly. Whereas dexamethasone free drug lowered viable cell
count to a statistically significant level. A negative control (triton X) was run to control
experimental validity and found to reduced cell viability widely (Figure 3. 8 b-e).
Hence, Dexa-GAL-PLGA nanoparticles proved to be non-toxic on living cells and safer
to be delivered to the large intestine. Moreover, conjugation of D-galactose moiety
enhanced the inert nature of the drug-loaded polymeric nanocarrier and neither the

solvents nor the synthesis reaction declined biocompatibility.

3.5.3. Cellular uptake studies

Cell-mediated endocytosis by murine macrophages and colon cells was observed
through loading of nanoparticles with a fluorescent dye (rhodamine-B for macrophage
study, fluorescein for colon cells), then incorporated nanoparticles to the cell cultures
and visualized radiating fluorescence of the fed cells. Plain dye was used as an
experimental control and have minimal uptake by the cells. It was obvious that GAL-
PLGA nanoparticles have greater cellular uptake compared to PLGA nanoparticles by
macrophages and colon cells (Figure 3. 9 a, b). Furthermore, the fluorescence intensity
of GAL-PLGA nanoparticles was found significantly superior to the counterpart in the
macrophages (p<0.001) and colon cells (p<0.001) (Figure 3. 9 c, d), measured through
Image] software (NIH, USA). Thus, D-galactose anchored PLGA nanoparticles are

preferable for macrophage targeting under inflammation of the intestine.
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3.5.4. Elucidation of galactose mediated cell uptake by murine macrophages

To further investigate the role of D-galactose in the GAL-PLGA nanoparticles in
targeting macrophages via the MGL-2 receptor, we added free D-galactose to the cell
culture and visualized after 4 hours. Cellular uptake efficiency of GAL-PLGA
nanoparticle markedly diminished in the presence of D-galactose (p<0.001) (Figure 3.
9 a), suggesting MGL-2 governed major contribution in the endocytosis of GAL-PLGA
nanoparticles into the macrophages. Investigations hypothesized the higher intensity
was a combined effect of size-mediated uptake and galactose-binding MGL-2 receptor-
mediated uptake of GAL-PLGA nanoparticles by the macrophages (Figure 3. 9 a). In
the colon cells, though PLGA nanoparticles endocytosed because of nano-size range,
still  GAL-PLGA nanoparticles engulfed with more preference than PLGA
nanoparticles (Figure 3. 9 b) either because of clathrin-mediated endocytosis rather than
lipid raft/ caveolae facilitated uptake (Dalal and Jana, 2018) or SGLT1/GLUT mediated
transport across colon epithelium (Merigo et al., 2018). Thus, GAL-PLGA
nanoparticles have a more chance to reside at the inflamed colon tissues which
prolonged drug release and therapeutic efficacy. GAL-PLGA nanoparticles have an
additional advantage of ligand directed uptake through the MGL-2 receptor which
subsides plasma membrane barrier potential in the uptake of PLGA nanoparticles (Lu

etal., 2019).
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Figure 3. 9: Cell uptake assays and in vivo biodistribution studies of GAL-PLGA nanoparticles; Cellular
uptake of dye loaded PLGA and GAL-PLGA nanoparticles by macrophages (a) and colon cells (b)
visualized through fluorescent microscopy (100X); mean fluorescence exhibited by macrophages (c) and
colon cells (d), Statistical comparison between PLGA and GAL-PLGA nanoparticles groups p<0.001***
(¢), and between GAL-PLGA and D-galactose treated GAL-PLGA nanoparticles p<0.001### (d) (n=3);
Flow cytometry analysis of cellular uptake of fluorescein loaded GAL-PLGA nanoparticles by colon
derived macrophages recruited under inflammation (A-control cells, B-GAL-PLGA nanoparticles
treated); % drug released and retained in the major organs from GAL-PLGA nanoparticles after 6 hours
of oral administration in the DSS-induced colon inflamed mice (C, D), Statistical comparison between
GAL-PLGA nanoparticles and Dexamethasone groups p<0.05%*, p<0.01**, p<0.001*** n=3. (Zeeshan
etal., 2021)

3.6. In Vivo Preliminary Studies to Understand Nanoparticles Behavior in the
Inflammation
3.6.1. Flow cytometric analysis

Fluorescein dye loaded GAL-PLGA nanoparticles were administered to the DSS mice
and then harvested colon-macrophage mediated uptake was studied under flow
cytometry. Untreated cells were used as control. The FCS analysis was performed to

assess morphological and molecular deviations in the cells upon nanoparticles

118



Chapter 3: Results

treatment (Patel et al., 2016a; Alwani et al., 2016). A pronounced internalization of
GAL-PLGA nanoparticles was observed with a right-shift in the forward scattered plot
(FSC-H) because of the size increase and structural complexity of the cells (Figure 3. 9
A, B), demonstrating the potential of nano-formulation to efficiently target

macrophages under intestine inflammation.

3.6.2. Accumulation of nano-formulation in the visceral organs and colon under
inflammation

To evaluated nanoparticles targeting potential, localization, and distribution, the
released drug was quantified in the major GI sections, stomach, small intestine and
colon, and visceral organs namely liver, spleen, and kidney. % Drug concentration was
found to be highest in the colon of DSS induced colitis mice (n=3) followed by liver
and small intestine (Figure 3. 9 C, D). The greater proportion in the colon indicated
higher GAL-PLGA nanoparticle residence at the inflamed colon, because of a large
number of macrophages with galactose bound MGL-2 receptor. After the inflamed
colon, drug retention in the liver might be because of asialoglycoprotein receptors with
galactose affinity. An experiment of blank GAL-PLGA nanoparticles was run in
parallel for control. The role of MGL-2 is established more in the case of inflammation,
otherwise, in normal conditions, galactose anchored carriers have low accumulation in
the large intestine because of lack of activated macrophages at the site and involvement
of sugar transport receptors (Siu et al., 2018). On contrary, plain dexamethasone drug
failed to reside in the inflamed colon tissues and was found mostly in the liver because
early absorption of plain drug enabled its reach to the organ of metabolism (liver) in a
shorter period eliminates rapidly (Figure 3. 9 C). It demonstrated macrophage receptor
MGL-2 targeting through galactose anchored PLGA nanoparticles prolonged drug
residence at the inflamed colon, thus, prolonging drug release and therapeutic action,

and could have promising potential to cure IBD and associated intestinal diseases.
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PART-I (SECTION B)

Note: This section is further modification of GAL-PLGA Nanoparticles with specific
stimuli sensitive coatings to make the particles more efficient in targeting inflamed
colon. The prepared nanocargoes in this section are designated as Dexa loaded GAL-
PLGA nanoparticles (Dexa-GP NPs), ES100 coated Dexa-GP nanocargoes (Dexa-
GP/ES NCs), Pullulan coated Dexa-GP nanocargoes (Dexa-GP/Pu NCs) and
ES100/Pullulan coated Dexa-GP nanocargoes (Dexa-GP/ES/Pu NCs). The focus is on

the last one for the activities

3.7. Synthesis of Nanocargoes and Characterization

Dexa loaded GP (Dexa-GP) NPs were prepared through a modified O/W emulsion
method with desired attributes. Next, Dexa-GP NPs coating with ES100 and pullulan
produced Dexa-GP/ES/Pu NCs having both pH sensitive and microbial sensitive
characteristics. For coating, ES100 to pullulan in 1:1 and 2:1 ratio were considered and

further evaluated for drug release function at pH 1.2 to avoid pre-colonic dose dumping.

The best prepared Dexa-GP/ES/Pu NCs (2:1) have particle size around 254.23 nm =+
1.95 nm, zeta potential of -27.6 mV £0.115 mV, and PDI 0o 0.147 £ 0.018 (Table 3.10),
which satisfy the demands to target inflamed mucosa and epithelial cells of the large
intestine with enhanced sensitivity to pH and microbial content. The monodispersed
nano-system possessed the properties to avoid gastric pH degradation (pH 1.2) and
stability against gastric enzymes. The negative zeta potential is attributed to the
presence of free acrylic acid and carboxylic groups of the ES100. Therefore, the highest
negative charge appeared on Dexa-GP/ES NPs. While pullulan has comparatively
lower negative charge, that contributed to a decline in the zeta potential of Dexa-
GP/ES/Pu NCs compared to the Dexa-GP/ES NPs (Table 3.10). Furthermore, ES to Pu
in the ratio of 2:1 has more negative zeta potential compared to 1:1 because of increased

ES100 content (Table 3.10).
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Table 3. 10: Physicochemical characteristics of Dexa loaded nanocargoes

Formulation Particle Zeta potential PDI EE% | DL (ug/mg % Yield Conductivity
size (nm) (mV) NPs) (mS/cm)
Dexa-GP NPs 118.77 + -9.5+0.19 0.064 £ 89.97 + 81.79 + 89.2+3.7 0.0374
0.74 0.004 0.4 0.35 0.000115
Dexa-GP/ES NPs 189.57 + -349+0.611 0.228 £ 92.64 + 43.77 £ 89.33+£1.38 0.0596 +
0.865 0.0132 3.5 1.705 0.000611
Dexa-GP/PuNPs | 213.067+ | -10.83+0.154 0.059 £ 9197+ | 4332+ 1.6 90 +£3.21 0.0709 +
0.5 0.015 3.36 0.00025
Dexa-GP/ES/Pu 200.667+ | -22.52+0.155 0.252 + 9276+ | 44.17+1.3 | 91.41 £3.75 | 0.056 +0.00015
NCs (1:1) 4.8 0.0023 2.7
Dexa-GP/ES/Pu 25423+ -27.6+0.115 0.147 £ 9456+ | 4578 +1.7 | 91.83+3.4 0.058 £
NCs (2:1) 1.95 0.018 1.6 0.000154

Moreover, SEM analysis revealed spherical smooth morphology of the Dexa-GP/ES/Pu
NCs with the particle size ranging around 100-200 nm, consistent with zeta sizer
findings (Figure 3. 10). ATR-FTIR evaluation of drug, polymers and the nanocargoes
negate the presence of polymer-polymer or drug-polymer interaction. Furthermore,
FITR spectra obtained for Dexa-GP/ES/Pu NCs confirmed complete entrapment of
drug inside polymeric structure and absence of any surface-bound or unentrapped drug
on the surface (Figure 3. 10). XPRD findings suggested Dexa conversion into
amorphous form when entrapped in the polymeric nanocargoes with low-intensity
peaks (Figure 3. 10). While plain Dexa exists in the crystalline form as indicated
through sharp peaks in the spectrum. Polymers including PLGA, GP, ES100, and
pullulan are amorphous in nature, as shown in the XPRD spectra (Figure 3. 10).
Thermal withstanding of nanocargoes was assured through TGA investigations. It
demonstrated that Dexa inside the polymeric nanocargoes attained enhanced thermal

stability as compared to its free form (Figure 3. 10).

Dexa-GP/ES/Pu NCs were evaluated for physicochemical characteristics after 1 and 6
months of storage at 4°C and 25°C. Nanocargoes retained the particle size, zeta
potential, PDI, and EE% within the acceptable limits (Table 3. 11). Further, Dexa-
GP/ES/Pu NCs were dispersed in SIF (pH 7.4) with or without cecal contents. After 72

hours of incubation, the particles were within the size limits, PDI was still lower, the

121




Chapter 3: Results

zeta potential was representative of GP NPs because of dissolution of ES100 and Pu

coat at pH 7.4 which is the threshold to dissolve the enteric coat (Table 3. 12).

Table 3. 11: Effect of storage conditions on physicochemical characteristics of Dexa-GP/ES/Pu NCs

(ICH guidelines)
Dexa- Initial After 1 month After 6 months
GP/ES/Pu NCs 4°C 25°C 4°C 25°C 4°C 25°C
Particle size 254.23+ 254.23+ 2574186 265.55+ 264.23+ 288.6+
(nm) 1.95 1.96 ) 2.05 1.99 2.12
Zeta potential -27.6+ -27.6
(mV) 0115 0.116 -27.2+0.05 | -25+0.135 | -23.6+23 | -19+3.1
PDI 0.147 0.147 0.147 0.147 0.282+ 0.332+
+0.0178 +0.0179 +0.0180 +0.0181 0.09 0.15
94.56 + 91.05+ 915+ 89.98 +
[
EE% 16 9456+ 1.7 | 92.22+2.1 1.85 110 26

Table 3. 12: Evaluation of Dexa-GP/ES/Pu NCs in physiological buffers (pH 7.4)

Stability in buffers after 72 hours

SIF + cecal contents
Dexa-GP/ES/Pu NCs SIF (pH 7.4) (pH 7.4)
Particle size (nm) 235+ 4.45 235.65+9.97
Zeta potential (mV) -7.93+0.36 -7.71 £ 0.55
PDI 0.088 + 0.034 0.06 +0.019
conductivity (mS/cm 0.0614 + 0.00023 0.0403 + 0.00035
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Figure 3. 10: Physicochemical characterization of Dexa-GP/ES/Pu NCs (A-E); (A) Particle size analysis,
(B) SEM analysis, (C) ATR-FTIR, (D) XPRD, and (E) TGA analysis drug, excipients and nanocargoes

3.8.Drug Release and Kinetics

Dexa release from GP/ES/Pu NCs was determined through the dialysis diffusion

method in SGF (pH 1.2), phosphate buffer solution (pH 4.5), and SIF (pH 7.4). The

range of pH was selected because of variations across GIT; the acidic range over pH
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1.2-4.5 covers the upper GIT portion including the stomach and upper region of the
small intestine, while pH 7.4 is specific to the colon (Zeeshan et al., 2019a). In
comparison, Dexa release from GP/ES and GP/Pu NPs were studied to elucidate the
effect of dual ES/Pu coat on drug release at the colon. Moreover, drug release in the
presence of cecal contents (5% w/v) was observed to simulate the colonic
microenvironment. At pH 1.2, GP/Pu NPs have released 25.3-29.6%, GP/ES NPs
exhibited 9.8-11.8%, while GP/ES/Pu NCs have released 4.3-7.2% of the drug (Figure
3.11 A). Dual GP/ES/Pu NCs have significantly reduced the burst release of the drug
at pH 1.2, in comparison to GP/Pu NPs, while a non-significant difference was observed
in the drug release at pH 1.2 between Dual GP/ES/Pu NCs and GP/ES NPs. At pH 4.5,
GP/ES/Pu NCs markedly reduced the drug release, in comparison to both GP/Pu and
GP/ES NPs (Figure 3.11 A).

At pH 7.4, drug release from GP/Pu, GP/ES and GP/ES/Pu NCs were parallel and in a
sustained manner, with approx. 82.5%, 84.3% and 83.5% drug release at 72 hours,
respectively (Figure 3.11 A).

In SIF (pH 7.4) with cecal contents, GP/Pu NPs have drug release approximating 90%,
GP/ES NPs released about 81% and GP/ES/Pu NCs have 86% of drug release till 72
hours (Figure 3.11 B). The addition of cecal content in SIF (pH 7.4) have majorly
affected drug release from nanoparticles with pullulan coat because cecal contents are
the source of microbial enzymes that consume pullulan, thus majorly affecting drug
release from GP/Pu NPs and moderately affected drug release from GP/ES/Pu NCs,
while the negligible effect on GP/ES NPs drug release (Figure 3.11 B).

For GP/ES/Pu NCs, the drug release kinetics fitted to Peppas-Sahlin model at acidic pH
1.2 and pH 7.4, both in the presence and absence of cecal contents (Table 3. 13). The
value of Korsmeyer's ‘n’ and Peppas-Sahlin ‘m’ are greater than 0.5 at acidic pH that
corresponds to non-Fickian drug release mechanism, while the values are lesser than
0.5 at pH 7.4 (£ cecal material) that describes Fickian diffusion of drug to move outside
the polymeric nanocargoes (Table 3. 13). Both Korsmeyer and Peppas-Sahlin described
drug release from the polymers and polymeric nanoparticles either because of polymer
chain elongation or diffusion or both mechanisms (Zeeshan et al., 2021). The major

mechanism at pH 7.4 is Fickian diffusion that negates polymer relaxation because the
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outer enteric coat dissolved at the threshold pH that uncovered the galactosylated-

PLGA (GP) nanocore, from where the drug was released through a diffusion process.

At acidic pH (pH 1.2-4.5), GP/ES NPs followed the Peppas-Sahlin model and at pH
7.4, the particles had relevance to Korsmeyer-Peppas (Table 3. 14). The mechanism of
drug release as described from the ‘n’ value was non-Fickian and Fickian at acidic and
pH 7.4, respectively. In the presence of cecal contents, GP/ES NPs had followed both
Peppas-Sahlin and Korsmeyer-Peppas models with a similar mode of drug release at

acidic and 7.4 pH (Table 3. 14).

GP/Pu NPs followed the same kinetics at acidic pH with a non-Fickian mechanism of
drug release. While at pH 7.4 without cecal contents, GP/Pu NPs have acceptance to
both Korsmeyer-Peppas and Peppas-Sahlin models. In the presence of cecal content,
the drug pattern more coincided with the Peppas-Sahlin model with drug release under

Fickian diffusion (Table 3.15).
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Table 3. 13: Drug release from Dexa-GP/ES/Pu NCs at acidic pH and pH 7.4, without or with cecal content

Dexa-GP/ES/Pu NCs (pH 1.2-4.5; 0-4 hours)

Dexa-GP/ES/Pu NCs (pH 7.4; 4-72 hours)

Parameter | Zero First Higuchi | Korsmeyer- | Hixon- | Peppas- Zero First Higuchi | Korsmeyer- | Hixon- Peppas-
order order peppas Crowell | Sahlin order order peppas Crowell | Sahlin
R_obs-pre | 0.9702 | 0.9672 0.9052 0.9740 0.9682 | 0.9788 0.6192 0.9656 0.8178 | 0.9970 0.8560 0.9996
Rsqr 0.9410 | 0.9354 0.7872 0.9447 0.9374 | 0.9546 -1.1196 0.8122 0.3385 | 0.9940 0.4699 0.9992
RMSE 1.2422 | 1.2989 2.3582 1.3885 1.2795 1.5398 42.4093 12.6244 | 23.6924 | 2.4660 21.2091 1.0153
AIC 11.1005 | 11.5465 | 17.5103 12.7752 11.3959 | 13.7821 67.0055 | 50.0411 58.8544 | 27.9025 57.3043 15.9166
MSC 2.1786 | 2.0894 0.8966 1.8436 2.1195 1.6422 -2.5736 -0.1501 -1.4092 | 3.0125 -1.1877 4.7248
Other ko= k1=0.034 | kH=5.14 | kKp=2.761, | Khc=0. | k1= 2.108, | k0= k1= kH=13. | kKp=51.605 | Khc= k1=46.726,
3.176 2 n=1.119 011 k2=0.673, 1.637 0.121 212 ,n=0.119 0.02 k2= -6.538,
m=0.82 m=0.312
Dexa-GP/ES/Pu NCs (pH 1.2-4.5; 0-4 hours) Dexa-GP/ES/Pu NCs (pH 7.4; 4-72 hours; with cecal contents)
Parameter | Zero First Higuchi | Korsmeyer- | Hixon- | Peppas- Zero First Higuchi | Korsmeyer- | Hixon- Peppas-
order order peppas Crowell | Sahlin order order peppas Crowell | Sahlin
R_obs-pre | 0.9639 | 0.9622 0.9390 0.9627 0.9628 | 0.9677 0.6016 0.9755 0.8044 | 0.9956 0.8467 0.9988
Rsqr 0.9013 | 0.9053 0.8733 0.9245 0.9042 | 0.9341 -1.1892 0.8658 0.2972 | 0.9913 0.4623 0.9976
RMSE 2.0492 | 2.0074 2.3220 2.0697 2.0190 | 2.3684 44.6120 | 11.0474 | 25.2766 | 3.0854 22.1090 | 1.8219
AIC 16.1062 | 15.8998 | 17.3558 | 16.7673 15.9577 | 18.0879 67.7144 | 48.1731 59.7606 | 31.0394 57.8861 | 24.1024
MSC 1.5300 | 1.5713 1.2801 1.3978 1.5597 1.1337 -2.6373 0.1543 -1.5010 | 2.6020 -1.2332 3.5930
Other ko= k1=0.049 | kH=7.49 | kKp=5.805, | Khc=0. | k1= 4.158, | k0=1.69 | kl= kH=13. | kKp=55.11, | Khe= k1=49.427,
4.477 4 n=0.772 016 k2= 1.572, 0.137 686 n=0.11 0.02 k2=-7.103,
m=0.579 m=0.313
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Table 3. 14: Drug release from Dexa-GP/ES NPs at acidic pH and pH 7.4, without or with cecal content
Dexa-GP/ES NPs (pH 1.2-4.5; 0-4 hours) Dexa-GP/ES NPs (pH 7.4; 4-72 hours; without cecal contents)
Paramet | Zero First Higuchi | Korsmeye | Hixon- Peppas- Zero First Higuchi | Korsmeye | Hixon- Peppas-
er order order r-peppas Crowell | Sahlin order order r-peppas Crowell | Sahlin
R_obs- 0.9555 0.9473 0.9010 0.9558 0.9501 0.9622 0.5550 0.9508 0.7611 0.9994 0.7871 0.9841
pre
Rsqr 0.9078 0.8959 | 0.7921 0.9078 0.9003 0.9205 -1.4317 0.7668 0.1450 0.9987 0.2690 0.9653
RMSE 3.5349 3.7564 | 5.3078 4.0814 3.6756 4.6416 45.9451 14.2286 | 27.2433 1.1564 25.1911 7.7584
AIC 21.558 22.166 | 25.6233 | 23.5574 21.9487 | 24.8162 68.1266 | 51.715 60.8096 | 17.3006 59.7132 | 44.3732
MSC 1.6961 1.5746 | 0.8831 1.2963 1.6181 1.0446 -2.9500 -0.6057 | k1=0.15 | 4.3108 -1.7481 0.4433
Other k0=7.42 | k1= kH= kkp=7.354, | Khe=0.0 | k1= 5.452, | k0= kl= kH= kKp= Khe= k1= 40.469,
0.085 12.151 n=1.008 27 k2= 1.852, | 1.658 0.15 13.512 61.869, n=| 0.02 k2= -4.758,
m= (.747 0.072 m=0.382
Dexa-GP/ES NPs (pH 1.2-4.5; 0-4 hours) Dexa-GP/ES NPs (pH 7.4; 4-72 hours; with cecal contents)
Paramet | Zero First Higuchi | Korsmeye | Hixon- Peppas- Zero First Higuchi Korsmeye | Hixon- | Peppas-
er order order r-peppas Crowell | Sahlin order order r-peppas Crowell | Sahlin
R_obs- 0.9434 0.9420 | 0.9400 0.9486 0.9425 0.9534 0.5595 0.9513 0.7697 0.9988 0.8064 | 0.9998
pre
Rsqr 0.8269 0.8433 0.8823 0.8981 0.8385 0.9072 -1.3962 | 0.7375 0.1760 0.9977 0.3026 | 0.9996
RMSE 4.1829 3.9789 | 3.4492 3.7062 4.0399 4.3316 442318 | 14.6404 | 25.9375 1.5043 23.8622 | 0.6947
AIC 23.2416 | 22.7415 | 21.3130 | 22.5930 22.8936 | 24.1252 67.5945 | 52.1153 | 60.1220 20.9825 58.9545 | 10.6037
MSC 0.8856 0.9856 1.2713 1.0153 0.9552 0.7089 -2.8880 | -0.6766 -1.8204 3.7709 -1.6537 | 5.2536
Other ko= k1=0.08 | kH=12.1 | kkp=10.74 | Khc=0.0 | k1=7.587 k0=1.60 | k1=0.132 | kH=13.07 | kkp=58.02 | Khe=0. | k1= 60.79,
7.161 3 8 6,n=0.637 | 26 k2=3.003, |4 6 9,n=0.082 | 02 k2= -11.44,
m=0.483 m=0.232
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Table 3. 15:

Drug release from Dexa-GP/Pu NPs at acidic pH and pH 7.4, without or with cecal content

Dexa-GP/Pu NPs (pH 1.2-4.5; 0-4 hours)

Dexa-GP/Pu NPs (pH 7.4; 4-72 hours)

Parameter | Zero First Higuchi | Korsmeye | Hixon- Peppas- Zero First Higuchi | Korsmeye | Hixon- Peppas-Sahlin
order order r-peppas Crowell Sahlin order order r-peppas Crowell

R_obs-pre | 0.9716 | 0.9781 | 0.9831 0.9888 0.9766 0.9909 0.5545 | 0.9370 | 0.7589 0.9986 0.7802 0.9985

Rsqr 0.8766 | 0.9278 | 0.9639 0.9774 0.9142 0.9815 -1.4341 | 0.7043 0.1391 0.9972 0.2339 0.9970

RMSE 59033 | 4.5152 | 3.1918 2.9155 4.9235 3.2303 44.9464 | 15.6646 | 26.7296 1.6557 25.2154 2.2342

AIC 26.686 | 24.0059 | 20.5373 | 20.1935 24.8716 21.1914 67.8189 | 53.0619 | 60.5431 | 22.3253 59.7267 26.9448
6

MSC 1.1870 | 1.7231 | 2.4168 2.4856 1.5500 2.2860 -2.9529 | -0.8448 | -1.9135 3.5462 -1.7969 2.8863

Other ko= k1=0.16 | kH=21.0 | kKp=19.01 | Khc=0.05 | k1=13.44, | k0= kl= kH=13.2 | kKp=60.88 | Khc=0.02 k1=72959 ,
12.336 |3 87 2,n=0.614 k2= 543, | 1.621 0.142 08 9,n=0.07 k2= -12.865,

m=0.46 m=0.102
Dexa-GP/Pu NPs (pH 1.2-4.5; 0-4 hours) Dexa-GP/Pu NPs (pH 7.4; 4-72 hours; with cecal contents)

Parameter | Zero First Higuchi | Korsmeyer | Hixon- Peppas- Zero First Higuchi | Korsmeye | Hixon- Peppas-Sahlin
order | order -peppas Crowell Sahlin order order r-peppas Crowell

R_obs-pre | 0.9466 | 0.9645 0.9929 0.9929 0.9592 0.9940 0.4940 | 0.9880 | 0.7162 0.9986 0.7590 0.9995

Rsqr 0.7594 | 0.8642 | 0.9857 0.9858 0.8340 0.9880 -1.6464 | 0.9378 | 0.0138 0.9972 0.2100 0.9990

RMSE 8.5263 | 6.4061 2.0811 2.3938 7.0817 2.6879 53.2622 | 8.1654 | 32.5147 1.9143 29.1015 1.2873

AIC 30.363 | 27.5040 | 16.2602 | 18.2219 28.5066 19.3533 70.1955 | 43.9411 | 63.2860 | 24.3574 61.7334 19.2400
1

MSC 0.3783 | 0.9501 3.1989 2.8065 0.7496 2.5802 -3.1119 | 0.6387 | -2.1249 3.4364 -1.9031 4.1674

Other ko= kl= kH= kkp= Khe=0.05 | k1=16.47 | k0= kl= kH= kKp=74.53 | Khe=0.022 k1=82.821,
13.364 | 0.185 23.291 23.4717, 5 5, k2=6.9, | 1.815 0.223 14.961 9, n=0.048 k2= -18.984,

n=0.5 m=0.369 m=0.201
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Figure 3. 11: Drug release study of GP/ES/Pu NCs and mucin-nanocargoes binding investigations;
Dexamethasone (Dexa) release from GP/Pu NPs, GP/ES NPs and GP/ES/Pu NCs at acidic pH (pH 1.2-
4.5) and pH 7.4, without or with cecal contents (A, B); Rheological investigations of mucin and
nanocargoes interaction (C); Spectrophotometric analysis of % mucin binding to nanocargoes (D); Size

analysis of Mucin (E); Size analysis after mucin-nanocargoes interaction (F)

3.9. Mucin Binding Study

The rheological investigations of mucin-nanocargoes mixture suggested an increase in
viscosity compared to the viscosities of Dex-GP/ES/Pu NCs or mucin alone. The
consistent viscosity increase was observed at different shear rates (10-200 s!) at a fixed
mucin-nanocargoes concentration (1:1) (Figure 3.11 C). The rheological synergism is

the mucoadhesion evaluation parameter for the polymeric systems (Ding et al., 2018).
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The synergism findings showed viscosity for mucin-formulation mixture (Mmix) was

higher than the nncs + NMmuce values, thus, indicating positive rheological synergism.

Rheological studies indicated an interaction between mucin and Dexa-GP/ES/Pu NCs.
To further elucidate, the extent of mucin binding was explored. It was found that the
binding efficiency of mucin to Dexa-GP/ES/Pu NCs was about 13.3%, compared to
5.7% binding with Dexa-GP NPs, indicating 2 folds higher interaction in presence of
ES100 and pullulan coat on GP NPs (Figure 3.11 D). Though the enteric coat increased
the mucin interaction, still the % binding was not high enough. Further, particle size
distribution analysis of the mucin-nanocargoes mixture revealed the presence of
bimodal peaks, because of nanocargoes (264 nm) and mucin (1261 nm). Size of
nanocargoes have insignificant difference (~10-20 nm) after incubation with mucin,
pointing to little mucin adsorption on the surface due to the anionic nature of the

GP/ES/Pu NCs (Figure 3.11 E, F).

Together, findings suggested that polymethacrylate and pullulan-based coating
improved mucoadhesion to some extent because of swelling properties of the polymers
(Chaves et al., 2018), however, the anionic nature of the system work against extensive

mucin binding (Rossi et al., 2019; Hua et al., 2015).

3.10. In vitro Biocompatibility Studies

3.10.1. Hemolysis assay

RBCs hemolytic activity of Dexa-GP NPs, Dexa-GP/ES100 NPs, and Dexa-GP/ES/Pu
NCs at drug concentrations of 25-100 pg/ml demonstrated that all formulations were
safer and negate the potential of blood toxicity. At all concentrations, hemolysis was
less than 2% for Dexa-GP/ES NPs and less than 1% for Dexa-GP and Dexa-GP/ES/Pu
NCs (Figure 3.12 A, B). The presence of pullulan in the enteric coat further enhanced

the safety profile of the nanosystem.

3.10.2. Cellular biocompatibility (MTT)

MTT cellular viability assessment of Dexa-GP, and Dexa-GP/ES/Pu NCs on elicited
macrophages and murine-colon cells after 24 and 48 hours demonstrated the non-toxic,
biocompatible nature of the drug loaded formulations. Dexa free state exhibited lesser

cell viability than encapsulated within polymeric nanosystems. Dexa drug have
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significantly reduced cell viability when compared with normal control. Whilst, both
nanosystems have proved to be bio-safer with >80% macrophage viability and >70%
colon-cell viability at various concentrations of the drug after 24 and 48 hours and
found to differ insignificantly from the normal control. Dexa-GP/ES/Pu NCs, at various
concentrations, have shown macrophage cell viability of about 88-95% and 83-91%
(Figure 3.12 C, D) and colon-cell viability of 77-86% and 74-83% after 24 and 48
hours, respectively (Figure 3.12 E, F).

(B) (C)
(E) (F)
(G) (H)

Figure 3. 12:: Cellular biocompatibility and uptake assay of Dexa-GP/ES/Pu NCs and galactose-based
nano-formulations; Hemolytic activity of nanoformulations after 24 hours (A) and 48 hours (B);
Macrophage cell viability assay after 24 hours (C) and 48 hours (D); Colon cell viability assay after 24
hours (E) and 48 hours (F); Macrophage and colon cells uptake of dye-labelled nanoformulation(s) (G);
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Fluorescence intensity of the dye-labelled nanoformulation uptaken by the macrophage and colon cells

(H)
3.10.3. Cell uptake studies

Fluorescein loaded GP NPs and GP/ES/Pu NCs were incubated with murine-derived
macrophages to visualize the cellular endocytosis of nanocargoes loaded with a
fluorescent dye (Figure 3.12 G, H). Free dye was used as a control. Dye loaded GP NPs
have shown fluorescence after 2 and 4 hours of incubation; similarly, GP/ES/Pu NCs
have shown fluorescence after 2 and 4 hours but maximum uptake intensity after 4
hours (Figure 3.12 G, H). Because ES/Pu coat dissolution or disintegration over time
exposed the underneath GP core, which have more binding affinity for the MGL-2

macrophage-surface receptor leading to increased cellular uptake after 4 hours.

In murine-derived colon cells, both types of nanoparticles had enhanced uptake by the
colon cell membranes (Figure 3.12 G, H). The increased uptake was based on the fact
that particles around 200 nm are easily uptaken by the epithelial cells under enhanced

epithelial permeability and retention effect (éEPR) (Yang and Merlin, 2019).

3.11. In vitro Permeation and Retention Assay

In vitro permeation assay was performed to evaluate permeation and retention effect of
Rho-GP/ES/Pu NCs across goat intestine, over 8 hours in PBS (pH 7.4) at 37°C (Figure
3. 13 A-D). The greatest retention was observed after 4 hours of Rho-GP/ES/Pu NCs
incubation (Figure 3. 13 A, B). In comparison with free Rhodamine-B control, it was
obvious that nanocargoes exhibited significantly higher retention, lower permeation,
and high retention to permeation ratio at all time points and incur sustained release
characteristics, as manifested through increased concentration and fluorescence of dye
in the intestine with lesser permeability into the buffer (Figure 3. 13 B-D). Rhodamine-
B encapsulation within the nanocarrier system retained it within the intestinal tissue for
a long time. This experiment further demonstrated enhanced local retention of the

GP/ES/Pu NCs in the intestine.
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Figure 3. 13: Ex vivo permeation and retention assay of Rho-GP/ES/Pu NCs, in vivo biodistribution
studies and vascular integrity assessment; A. Cross section of goat intestine illuminating under dye
released from Rho-GP/ES/Pu NCs retention (i-iv) and free Rho dye control (v-viii) over § hours; B.
Relative %age retention in the large intestine; C. Relative % age permeation across intestine into the
buffer (pH 7.4); D. Retention to permeation ratio of the Rho-GP/ES/Pu NCs and free dye for 8 hours; E.
% age drug localization after 6 hours of administration of Dexa-GP/ES/Pu NCs to the inflamed (DSS-
induced colitis) and normal mice; F. % age drug retention or biodistribution to the vital organs after 6
hours of administration of Dexa-GP/ES/Pu NCs; G. Vascular integrity test: Evans blue permeation across
vessels into the inflamed colon; H. Flowcytometry to analyze fluorescein loaded GP/ES/Pu NCs uptake

by the colon-derived macrophages, untreated control (a), GP treated (b), GP/ES/Pu NCs treated (c)
3.12. Animal Studies

UC was induced in the BALB/c mice by administering DSS (3% w/v) in drinking water

for 7 days and thereafter mice were divided into different groups.

3.12.1. Nanocargoes targeting ability
3.12.1.1. Nanocargoes targeting index and localization capacity in the inflamed
colon

Dexa-GP/ES/Pu NCs localization in the healthy and DSS-induced inflamed mice after
6 hours of oral administration was investigated. The drug was released from the
nanocargoes in a sustained fashion, thus retained at the colon for a prolonged time.
Therefore, estimation of drug concentration at colon was an indirect measure of
nanocargoes localization. It was found that the % drug retention in the inflamed colon
was significantly higher (p<0.01**) than the drug concentration in the healthy colon
(Figure 3. 13 E), because of altered pathophysiology in the inflammation including the
eEPR effect, immune cells uptake, mucus, etc. that contributed towards nanocargoes

localization.

Further, nanocargoes’ drug targeting capability and biodistribution were assessed
through drug quantification in the GIT regions and the vital organs. After 6 hours of
Dexa-GP/ES/Pu NCs administration to the DSS-induced colitis mice, the highest
amount of drug was accumulated at the colon (~41%), followed by plasma (~32%).
Other organs (stomach, spleen, small intestine, liver, kidney) have only a small portion
of the drug after nanocargoes intake (Figure 3. 13 F). While the free drug, given to the
control group, failed to get localized in the colon (~2.6%), and majorly found in the

plasma (~79%). The nanocargoes led colon targeting index was calculated to be 16.633
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+ 3.5, and selectivity index 1.29 + 0.04, which indicated the site-specificity and drug
targeting ability of the nanocarriers (Figure 3. 13 F). Thus, we postulate that the dual
microbial-pH sensitive enteric layer on nanocargoes gets dissolved in colon
microenvironment, slowly disclosing the underneath drug containing GP core which
binds to MGL-2 receptors on colonic macrophages and releases the payload thereof in

a sustained manner.

3.12.1.2. Flow cytometry

FCS analysis was performed to elucidate uptake of fluorescein loaded GP/ES/Pu NCs
by the macrophages derived from inflamed colon lamina propria. The analysis showed
a right shift in the forward scattering (FSC-H-FITC) and upward shift of the SSC-H
plot, constituting the R1 area (Figure 3. 13 H). The scattering depicted changes in the
morphology and size of the macrophage cells which highlighted the cellular uptake of
nanocargoes. A control group of untreated macrophage cells was run in parallel. It was
noted that GP NPs have slightly more internalization than GP/ES/Pu NCs because the
galactose ligand in the GP NPs was exposed, therefore directly binds to MGL-2
receptor of macrophages. However, GP/ES/Pu NCs uncover underneath GP core over

time and have more lasting uptake potential.

3.12.2. Oral Delivery of Dexa-GP/ES/Pu NCs for Therapeutic Intervention of DSS
Induced Colitis

3.12.2.1. Assessment of progression and intervention of colitis through
morphological parameters and mortality rate
Scheme of experimental design to investigate therapeutic effects of nanoformulation is
mentioned in Figure 3. 14 A. Progression of disease was monitored on daily basis. DSS
induced colitis group had developed signs of disease, manifested through significant
bodyweight decline (p<0.001%#), and highest DAI scores (10.00 + 0.23, p<0.001%*) as
compared to the normal control (DAI=0.2+0.12) (Figure 3. 14 B, C). In the end,
treatment with Dexa-GP/ES/Pu NCs recovered mice body weight up to 93.45% and
lowered DAI score to 3.440.41, as compared to DSS-colitis mice (p<0.001***) (Figure
3. 14 B, C). Further, the distress monitoring revealed that colitis induced significant
stress to the mice (p<0.001"*¥) compared to normal; and treatment with both Dexa
(p<0.05*) and Dexa-GP/ES/Pu NCs (p<0.01*%*) alleviated the anxious symptoms of the
colitis mice (Figure 3. 14 D). Further, Dexa-GP/ES/Pu NCs treated mice had an
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improved survival rate (80%), in comparison to untreated colitis mice (40%) (Figure 3.

14 E).

Weight evaluation of stomach, heart, liver, kidney, and lung depicted that DSS induced
colitis did not impinge on these organs and thus treatment has no effect on these vital
organs (Figure 3. 14 F). Colon weight to length ratio, colon length and spleen weight
index demonstrated that Dexa-GP/ES/Pu NCs recovered the inflammation indices of
colitis mice towards normal values with a decline in colon weight to length ratio,
increase in colon length, and reduction in splenic weight (Figure 3. 14 F-I). It was
observed that small intestine weight was significantly restored by the nanocargoes
(p<0.05*) (Figure 3. 14 F), while the length was recovered to a little extent (Figure 3.
14 H). Assessment of morphological parameters have demonstrated the improvement

with the course of nanocargoes treatment.
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Figure 3. 14: Therapeutic evaluation of Dexa-GP/ES/Pu NCs through morphologic and physical
parameters; Scheme of in vivo study design (A), body weight assessment (B), DAI scores (C),), distress
scores (D) and mortality (E), vital organs weight assessment (F), colon weight to length ratio (G), length

of intestines (H), pictorial representation of colon and spleen (I)
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3.12.2.2. Evaluation of colonic vascular integrity

Colon inflammation preceded structural and functional damage to the vascular
endothelium by influencing several mediators and activators (Yang and Merlin, 2019).
Therefore, estimation of Evans blue permeation across the endothelial membrane to the
colon indicated the extent of inflammation. Findings demonstrated that the highest
amount of Evans blue was concentrated in the DSS induced colitis mice, and treatment
with Dexa and Dexa-GP/ES/Pu NCs have markedly decreased the dye permeation at
the colon (p<0.001***) (Figure 3. 13 G). Thus, treatment aided in the restoration of
endothelial integrity of the inflamed colon, because of recovery of epithelial integrity

and chemokine factors.

3.12.2.3. Histopathological assessment

Histo-morphologic assessment enumerated loss of epithelial integrity, crypts distortion,
and immune cells infiltration with a cumulative damage score. DSS-induced colitis
produced severe histological destruction (score: 11.66 = 0.192, p<0.001%# Vs normal)
(Figure 3.15 A, B). Dexa restored the total colon damage to a histo-score of 7 + 0.33
(p<0.01**), while Dexa-GP/ES/Pu NCs have substantially alleviated the inflamed
colon to a score 0f 4.33 £ 0.385 (p<0.001***) (Figure 3.15 A, B). The histopathological
analysis of the small intestine depicted some signs of inflammation with an altered villi-
crypt ratio in the DSS-colitis groups; the spleen has major marks of distortion,
especially in the central white pulp region (Figure 3.15 A). Treatment with Dexa-
GP/ES/Pu NCs has recovered inflammation-associated disruptions in the small

intestine and spleen (Figure 3.15 A).

3.12.2.4. Immunohistochemistry

Since DSS-induced colitis uplifted the expression of inflammatory proteins and
activated the signaling pathways like MAPK and NF-xB (Hwang et al., 2019).
Therefore, the therapeutic efficacy of the anti-COX encapsulated drug (Dexa) inside
the nanoformulation was investigated through immunohistochemical analysis of
inflammatory signaling proteins. Findings indicated down-regulated expression of NF-
kB proteins by the Dexa (~41%) and Dexa-GP/ES/Pu NCs (~21%) and decreased
expression of COX-2 protein on treatment with Dexa (~50%) and Dexa-GP/ES/Pu NCs
(~33%) (Figure 3.15 C-E).
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3.12.2.5. ATR-FTIR analysis of the colon tissues

The ATR-FTIR spectra obtained from pat dried colon tissues of different groups have
been shown in Figure 3.15 F. While differentiating regions of FTIR spectrum, the sub-
ranges representing N-H stretch of proteins are present in 3200-3300 cm™'. And amide
I and amide II correspond to 1640 cm™ and 1540 cm!, respectively. Lipidic domains
are peaking around 2850-2960 cm™' and 1390-1457 cm'. The nucleic acid peak can be
visualized at 1239 cm’!, while carbohydrates are assigned to 1034-1100 cm™ (Figure
3.15 F). The findings were consistent with the literature (ANDRONIE et al., 2011; Li
et al., 2017; Bangaoil et al., 2020). The major peaks positions are almost the same in
the normal and colitis tissues, however, the differences in peak intensity, transmittance,
and shape reflect the deviations (Li et al., 2017). The structure and composition
disruptions in the major biomolecules including proteins, lipids, nucleic acids,
carbohydrates have an impact on the relative intensity exhibited by the functional

groups of each biomolecule.

Analysis of spectra demonstrated that the intensity of the peaks representing -NH- of
proteins (3265-3278 cm') have minimum diversions in the colitis group from the
normal. While DSS-colitis tissues have increased lipid peaks transmittance with
decreased intensity, as depicted from lipidic -CH- stretch (2959-2961 cm™) and the
fingerprint -COO-/CH- bands at 1457 ¢cm™!, and 1395-1399 cm!, compared to the
normal control. Dexa improved the lipidic content a little, while Dexa-GP/ES/Pu NCs
restored the peak ratio towards normal (Figure 3.15 F, G). Further, the protein amide I
(1636.3 cm™) and amide II (1541.3 cm!) alterations in the DSS-colitis mice depicted
changes in the protein content as well. Treatment with Dexa-GP/ES/Pu NCs completely
recovered protein amide band alterations. Nucleic acid intensity peaks at 1237-1239
cm! are lessened which showed increased transmittance but decreased absorbance in
the DSS-colitis group, compared to the normal (Figure 3.15 F, G). The finding is
interesting because it is contrary to the colon cancer FTIR analysis, where nucleic acids
abundant production intensified the nucleic acid peak and absorbance (Li et al., 2017).
Further, carbohydrate bands at 1034 cm™ are seemed to be altered in DSS-colitis
because of distortions of glycoproteins (like mucin) of the colon (Figure 3.15 F, G).
The treatment with Dexa-GP/ES/Pu NCs found to be fruitful in balancing all bio-
molecular FTIR peaks representing protein amides, lipids, nucleic acid content, and

carbohydrates because alleviation of inflammation by the drug loaded nanocargoes
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through sustained mechanistic actions heal the mucosal injury with restoration of
proteins and glycoproteins enzymes and receptors, lipidic structures and DNA/RNA

and mucin levels.

3.12.2.6. Evaluation of colon microbial content

DSS induction had disturbed the microbial flora of the gut because of severe epithelial
and luminal distortions. The bacteria log CFU/mL in the fecal culture of DSS-colitis
mice exceeds 1.3 folds than that of normal healthy mice (p<0.001). Dexa and Dexa-
GP/ES/Pu NCs treated mice have decreased fecal CFU to 3.49 +0.025 (p<0.01 vs DSS)
and 3.17 £ 0.029 (p<0.001 vs DSS), respectively, demonstrating the effect of treatment

in restoring the natural microbiome (Figure 3.15 H).

3.12.2.7. Effect on blood sugar levels

Locally acting corticosteroid like Dexa promotes gluconeogenesis and sugar transport,
thus, elevating blood sugar levels (Thiesen et al., 2003). Therefore, measurement of
sugar concentration in the blood is an indirect parameter to assess the enhanced function
of Dexa after being released from the nanocargoes at the colon (Ali et al., 2014). Both
Dexa and Dexa-GP/ES/Pu NCs elevated the sugar content of the blood at the end of the
experiment, however, a greater increase was observed with the encapsulated drug inside

the nanocargoes (Figure 3.15 I).

140



(A)

(C)

(F)

Chapter 3: Results

(B)

(D) (E)

(G)

(H) ()]

Figure 3. 15: Histopathology, immunoreactivity, ATR-FTIR, colon feces microbial count and blood
glucose evaluation to determine therapeutic efficiency of Dexa-GP/ES/Pu NCs; A. Histology of colon,
small intestine, and spleen from the representatives of normal control, DSS-colitis, Dexa and Dexa-
GP/ES/Pu NCs treated mice groups; B. Colon cumulative histopathological score; C. Expression of NF-
kB and COX-2 at the colon tissues in the normal control, DSS-colitis, Dexa and Dexa-GP/ES/Pu NCs

treated groups by immunohistochemistry; D. % Relative immunoreactivity of NF-kB; E. Relative
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immunoreactivity of COX-2; F. ATR-FTIR spectra of colon tissues excised from normal control, DSS-
colitis, Dexa and Dexa-GP/ES/Pu NCs treated groups; G. Descriptive analysis of ATR-FTIR peaks with
Y%transmittance at a particular wavenumber (cm™!) and functional groups; H. Microbial colony forming
units (logCFU/mL) from the fecal suspension obtained from different groups under investigation; I.

Blood glucose levels of the mice of different groups under study
3.12.2.8. RT-PCR analysis for the expression of regulatory, inflammatory, and
mechanistic proteins

iNOS is an inflammatory marker and elevated in response to free radicals and oxidative
species, DSS augmented the expression of colonic iNOS. The iNOS production was
significantly diminished by Dexa-GP/ES/Pu NCs treatment (p<0.05) (Figure 3.16 al),
because of suppression of inflammatory pathways NF-kB and COX-2 (Al-Harbi et al.,
2016). Loss of epithelial integrity is a clear manifestation of UC. E-cadherin is one of
the tight junction proteins expressed on the intestinal epithelium; its expression
significantly deteriorated in DSS-induced colitis model (p<<0.001***), compared to the
normal control. It was found that Dexa-GP/ES/Pu NCs led treatment of the DSS-
induced colitis mice resumed the E-cadherins levels up to a marked extent (p<0.05)
(Figure 3.16 a2). Nanocargoes specific delivery of Dexa improved epithelial barrier
functions by downregulation of pro-inflammatory cytokines particularly TNF-a

(Boivin et al., 2007).

3.12.2.9. Pro-inflammatory cytokines detection through ELISA

Estimation of pro-inflammatory cytokines demonstrated that the levels of IL-6 and
TNF-a in the DSS-induced colitis mice considerably diminished with the treatment of
both Dexa (p<0.01**) and Dexa-GP/ES/Pu NCs (p<0.001***) (Figure 3.16 b1-b2). A
decrease in IL-6 and TNF- a is directly linked to the downregulation of the NF-kB
pathway (Liu et al., 2017). Thus, the strategy seems to be effective against neutralizing
the pro-inflammatory mediators through the enhanced effect of the drug release from

Dexa-GP/ES/Pu NCs at the inflamed area of the colon.
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Figure 3. 16: RT-PCR, ELISA, antioxidant assays and blood indices to determine inflammation severity
and Dexa-GP/ES/Pu NCs treatment effects; Relative mRNA expression of iNOS (al) and E-cadherin
(a2) from the colon tissues of different groups under study; Relative %age of pro-inflammatory cytokines
IL-6 (b1) and TNF- a (b2) in the colon tissues of comparative groups; Concentration of antioxidants
GSH (cl1), GST (c2), catalase (c3), and oxidants NO (c4), MDA (c5) and MPO (c6) in the excised colon

tissues from normal control, DSS-colitis, Dexa and Dexa-GP/ES/Pu NCs treated mice; Levels of

143



Chapter 3: Results

hematological parameters TLC (d1), RBC (d2), Platelets (d3), Hemoglobin (d4), PCV/HCT, MCV, MCH
and MCHC (d5) in normal control, DSS-colitis, Dexa and Dexa-GP/ES/Pu NCs treated mice

3.12.2.10. Biochemical antioxidant assays

Inflammation is proceeded by oxidative burst and production of free reactive oxygen
species which in turn overcomes the antioxidant scavenging system and damages the
cells and the barriers. Likewise, DSS elevated the reactive oxygen species and decline
the antioxidant protective enzymes of the intestine (p<0.001 Vs normal). Levels of
antioxidants including GSH (p<0.001), GST (p<0.001), catalase (p<0.001) were
increased by Dexa-GP/ES/Pu NCs (Figure 3.16 c1-c3), while the oxidative species like
NO (p<0.001), and MDA (p<0.001) were significantly reduced by the nanoformulation
(Figure 3.16 c4-c5). Dexa-GP/ES/Pu NCs reduced oxidative stress that diminished NF-
kB activity and thus improved GSH, GST, and catalase levels. Furthermore, Dexa and
Dexa-GP/ES/Pu NCs treatment of DSS induced colitis mice considerably declined
MPO activity by 69.7% (p<0.01) and 41.3% (p<0.001) (Figure 3.16 c6), respectively.
In UC, increased immune cells accumulation especially neutrophil releases MPO
enzyme catalyzes productivity of oxidative species to aggravate the inflammation
(Chami etal., 2018). Therefore, a decline in MPO activity by Dexa-GP/ES/Pu treatment
indicated a decrease in neutrophil number at the inflamed tissues and thus demonstrated

tissue recovery.

3.12.2.11. Assessment of hematological parameters

Evaluation of CBC facilitates in diagnosing the induction and severity of UC and the
therapeutic effect of the treatment. DSS-induced colitis rose the levels of TLC to
15.4x10° £ 0.8 x10° (p<0.001), compared to the normal values of 8.6 x10° £ 0.2 x10°.
Treatment of colitis with Dexa and Dexa-GP/ES/Pu NCs reduced TLC to 12.13x10°+
0.42 x10° (p<0.01) and 10.2x10°+ 0.2 x10* (p<0.001), respectively (Figure 3.16 d1).
The RBC levels were decreased by DSS (p<0.01 Vs normal control), which were
resumed by both Dexa (p<0.001) and Dexa-GP/ES/PuNCs (p<0.001) treatment (Figure
3.16 d2). The platelet count was slightly elevated in the DSS colitis group, which was
decreased by Dexa-GP/ES/Pu NCs (p<0.05 Vs DSS) (Figure 3.16 d3).The other blood
parameters including Hemoglobin (Hb), packed cell volume/hematocrit (PCV/HCT),
mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and mean

corpuscular hemoglobin concentration (MCHC) were modified with DSS-induction
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and successfully normalized with Dexa and Dexa-GP/ES/Pu NCs treatment (Figure
3.16 d4-d5). Mostly, Dexa-GP/ES/Pu NCs showed superior efficacy in regulating the
blood biochemical values as compared to Dexa only (Figure 3.16 d1-d5). Blood tests
are considered when diagnosing IBD, mostly immune cells elevated in inflammation
and RBCs decline in colitis because of anemia and other parameters also disturbed.
Restoration of TLCs, RBCs, hemoglobin, etc. indicated recovery from DSS-induced

inflammation.

3.12.2.12. In vivo biocompatibility and toxicity studies of Dexa-GP/ES/Pu NCs

Dexa-GP/ES/Pu NCs were tested in healthy mice to investigate acute toxicity and in
vivo biocompatibility. During the 7-day course of administration, the mortality rate was
0%, with no symptoms of allergy, lethargy, anxiety, and pain. The pattern of food and
water intake did not variate. The daily weight assessment (Figure 3.17 A) showed
negligible weight loss in the 7 days (p=N.S Vs control). After 7 days, mice were
euthanized, and major organs were isolated. Organ weight (stomach, small intestine,
colon, spleen, liver, kidney, heart, and lung), small intestine and colon length, and colon
weight to length ratio did not differ from the control (Figure 3.17 B-D). Moreover, feces
collected at the end were tested for the bacterial count. The total bacterial log CFU/mL
was parallel to the control (Figure 3.17 E), demonstrating that nanocargoes are safe for
the natural colon microbiome. In fact, pullulan in the composition of nanoparticle not
only improves the colon targeting ability but additionally serve as a probiotic and is
beneficial to rectify the colitis-led microbiome disturbances. The biochemical
investigation of the blood revealed normal concentrations of RBCs, WBCs, and other
blood parameters (Figure 3.17 F, G). Further, the histopathological analysis of the

organs had minimal deviations from the control (Figure 3.17 H).

The findings emphasized that Dexa-GP/ES/Pu NCs are non-toxic, biocompatible, and
safe in living systems. Further, the apoptotic analysis of colon tissues using Annexin-
V and propidium iodide demonstrated that Dexa-GP/ES/Pu NCs exposure resulted in
78.63% live cells as compared to 94.31% live cells in the control (Figure 3.17 I). The
in vivo viability percentage mimics the MTT based In vitro cell viability range for the

colon cells (Figure 3.12 E, F).

145



(F)

U]

(A)

Chapter 3: Results

(B) (C) (D) (E)

(H)

(G)

Figure 3. 17: Assessment of in vivo biocompatibility and toxicology during and after 7 days of
administration Dexa-GP/ES/Pu to the healthy mice (n=3): A. % Bodyweight, B. Average organ weight
(g), C. Intestine lengths (cm), D. Colon weight to length ratio, E. Fecal microbial growth (log CFU/mL),
F. Hematological analysis, G. Platelet count, H. Histopathological investigations of vital organs (kidney,
heart, liver, lung, stomach, small intestine, colon, and spleen), I. Colon cells apoptosis study with
Annexin-V/Propidium iodide in the untreated normal healthy control and Dexa-GP/ES/Pu NCs treated

healthy mice
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PART-II (SECTION A)
Tofa-P/tfr NCs

3.13. Preparation of Tofa-P/tfr NCs

At first, UV and HPLC methods were developed to quantify the drug. The UV
calibration curve of Tofa in DMSO: distilled water (0.1:1), chloroform: methanol (1:1),
and SIF (pH 7.4) were obtained with regression of co-efficient R? values of 0.9981
0.9957 and 0.9909, respectively (Figure 3.18 A-C). Tofa calibration curve was obtained
using HPLC methods with linearity of 0.9994 and 0.9998 from methods 1 and 2,
respectively (Figure 3.18 I-1I).
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Figure 3. 18: Tofacitinib citrate (Tofa) calibration curves with various solvents using UV

spectrophotometer (A-C) and HPLC calibration curves (I-1I)

3.14. Preparation of Tofa-P/tfr NCs

The Tofa-P/tfr NCs preparation method was screened in the preliminary studies and the
O/W emulsion method with physical adsorption of tfr in the external phases was
selected. Moreover, different organic solvents were tried and chloroform: methanol

(1:1) produced the most stable and uniform sized nano-formulation.

All three methods (mentioned in Method section 2.5 i-iii) formed stable nano-
suspension with good particle size (<200 nm). However, method ii was selected
because of maximum tfr adsorption from a relatively simple and cost-effective method.
In comparison to method i, this method had relatively more tfr adsorption and decreased
the number of steps. When compared to chemical conjugation, this method is safer and
environment friendly with no use of toxic materials like EDC and NHS. Further, the tfr
adsorption was good. All three methods were also tested to prepare drug-loaded P/tfr
NCs. The tedious method of chemical conjugation always resulted in lesser drug
entrapment efficiency. Together, with these considerations, tfr physical adsorption
during emulsification (method ii) was selected for further optimization.

The QbD analysis indicated the critical variables among CMAs and CPPs afflicting the
CQAs. The interactions between QTPP and CQAs determine the impact of each QTPP
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on outcomes (Table 3.16) and each independent CPP/CMA on outcomes (CQAs)
(Table 3. 17). Ishikawa diagram displayed all parameters that should be considered
while developing nano-formulation (Figure 3. 19 A). The most influencing independent
variable screened by risk assessment were tfr concentration, drug concentration, and
surfactant concentration (Table 3. 17, Figure 3. 19 B). Homogenization speed is also
prominent, but we have already adjusted it during preliminary trials. The critical
dependent variables (CQAs) were particle size, tfr adsorption, and drug entrapment
(Table 3.16, Table 3. 17, Figure 3.19 C). Afterward, 3° Box-Behnken design was
applied to study the effect of selected variables and to formulate the optimum nano-

formulation with desired features.

149



Chapter 3: Results

Figure 3. 19: QbD analysis: Cause and effect Ishikawa diagram for Tofa-P/tfr NCs (A); Screening of
critical process parameters (B), and critical quality attributes (C) through risk-based assessment of

severity scores
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Table 3. 16: QbD-risk assessment of the impact of QTPPs on CQAs for Tofa-P/tfr NCs

CQA/QTPP Route of Site of | Therapeutic | Dissolution | Physicochemical Product Dosage
administration| activity | indication profile stability characteristics|form design
fna;lt)‘c‘e sizel  pow High High High High High High
Zeta potential Low Medium Low Low High High High
EE % Medium Low High Medium High High High
Tfr adsorption Low High High Medium High High High
PDI Medium Low Low Medium High High High
Stability Low Medium Low Low High High Medium
Table 3. 17: QbD-risk assessment of the impact of CPPs/CMAs on CQAs for Tofa-P/tfr NCs
Process: Modified emulsion-solvent evaporation
CPP/CMA Organic
Solvents Homogen |Homogen Drug to to
to Tfr omog omos Drug g Surfacta Stirring
- ization | ization polymer aqueous
CQA solubilize | conc. . nature . nt conc. speed
time speed ratio phase
drug .
ratio

Particle size (nm) | Medium | High High High Low High High | Medium High

Zeta potential Low High Low Low Low | Medium | Medium | Low Low

EE % High |Medium| High High High High Low | Medium | Medium

Tfr adsorption Low High | Medium | Medium | Low Low High High Medium

PDI Low |Medium| High Medium | Low | Medium | High | Medium | Medium

Stability Low Low | Medium | Medium | Medium | Medium | High [ Medium | Medium

3.14.1. DOE: Box-Behnken design (3%)

A 3° Box-Behnken design was considered to generate 15 runs of different combinations
of independent variables. The model provides a good estimation of the effect of each
independent variable (tfr concentration, drug concentration, and PVA concentration)
on each dependent variable (particle size, drug entrapment, and tfr adsorption). Co-
efficient of regression (R?) for particle size, drug entrapment, and tfr adsorption was
0.986, 0.988, and 0.996, respectively. Good R? values indicated the goodness of fit of
the design. Table 3. 18 represented 3° Box-Behnken design for the set of independent

variables affecting response variables.

Effect of independent variables on particle size (nm) (X): Different combinations of
independent variables generated the particle size of Tofa-P/tfr NCs in the range of
205.2-250.4 nm (Table 3. 18) The polynomial equation representing the inter-relation

between independent variables and particle size (X) is mentioned in Equation 15:
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X =223.99 -35.1A+ 2.56B + 12.77C — 3.9AB — 2.95 AC + 4. 74BC —
9.8A% + 1.85B% — 2.73C2% ......... 15

The multi-variable effect on particle size is obvious from the equation. The variables
with a positive sign have a synergistic effect, while the negative sign has an agonist
effect. ANOVA indicated that the tfr concentration (A) (p<0.01) and PVA
concentration (C) (p<0.01) have a significant impact on the size, while drug
concentration (B) have a minimal role. The formula depicted that the tfr concentration
(A) have a negative effect on the size, indicating an increase in tfr concentration
decreased particle size. Therefore, a higher tfr concentration is favorable in achieving
lower particle size. It might be due to the reduction in surface charge on higher tfr
concentration that resulted in bigger particles. The effect is prominently observed in the

response surface plot (Figure 3. 20) and Pareto charts (Figure 3. 21 A).

The quadratic effect of tfr concentration is also prominent. Secondly, an increase in
surfactant concentration increases particle size, because it increases the medium
viscosity which lowered the effect of shear force to split the droplets into smaller sizes.
The surface response plot (Figure 3. 20) and Pareto charts (Figure 3. 21 A) demonstrate
the effect of surfactant concentration and drug concentration on the size. Drug

concentration has a slightly positive effect but is not significant (p=NS).

Drug entrapment (%) (Y): Equation 16 describes the second-order equation for the

effect of independent variables on drug entrapment (Y):

Y =69.18 + 1.06A + 18.48B + 0.74C + 1.39AB — 0. 76 AC —
0.18BC — 0.028A% + 0.937B% + 1.23C>2...... 16

ANOVA indicated that drug concentration have a significant impact on drug
entrapment (p<0.001). An increase in drug concentration (B) have a direct effect on
entrapment efficiency (Y). The tfr concentration (A) and PVA concentration (C) have
anegligible effect on drug entrapment. Surface response plots (Figure 3. 20) and Pareto

charts (Figure 3. 21 B) visually represented the inter-related effects.

Tfr adsorption (mg) (Z): 3° Box-Behnken design produced various combinations of
independent variables that resulted in Tofa-P/tfr NCs with tfr adsorption in the range of
0.69-0.89 (Table 3. 18). Equation 17 demonstrates the relationship of studied variables

on tfr adsorption:
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Z=0.76+0.18A+ 0.013B + 0.019C + 0.002AB — 0.00015AC +
0.0071BC — 0.08A% + 0.0008B% + 0.0022C=...... 17

The foremost affecting variable is tfr concentration which positively impacts tfr
adsorption (p<0.001). However, the quadratic relation, A%, is negatively correlated,
possibly because too much concentration may saturate the porous polymeric surfaces
of the nanocarriers reduced the adsorption capacity of the polymeric surfaces. Drug
concentration (B) have minimal impact on tfr adsorption. The PVA concentration (C)
affects the adsorption rate and capacity of nanocarriers (p<0.05), because it is the main
constituent of the outer aqueous phase with tfr. Therefore, a higher surfactant may
emulsify greater and improve the tfr protein adsorption during nanocarrier formation.
Surface plots (Figure 3. 20) and Pareto charts (Figure 3. 21 C) represented the influence

of variables on tfr adsorption.

Table 3. 18: 33 Box-Behnken Experimental design generating different runs to produce desired values

of the dependent variables (output)

Independent Variables Dependent variables/ Qutput
X.
A. Tfr B.Drug C.PVA | Particle Y. Drug Z. tfr
conc. conc. conc. size entrapment adsorption

Runs (mg) (mg) (%) (nm) () (mg)
1 0.500000 0.500000 2.000000 | 241.00 59.94 0.68
2 1.000000  0.500000 2.000000 | 208.00 61.46 0.87
3 0.500000 2.000000 2.000000 | 245.10 77.00 0.70
4 1.000000 2.000000 2.000000 | 205.20 80.38 0.89
5 0.500000 1.000000 1.000000 | 240.00 65.24 0.69
6 1.000000 1.000000 1.000000 | 210.50 65.23 0.86
7 0.500000 1.000000 3.000000 | 250.40 68.17 0.70
8 1.000000 1.000000 3.000000 | 215.00 66.63 0.873
9 0.750000 0.500000 1.000000 | 209.00 59.39 0.69
10 0.750000 2.000000 1.000000 | 210.00 78.09 0.69
11 0.750000 0.500000 3.000000 | 222.00 58.50 0.71
12 0.750000 2.000000 3.000000 | 230.00 77.75 0.72
13 0.750000 1.000000 2.000000 | 216.30 67.67 0.70
14 0.750000 1.000000 2.000000 | 215.00 67.00 0.70
15 0.750000 1.000000 2.000000 | 218.00 67.90 0.71
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Figure 3. 20: Surface-response plots for the study of effects of independent variables on dependent

variables (outcomes) under 3° Box-Behnken DOE
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Figure 3. 21: A-C: Pareto charts of standardized effects on dependent variables (X, Y, Z); D-F:
Difference between the predicted and experimental values of dependent variables using 33 Box-Behnken

design
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Figure 3. 22: Desirability profile to obtain the desired values of dependent variables (outcomes) from an

appropriate combination of independent variables

3.14.2. 33 Box-Behnken design validation

The model generated predicted dependent variable values that were found to be in good
agreement with the experimental values with little residual values (Figure 3. 21 D-F).
Further, the desirability profile was obtained using STATISTICA® 10.0 (Figure 3. 22)
which depicted the best combination of variables to produce the desired outcomes i.e.,
minimum particle size and maximum drug entrapment and tfr adsorption. The optimum
set of independent variables included tfr concentration (1 mg), drug concentration (2
mg) and PVA concentration (2%) that produced desirable outcomes to proceed further

for characterization.

3.15. Physicochemical Characteristics and tfr Adsorption

The optimum set of independent variables was replicated thrice to produce Tofa-P/tfr
NCs of desirable outcomes. The formed Tofa-P/tfr NCs have an average particle size
of 208.0 nm + 0.136 nm, the zeta potential of -8.64 mV £ 1.735 mV, and PDI of 0.121
+ 0.004 (Table 3. 19, Figure 3. 23 A, B). The size distribution and surface morphology
by SEM analysis was found to be uniform, and circular with a smooth surface (Figure
3. 23 B). It was noticed size was increased with the addition of tfr compared to Tofa-

PLGA NCs (Table 3. 19). Moreover, the zeta potential was declined because of the
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cationic nature of proteinaceous tfr onto the anionic PLGA (Table 3. 19). The findings
are consistent with the literature (Chang et al., 2012). The Tofa-P/tfr NCs met the
required criteria of size around 200 nm, PDI<0.3, and negative zeta potential. The
nanocarriers of these properties can easily be up taken by the epithelial and immune
cells of the colon and retained at the site for a long with fewer chances of diarrhea
mediated clearance in colitis. Further, the drug entrapment efficiency was 80.97% =+
0.79%, and entrapped drug content was 62.40 pg/mg + 5.37 pg/mg (Table 3. 19). The
concentration of tfr was varied with the final set of selected variables, and it was found
that the highest adsorption occurred with the highest tfr amount (Figure 3. 23 C). The
adsorbed tfr on the surface of nanocarriers was 0.886 mg + 0.015 mg as measured
through nanodrop (280/260nm) and 0.872 mg + 0.089 mg by Bradford’s assay (Figure
3. 23 D). The amount adsorbed followed the experimental values of Box-Behnken trial

runs.

Table 3. 19: Physicochemical characteristics of Tofa-PLGA NCs and Tofa-P/tfr NCs (mean = SD, n=3)

Formulation (nm) (mV) NCs)

Tofa-PLGA NCs | 122.87+1.47 -11.09+0.39 0.075+0.064 | 81.50+1.59 | 65.59+1.53 | 87.17+1.041

Particle size | Zeta potential PDI EE% DL (ng/mg % Yield

Tofa-P/tfr NCs | 208.0+1.36 | -8.64+1.735 | 0.121+£0.004 | 80.97+0.79 | 62.40+5.37 | 89.08+0.88

3.15.1. TGA

TGA analysis of drug, Tofa-PLGA NCs, and Tofa-P/tfr NCs revealed their degradative
pattern on rising temperatures. The TG graph depicted a sharp degradation peak of the
drug at 230-240°C. Tofa melts around the same temperature (Bashir et al., 2021). It is
followed by a shallow decline till the end. While the pattern of Tofa-PLGA NPs and
Tofa-P/tfr are alike and have a slight shift after 400°C; about 66% and 59% of the

nanocarrier consumed till 450°C, respectively (Figure 3. 23 E).

3.15.2. DSC

The DSC thermogram of Tofa exhibited a sharp endotherm at 215°C, representing its
melting point because of crystalline content (Figure 3. 23 F). While the thermograms
of PLGA polymer and Tofa-P/tfr NCs were devoid of any sharp endotherm. The
flattened curve of the nanocarrier indicated that Tofa entrapped within the Tofa-P/tfr
NCs in the amorphous form rather than crystalline. Only a small endotherm at 109°C
was prominent in Tofa-P/tfr NPs (Figure 3. 23 F), which might be representative of tfr
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adsorbed on the surface (Jose et al., 2019). A starting downward curvature (~10-15°C)

was due to an abrupt change of temperature from freezing to 10°C.

3.15.3. ATR-FTIR

ATR-FTIR spectra of PLGA, Tofa, tfr and Tofa-P/tfr NCs are represented in Figure
3.23 G. The spectrum of PLGA consisting of peaks at 3470 cm™' (-OH), 2998 cm™! and
2952 cm™ (-CHa), 1742 cm™! (C=0), 1422 cm™! (C-OH in-plane), 1381 cm™! (-CH3),
1161 cm™ (esteric C-0O), and 1082 cm™ (alcoholic C-O) (Figure 3. 23 G). The drug Tofa
had major FTIR peaks at 3375 cm™, 3129 cm™, 1731 ecm™!, 1615 cm™, 1340 cm™!, 1207
cm™! and 842 cm! corresponding to -NH stretching band, C=C, C=0, secondary C=C
stretch, C-N, C-O stretch, and -C-H respectively (Figure 3. 23 G). FTIR spectrum of tfr
had an amine (-NH-) stretch at 3278 cm’!, with an amide band at 1638 cm’!, similar to
literature report (Pooja et al., 2015). The other peaks are visible at 2961 cm™ (-CHy),
2187 cm! (C=N), 1507 cm™ (CH2/CH3), and 1386 cm™ (CH), 1235 cm!, and 1071 cm
' (C-0O) (Figure 3. 23 G). While Tofa-P/tfr NCs FTIR pattern had a prominent -NH -
stretch at 3274 cm’!, shallower than tfr corresponding peak, and an amide band at 1632
cm’! that confirmed the coating of tfr on PLGA NCs. The other peaks at 2937 cm™,
2430 cm’!, 1735 cm!, 1446 cm!, 1215 cm™ and 1161 cm! represented -CH,, either
C=N or C=C, C=0, C-H bend, C-0O, and esteric C-O respectively (Figure 3. 23 G). The
unique peak at 2430 cm™! have an appearance only in the nanocarrier, either due to
adsorption of tfr onto the surface that resulted in bond formation or because of some
impurities. The drug peaks were not prominent in the nanocarrier spectra, indicating
complete entrapment of Tofa inside the polymeric structure and the absence of any

surface-bound drug.
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Figure 3. 23: Physicochemical characterization of Tofa-P/tfr NCs. A) Particle size, B) SEM images of
Tofa-P/tfr NCs, (C) Effect of tfr concentration on %Tfr adsorbed, D) The concentration of adsorbed tfr
on the nanocarrier, measured by Nanodrop and Bradford’s assay, E) TGA thermograms of nanocarriers,

F) DSC thermogram of nanocarrier and drug, G) ATR-FTIR spectra of drug, polymer and nanocarrier,

H) XPRD spectra of drug and nanocarrier
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3.15.4. XPRD

The XPRD spectra of Tofa and Tofa-P/tfr NCs has been shown in Figure 3. 23 H. Tofa
exhibited crystalline nature, as depicted by prominent peaks starting from around 14-
40 2°-Theta, indicating its crystalline nature. Whereas Tofa-P/tfr NCs have a relatively
smoothened pattern, with a little peak around 24 2°-Theta, that may be because of tfr
content in it (Figure 3. 23 H). The absence of drug peaks represented the conversion of
the crystalline nature of the drug into an amorphous form inside the polymeric

nanocarrier.

3.16. In Vitro Drug Release Studies

Drug release study conducted at pH 1.2 (0-2 hours) and pH 7.4 (2-72 hours)
demonstrated a biphasic pattern for Tofa-PLGA NCs and Tofa-P/tfr NSh. Both types
of nanocarriers showed an initial burst release of the drug followed by a sustained
release pattern (Figure 3.24 A). Tofa-P/tfr NCs released up to 76.99% =+ 2.68% of drug,
and Tofa PLGA NCs released 80.04% =+ 2.322% drug till 72 hours (Figure 3.24
A).Overall, the two release profiles had an insignificant difference, when compared
using one-way ANOVA. However, the time points at 1.5 and 2 hours at pH 1.2 have
major differences between the two profiles. Tofa-P/tfr NSh controlled the burst release
of the drug at these time points significantly (p<0.01), possibly because of the lesser
amount of loosely entangled surface-bound drug than PLGA NCs. Drug release kinetics
assessment showed that Tofa-P/tfr NSh followed both Korsmeyer-Peppas (R?=1.000)
and Peppas-Sahlin model (R?>=1.000) at pH 1.2 (Table 3. 20). The trend was the same
at pH 7.4, with a Korsmeyer R? value of 0.9934 and very near Peppas-Sahlin R? of
0.9969 (Table 3. 20). The mechanism of drug release was Fickian diffusion, both at pH
1.2 and 7.4, since Korsmeyer's N<0.43 (Zuo et al., 2014) and Peppas-Sahlin m value

approaches n at respective pHs profiles.

3.17. Mucin Binding Study

Mucins are glycoproteins, produced by intestinal epithelial cells in the mucus to protect
it against pathogens and injuries. Its interaction with nanocarriers is of special interest
because it determines the fate of nanocarrier mobility across the intestine epithelial
cells, and time of residence in the mucus, clearance rate, etc. some polymeric
nanocarriers with mucoadhesive nature stick to the site of action over a long period

while some nanocarrier with opposite charge have least interaction with mucin and
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reached reach the epithelial cells easily (Zeeshan et al., 2019a). We assessed the ability
of formed nanocarriers to interact with mucin. The size distribution analysis indicated
Tofa-P/tfr NCs-mucin formulation interacted at some point with two overlapping peaks

between 235-605 nm with a mean particle size of 521.6 nm (Figure 3.24 B).

It was noticed that bare PLGA NCs have the least interaction with mucin (5.73% =+
0.78%) because of anionic nature, while the addition of tfr in Tofa-P/tfr NCs enhanced
the mucin binding up to 40% + 0.078% (p<_0.001*** vs PLGA NCs) (Figure 3.24 C).
Tfr decreased the surface charge of nanocarriers (Figure 3.24) that facilitated
interaction between mucin and Tofa-P/tfr NCs. Further, the viscosity increased when
Tofa-P/tfr NCs interacted with mucin as compared to mucin or formulation only at all

shear rates (Figure 3.24 D).

Figure 3. 24: Tofa-P/tfr NCs drug release studies and mucin interaction studies; A) In vitro drug release
study in SGF (pH 1.2) and SIF (pH 7.4), n=3; B) Size distribution analysis of mucin-nanocarrier complex,

C) Nanocarrier-mucin binding (%), D) Rheological investigation of mucin-nanocarrier complex.

Table 3. 20: Drug release kinetics of Tofa-P/tfr NCs in SGF at pH 1.2 (stomach) and SIF at pH 7.4

(colon)
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Tofa-P/tfr NCs (pH 1.2; 0-2 hours)

Zero First Korsmeyer- Hixon-

Parameter | order order Higuchi peppas Crowell Peppas-Sahlin
R_obs-pre 0.7893 0.8156 0.9317 1.0000 0.8069 1.0000
Rsqr 0.3719 0.4721 0.8680 0.9999 0.4399 0.9999
RMSE 7.6890 7.0493 4.0696 0.0992 7.2610 0.1179
AIC 29.3294 28.4607 23.5285 -13.6150 28.7567 -11.9164
MSC -1.4836 -1.3099 -0.3234 7.1053 -1.3691 6.7656

k0= kKp=21.251, k1= 14.205,

Other 14.708 k1=0.173 | kH=16.352 | n=0.110 Khe=0.055 | k2=7.042, m=0.082

Tofa-P/tfr NCs (pH 7.4; 2-72 hours)

Zero First Korsmeyer- Hixon-
Parameter | order order Higuchi peppas Crowell Peppas-Sahlin
R _obs-pre | 0.6489 0.9449 0.8223 0.9934 0.8320 0.9969
Rsqr -1.0910 | 0.5816 0.6762 0.9868 0.1668 0.9938
RMSE 38.7260 | 17.3222 16.6924 3.3662 24.4461 2.5898
AIC 65.7335 | 54.4701 54.6754 32.2592 59.2929 29.0264
MSC -2.3499 | -0.7409 -0.7702 2.4321 -1.4298 2.8940

k0= kKp=44.821, Khe= k1=42.522, k2= -
Other 1.460 k1=0.126 | kH=7.393 n=0.134 0.019 5.883 , m=0.315

3.18. In Vitro Biocompatibility and Toxicity Studies

3.18.1. Hemolysis assay

RBCs hemolysis study established hemocompatibility of Tofa-PLGA NCs and Tofa-
P/tfr NCs in a concentration from 25-100 pg/mL. Both formulations have negligible
differences from PBS treated RBCs, while significant variations from the Triton-X
group (p<0.001 at all conc.) (Figure 3. 25 A). Triton-X was used because it is a known
hemotoxic agent. Hence, Tofa-P/tfr NCs proved to be non-toxic to RBCs and thus safe

if entered the bloodstream.

3.18.2. Cellular biocompatibility (MTT assay)

Cellular viability of peritoneum derived macrophages and murine-derived colon cells
was assessed after incubation of formulation at a concentration of 25, 50, and 100
pg/mL for 24 and 48 hours. Tofa-P/tfr NCs proved to be non-toxic to macrophages at
all concentrations after 24 and 48 hours (Figure 3. 25 B, C), with statistically indifferent
results from the normal PBS control cells. Triton-X is a toxic agent, that served as a
negative control, which decreased macrophage viability pronouncedly after 24 and 48
hours (p<0.001### vs normal). Likewise, an MTT assay was performed to assess
cellular biocompatibility with colon cells. After 24 hours, Tofa-P/tfr NCs at a
concentration of 25, 50, and 100 pg/mL exhibited colon cell viability of about 83.45%,

162



Chapter 3: Results

67.92%, and 58.83%, respectively. 25-50 pg/mL was found to be safe for the cells,
however, 100 pg/mL have reduced the living viability (p<0.05* vs PBS normal control)
(Figure 3. 25 D, E). Therefore, the dose should be carefully adjusted for colon drug
delivery purpose in IBD. The same trend was also observed after 48 hours; however,
the viability remains greater than 50% at 100 ng/mL. Higher doses (>100 pg/mL) are

suggested for combating colon cancers.

Figure 3. 25: In vitro hemolysis and cellular biocompatibility assays of Tofa-P/tfr NCs; Hemolytic
activity drug loaded nanocarrier at various concentrations (n=3) (A); % Cell viability of murine derived
macrophages after incubation with nano-formulation after 24 hours (B) and 48 hours (C); % Cell viability

of murine derived colon cells after incubation with nano-formulation after 24 hours (D) and 48 hours (E)

163



Chapter 3: Results

3.18.3. Cellular uptake study-colon and macrophages
3.18.3.1. Colon uptake study

Fluorescein dye loaded P/tfr NCs were prepared to visualize uptake of nanocarriers by
the colon cells. After 2 hours of incubation, colon cells heavily internalized Dye-P/tfr
NCs with mean fluorescence intensity of 160.92+35.28 a.u. (p<1071%%***) compared
to the plain dye intensity of 38.68+14.38 a.u. (Figure 3. 26). Untreated colon cells

served as a control.

Figure 3. 26: a-c: Cellular uptake of dye-loaded P/tfr NCs by murine-macrophages (I) and colon cells

(I1); d: Emitted fluorescence intensity by the engulfed dye-loaded nanocarriers

3.18.3.2. Macrophage uptake and CD71 (TFR-1) inhibition assay

At first, a preliminary uptake experiment was conducted with peritoneal macrophages.
Dye-P/tfr NCs was up taken up to fluorescence units of 23.59+4.47 (p<0.001%**%*),
compared to the plain dye (5.1740.13) after 2 hours (Figure 3. 26).

Next, the tfr-based assay involved THP-1 cell line-derived macrophages that expressed
surface receptor TFR-1 or CD71 (Genin et al., 2015; Andreesen et al., 1984).
Coumarin-6 dye-loaded P/tfr NCs were developed and incubated with macrophage cell
lines. As a check, coumarin-6 loaded PLGA NCs were also prepared. After 2 hours of
incubation, Dye-P/tfr NCs have shown significant uptake (147.83+£26.29 a.u., p<
0.001###), compared to plain dye (42.88+13.35 a.u.) (Figure 3. 27). However, the

internalization was competitively inhibited when the formulation was incubated with
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anti-Tfr-1 antibody (Tfr-Ab) (102.07£19.02 a.u., p<0.001*** vs P/tfr NCs (Figure 3.
27) because the antibody binds to the CD71 receptor before its binding to Dye-P/tfr
NCs. Therefore, the engulfment of Dye-P/tfr NCs in the presence of Tfr-Ab was only
governed by a size-mediated mechanism. On the other hand, Dye-PLGA NCs were
uptaken by the tfr-independent mechanism, therefore, a negligible difference was
observed in the uptake of Dye-PLGA NCs and Dye-PLGA NCs+Tfr-Ab (p=NS)
(Figure 3.27).

Macrophage tfr assay

Fluorescence Intensity &

Figure 3. 27: Uptake of dye loaded PLGA NCs and P/tfr NCs in the absence and presence of anti-TFR-
1 antibody (a-f) and the emitted fluorescence intensity (g)
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3.19. Stability Studies

The effect of storage conditions on physicochemical and morphological properties of
freeze-dried Tofa-P/tfr NCs was investigated. The freeze-dried nanocarriers were found
to be in the appropriate limits of particle size, zeta potential, PDI, entrapment efficiency,
and tfr adsorption after 1 and 6 months (Table 3. 21). However, care should be taken in
case of liquid nanosuspension. The properties of liquid nanosuspension remained the
same for a long at refrigerated temperature, but the amount of tfr adsorption declined

over time.

Table 3. 21: Effect of storage conditions on freeze-dried Tofa-P/tfr NCs (mean + SD, n=3)

Lyophilized Initial After 6 months
Tofa-P/tfr NCs 4°C 25°C 4°C 25°C
P“r&clllf)me 208+ 1.36 208 + 1.36 2105+ 3.87 216.6 + 1.02
Zeta potential 8.64+1.73 8.64+1.74 8.140.53 7.97+2.89
(mV)
PDI 0.121+0.004 0.121+0.004 0.121+ 1.25 0.136+ 1.24
EE% 80.97 + 0.79 80.97 + 0.80 77.92 +2.59 76.92 +2.27
e adsorotion 0.886 £ 0.015 0.886 + 0.015 0.79+0.15 0.71+0.23
p (88.6%) (88.6%) (79%) (71%)

3.20. Animal Studies

The animal model of colon inflammation was developed by 3% DSS induction for 7

days.

3.21. In Vivo Nanocarrier Targeting Ability

To understand nanocarrier targeting potential, and biodistribution, the released drug
was estimated in the colon and the other vital organs. It was obvious that the highest
concentration was found in the colon (15.97% = 0.49%) (Figure 3.28 I), because of the
higher uptake by the distorted epithelial cells and recruited macrophages expressing
TFR-1 receptor in the DSS inflamed colon. The stomach, small intestine, and spleen
have a <2% accumulation of drug (Figure 3.28 I). While liver and kidney shared about
~0.6% drug content, indicative of delayed elimination and more retention at the targeted

site after 6 hours of Tofa-P/tfr NCs administration.

Further, the flowcytometry colon-macrophage uptake investigations after oral

administration of dye-loaded nanocarriers demonstrated deviations in the forward
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scattered plot (FSC-H) (Figure 3.28 II). Statistics estimated about 19.73% gated area
with a major shift. The shift indicated changes in the size and structure of the cells,
attributed to the engulfment of nanocarriers (Patel et al., 2016a; Alwani et al., 2016).
Therefore, Tofa-P/tfr NCs have the potential to target macrophages during colon

inflammation.

3.22. Therapeutic Evaluation of Tofa-P/tfr NCs in DSS-Induced Colitis

3.22.1. Morphological parameters assessment to determine colitis severity and the
treatment efficacy

DSS induced colon inflammation reduces the weight of the mice, as a sign of disease
progression (Park et al., 2015). The DSS afflicted mice have continuously declining
body weight from Day 1-14, and the weight loss is more prominent after the 7" day of
induction, compared to the normal mice (p<0.001%*#  Figure 3.28 III). Treatment with
Tofa and Tofa-P/tfr NCs restored the bodyweight of the mice up to 87.81% £ 4.95 %
(p=NS) and 91.36% =+ 3.91% (p<0.01**), respectively (Figure 3.28 III). The
nanocarriers have a more pronounced effect on weight recovery than Tofa. Further, the
DAI score was calculated that represented the sum of average body weight loss, rectal
bleeding, and protrusion and stool consistency. The DSS group has the highest DAI
score (10.6 = 0.12), depicting the disease severity (p<0.001"* vs normal) at the end
(Figure 3.28 IV). While Tofa has a DAI score of 6.2 = 0.42 (p<0.01**) and Tofa-P/tfr
NCs has a 4.8 £ 0.35 score (p<0.001***) at the end of the experiment (Figure 3.28 IV).

The colitis morphological investigations revealed that DSS mediated colon weight
increase (p<0.001%), length shortening (p<0.05"), high colon weight to length ratio
(p<0.001"*) and increase in splenic weight (p<0.001%#), compared to normal control
(Figure 3.28 V-VII). The other vital organs (liver, lungs, heart, kidney, stomach) were
not affected by the disease (Figure 3.28 VII). Small intestine length shortened (p<0.05"
vs normal), possibly because of some deteriorating influence of DSS on the small
intestine when passing through GIT after oral intake. Tofa-P/tfr NCs recovered colon
weight (p<0.05%*), length (p<0.05%*), weight-length ratio (p<0.05*), spleen weight
(p<0.01**) and small intestine length (p<0.05%*) significantly (Figure 3.28 V-VII). The
nano-formulation have no impact on the weights of vital organs while treating colon

inflammation (p=NS) (Figure 3.28 VII).
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The survival analysis during disease progression and therapy (day 0-14) indicated about
60% and 80% of the mice in Tofa and Tofa-P/tfr NCs group survived till the end.
Overall, the survival rate improved up to 40% and 60% by the respective treatment of

colitis mice (survival=20%) (Figure 3.28 VIII).

Figure 3. 28: Tofa-P/tfr NCs in vivo biodistribution, colon-macrophages uptake and therapeutic
assessment through morphological and physical parameters; I: Biodistribution studies in the DSS-
induced colitis mice (n=3); II. Uptake of nanocarriers by colon-macrophages after oral administration in
the DSS-induced mice; I1I: Therapeutic action determination: Assessment of daily body weight during
course of induction and therapy by nanocarriers, IV: Disease activity index from Day 0-14, V:
Assessment of intestinal length to determine inflammation severity, VI: Colon weight/length index, VII:
Effect of colitis and treatment on the weight of organs, VIII: % Survival analysis of the normal, DSS-

colitis, Tofa and Tofa-P/tfr NCs groups from Day 0-14 (n=5/ group)
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3.22.2. Histopathological investigations

The representative histological images from the normal, DSS-colitis, Tofa, and Tofa-
P/tfr NCs groups are shown in Figure 3.29 a-e. DSS group had the highest score of 12
because of severe inflammation appeared as loss of epithelial integrity, infiltration of
immune cells, and crypts damage (p<0.001"* vs normal, Figure 3.29 b). The histo-
damage score was reduced by Tofa (7.33 + 0.38, p<0.01**) and Tofa-P/tfr NCs (4.67
+ 0.38, p<0.001***) treatment of colitis mice (Figure 3.29 c-e). The therapeutic action
is again more promising when the drug is delivered via novel nano-formulation
(p<0.05”"). Tofa is an immunosuppressive drug that suppressed immune cells and
retarded pro-inflammatory cytokines which in turn decreased epithelial and crypt
distortion (D'Amico et al., 2019). Its therapeutic action was strengthened when
delivered through a nanocarrier that prevent its pre-degradation and localized the

therapeutic effect to the colon with improved efficacy and lesser side effects for a long.

Figure 3. 29: Histological and vascular integrity evaluation of the colon excised from normal, DSS-
colitis, Tofa and Tofa-P/tfr NCs treated groups; Histological images of the respective groups (a-d),
Histological scoring of the respective groups (e) (n=3); Evaluation of vascular integrity by Evans blue

assay in the normal, DSS-colitis, Tofa and Tofa-P/tfr NCs treated groups (f) (n=3)
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3.22.3. Vascular function test

Further, vascular endothelial permeation was analyzed through Evan’s blue assay. The
concentration of Evan’s dye in the colon of DSS induced mice was higher than the
colon of normal mice (p<0.001%* Figure 3.29 f). The leaky vasculature favored more
dye to permeate across endothelium to inflamed colon from systemic circulation (Radu
and Chernoff, 2013). Treatment with Tofa (p<0.001***) and Tofa-P/tfr NCs
(p<0.001***) recovered the vascular integrity through a reduction in inflammatory
mediators and toxic signals. Though Tofa-P/tfr NCs (p<0.01°" vs Tofa) have a greater
effect in vasculature healing than plain Tofa (Figure 3.29 f).

3.22.4. RT-PCR analysis to determine mechanistic and therapeutic effects on
ameliorating inflammation and recovering barrier function

Tofa acts by inhibiting JAK proteins (JAK1,3) which prevents phosphorylation of
STAT proteins and downregulates the inflammatory mediators (D'Amico et al., 2019).
We assessed Tofa activity while measuring STAT-1 expression through RT-PCR.
Findings suggested DSS overly expressed STAT-1 (p<0.05" vs normal), which was
diminished by Tofa (p=NS) and markedly reduced by Tofa-P-tfr NCs (p<0.05*, Figure
3. 30 A). The relative downregulation was greater with Tofa-P-tfr NCs treatment
(Figure 3. 30 A). Furthermore, UC had increased the expression of the TFR-1 receptor,
because of the heavy recruitment of TFR-1 expressing macrophages (Liu et al., 2021).
TFR-1 is also present on colon epithelial cells which were upregulated in the
inflammation (Liu et al., 2021). Therefore, tfr as a ligand on polymeric nanocarriers
facilitated macrophage and colon targeting in UC (Harel et al., 2011). RT-PCR analysis
demonstrated higher TFR-1 levels in DSS-colitis mice (p<0.05" vs normal, Figure 3.
30 B) which facilitates our rationale of targeting. TFR-1 expression was inhibited non-
significantly by Tofa (p=NS) and significantly by the course of treatment with Tofa-P-
tfr NCs (p<0.05*) (Figure 3. 30 B) because Tofa within nanocarrier has a more
therapeutic effect which extensively diminished inflammatory events with immune
cells suppression and conversion of macrophages towards anti-inflammatory phenotype

(Texler et al., 2022; Aung et al., 2021).

The compromised epithelial and endothelial membrane integrity are major hallmarks
in colitis (Park et al., 2015). We have examined epithelial membrane function through

the expression of tight junction protein, E-cadherin (Schnoor, 2015). The expression
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levels were pronouncedly lowered in the colitis induced mice (0.083 £ 0.015,
p<0.001%%), as compared to the normal (1.99 = 0.32) (Figure 3. 30 C). E-cadherin
expression was restored by Tofa to 0.32 £ 0.45 (p=NS) and by Tofa-P/tfr NCs to 0.34
+0.39 (p=NYS), but not to statistically significant values (Figure 3. 30 C).

RT-PCR expression of iNOS further proved its high levels in DSS-colitis (Figure 3. 30
D), which was decreased by Tofa to a little extent but not significantly, however,
reduced significantly by Tofa-P/tfr NCs (p<0.05*) (Figure 3. 30 D). Tofa mediated
STAT inhibition further inhibited the NF-xB pathway that ultimately lowered the iNOS
levels (Sharma et al.,, 2020; Ma et al., 2015). In short, the imbalance between

antioxidants and oxidative species was leveled by the treatment of nanocarrier.

3.22.5. Evaluation of pro-inflammatory cytokines

Moreover, DSS profoundly elevated the levels of the pro-inflammatory cytokine
(p<0.001### vs normal). JAK/STAT inhibition by the released drug from the Tofa-P/tfr
NCs markedly decreased the levels of pro-inflammatory cytokines including IL-6
(p<0.001***) and TNF-a (p<0.001***) (Figure 3. 30 E-F). The therapeutic effects of
Tofa-P/tfr NCs in reducing IL-6 (p<0.05") and TNF-a (p<0.001"*") levels were more

pronounced compared to Tofa alone (Figure 3. 30 E-F).
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Figure 3. 30: RT-PCR expression of STAT-1 (A), TFR-1 (B), E-cadherin (C) and iNOS (D); And levels
of proinflammatory cytokines, IL-6 (E) and TNF-a (F) from the colon tissue excised from normal, DSS-
colitis, Tofa and Tofa-P/tfr NCs groups (n=5)

3.22.6. Assessment of colon antioxidant protection

Furthermore, inflammation generated reactive oxygen species that weakens the
antioxidant protection of the colon tissue with the excessive generation of free radicals
(Zeeshan et al., 2019b). The DSS-colitis mice have lower concentrations of
antioxidants (GSH, GST, catalase) (Figure 3.31 A-C) and escalated amounts of
oxidants (NO, MDA) (Figure 3.31 D, E). Tofa free drug improved the levels of GSH
(128.53£1.87 nmol/g tissue) (p<0.001***), GST (152.60+£10.64 nmol/g tissue)
(p<0.01*%*), and catalase (0.17+0.003 U/mg/min) (p<0.05%*), and reduced NO, MDA to
41.2542.53% (p<0.001***) and 49.46+9.31% (p<0.01**), respectively (Figure 3.31).

Tofa-P/tfr NCs markedly normalized the levels of NO and MDA to 18.17+2.84%
(p<0.001***) and 39.48+2.03% (p<0.001***), respectively (Figure 3.31) and elevated
antioxidants including GSH, GST and catalase to 134.14+5.61 nmol/g tissue
(p<0.001**%*), 346.88+5.41 nmol/g tissue (p<0.001***) and 0.186+0.0035 U/mg/min
(p<0.01*%*), respectively (Figure 3.31) via Tofa led JAK/STAT mechanism that

alleviated severity of inflammation.

Furthermore, neutrophil infiltration was assessed from MPO activity that indicated an
uprise of MPO in DSS induced colitis (p<0.001"# Figure 3.31 F), treatment with Tofa
and Tofa-P/tfr NCs sharply decreased levels up to 64.44% + 7.34% (p<0.01**) and
46.22% + 2.78% (p<0.001***), respectively (Figure 3.31 F). Again, the drug inside the

nanocarrier was found to be more precise in action (p<0.05") than the plain drug.
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Figure 3. 31: Antioxidant protection evaluated through quantification of antioxidants in the colon tissue
excised from normal, DSS-colitis, Tofa and Tofa-P/tfr NCs groups (n=5), Antioxidant GSH (A), GST
(B) and Catalase (C), and oxidative species NO (D), MDA (E) and neutrophil marker MPO (F)

3.22.7. Evaluation of blood indices and RFTs

To evaluate the effect of formulation on blood parameters, the collected blood from the
mice of each group (n=3) demonstrated elevated concentrations of total leukocyte count
(TLC) due to inflammation in the DSS-induced colitis (p<0.001** vs normal, Figure 3.
32 A). TLC count was diminished by the Tofa-P/tfr NCs to a large extent (p<<0.001***),
suggesting alleviation of colitis (Figure 3. 32 A). The RBCs count, Hemoglobin (Hb)
levels and packed cell volume/hematocrit (PCV/HCT) were lowered in the DSS-colitis
group (RBCs: p<0.01*, Hb: p<0.001"* PCV/HCT: p<0.05" vs normal). Tofa-P/tfr
NCs treatment of the DSS-inflamed mice restored RBCs count (p<0.01**), Hb
(p<0.05*) and PCV (p<0.05*) significantly (Figure 3. 32 A). The other altered
parameters like mean corpuscular volume (MCV) and mean corpuscular hemoglobin
(MCH) were restored by Tofa-P/tfr NCs therapy (Figure 3. 32 A). Next, blood serum
was collected to detect renal function. RFT indices including serum urea, serum
creatinine, and serum uric acid were within the normal range for both Tofa and Tofa-
P/tfr NCs groups (Figure 3. 32 B) and complied with the normal group. C-reactive

protein (CRP) is another indicator of inflammation (Masoodi et al., 2011). The values
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of CRP for the Tofa treated group was 3.2 mg/L + 0.2 mg/L and for the Tofa-P/tfr NCs
treated group was 3.00 mg/L = 0.1 mg/L (Figure 3. 32 C). The reference range for

inflammation is >6, therefore, both groups have CRP within the normal limits.

3.22.8. Investigation of colon microbiome

The colon microbiome is an essential element of the digestive tract, which gets altered
with inflammation. The collected feces from the bowel of all groups were cultured on
growth media to determine the growth rate of bacteria. The DSS-induced colitis group
have significantly elevated log10CFU/mL (p<0.001**) compared to the normal (Figure
3. 32 D). The treatment with Tofa reduced the elevated growth but not to a marked
extent, while Tofa-P/tfr NCs balanced bacterial logioCFU/mL significantly (p<0.01**,
Figure 3. 32 D). This assay ensured that the nanocarriers have minimal damage to the
natural microbiome and through enhanced amelioration of inflammation, it recovered

bacterial growth to normal limits.

Figure 3. 32: Elucidation of the effect of therapy on blood parameters, renal function, inflammatory
blood marker, and colon feces microbial content; Assessment of blood cells count (A), Assessment of
drug and drug loaded nanocarrier effect on renal function (B), Determination of C-reactive proteins
(CRP) levels to know inflammation severity (C), Microbial growth on the colon-feces culture, taken from

Normal control, DSS-colitis, Tofa, and Tofa-P/tfr NCs groups (D)
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PART-II (SECTION B)
Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh

Graphical Abstract:
pH sensitive tfr anchored lipid-PLGA nanoshells (Tofa-LP/tfr/ES NSh) handles
multilevel barriers for colon-specific targeting in the UC and successfully localizes and

cure the inflamed colon tissue (Figure 3. 33)

Figure 3. 33: pH sensitive nanoshells (Tofa-LP/tfr/ES NSh) target colon tissues to mitigate inflammation

3.23. Preparation and Physicochemical Characterization of Tofa-LP/tfr NSh
and Tofa-LP/tfr/ES NSh

Both Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh were prepared with good stability. The
ratio of phospholipon 90G to PLGA concentration was studied and 1:4 produced

optimum quality nanoshells.

Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh have a particle size of 258.3 nm = 3.4 nm and
281.8 nm + 6.33 nm, respectively (Table 3. 22, Figure 3. 34 A). Both have negative
zeta potential, the later pH-sensitive has more anionic charge because of more anionic
ES100 coating with carboxylic groups (Table 3. 22). Further, the physicochemical
properties of Tofa-LP NSh (without tfr) were also elucidated. The findings revealed
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that the tfr adsorption increased the particle size of Tofa-LP/tfr NSh and decreased the
zeta potential because tft is cationic and it decreased the zeta potential of the nanoshells.
Likewise, Tofa-LP/ES NSh have more negative zeta potential (-38.6+0.87) than Tofa-
LP/tft/ES (-30.7 + 0.17), because of the presence of tfr content (Figure 3. 34 A, Table
3.22).

The PDI of both Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh was less than 0.3 (Table 3.
22), indicating a homogenous monodispersed system. The SEM analysis revealed
spherical and smooth surface morphology of Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh
and the particle size range complied with zeta sizer findings. The interior seemed to be
darker than the outer layer, possibly because of inside lipidic content and the outer
polymeric layer that constituted a core-shell spherical nanostructure (Figure 3. 34 B).
Next, the adsorption of tfr on Tofa-LP/tfr NSh was 0.85+0.046 (85%) and on Tofa-
LP/tft/ES NSh 0.703+0.015 (70%), by the Nanodrop measurements. And Bradford’s
assay estimated about 0.87+0.09 (87%) and 0.84+0.11 (84%) tfr adsorption on Tofa-
LP/tfr NSh and Tofa-LP/tfr/ES NSh, respectively (Figure 3. 34 C).

The drug encapsulation was found to be about 84% and 91% and the total drug loading
(DL) was 62.54 + 1.37 and 27.26 + 1.55 with Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh,
respectively (Table 3. 22).

Table 3. 22: Physicochemical characteristics of drug-loaded nanoshells (mean + SD, n=3)

Formulation Particle size Zeta PDI EE% DL % Yield
(nm) potential
(mV)

Tofa-LP NSh 2445+441 | -13.7+3.25 0.22 +0.01 82.29+193 | 54.13+1.51 | 88.82+1.05
Tofa-LP/tfr NSh 2583+34 | -797+1.12 | 0.287+0.016 | 84.42+1.85 | 62.54+1.37 | 88.07+1.47
Tofa-LP/ES NSh | 270.2 +4.091 -38.6+0.87 0.11+0.041 88.89+1.89 | 29.83+1.003 91.1£1.12

Tofa-LP/tfr/ES 281.8+6.33 | -30.7+0.17 0.16 £0.098 91.31+5.18 | 27.26 1.55 90.34+1.12
NSh

3.23.1. TGA

TGA analysis revealed that Tofa degradation started around 230-240°C with a sharp
mass loss curve corresponding to the melting point of Tofa (Bashir et al., 2021),
followed by a steep curve where the decline continues till 450°C (Figure 3. 34 D).
About 79.56% Tofa degraded till the end of a run. While Tofa-PLGA NCs, Tofa-P/tfr
NCs, Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh did not have sharp peaks at 240°C that
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represented encapsulation of drug within the nanocarrier and absence of any surface-
bound drug. For all nanocarriers, the peak drop started around 280°C that continued till
450°C. Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh peak decline were smoother, with
69% and 71% till the end (Figure 3. 34 D). The addition of ES100 incurred a slight

decline in the start indicated moisture loss, followed by major degradation after 280°C.

Figure 3. 34: Physicochemical properties of Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh. A: Particle size
and zeta potential analysis of Tofa-LP/tfr NSh (a, b) and of Tofa-LP/tft/ES NSh (c, d); B: SEM images
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of Tofa-LP/tfr NSh (a) and Tofa-LP/tfr/ES NSh (b); C: Quantitative analysis of tfr adsorption on Tofa-
LP/tfr NSh and Tofa-LP/tfr/ES NSh; D: TGA and, E: DSC thermograms of drug and nanoshells

3.23.2. DSC

The DSC thermograms of the Tofa loaded nano-formulations are devoid of any sharp
melting endotherm, whereas Tofa exhibited a sharp melting curve at 215°C that
corresponds to its crystalline content (Figure 3. 34 E). It was depicted from the
thermograms of drug-loaded nanocarriers that Tofa was dispersed in the highly
amorphous form inside the nanocarriers (Figure 3. 34 E) and additionally confirmed
the absence of any surface-bound drug. Further, a starting down peak (around 11°C)
was observed in the case of polymer and nanocarriers, possibly because of a sudden

change of temperature from freezing to 10-15°C.

3.23.3. ATR-FTIR

ATR-FTIR spectra of Tofa, polymers, phospholipon-90G, tfr, Tofa-LP NSh, Tofa-
LP/tfr NSh, Tofa-P/tfr NSh and Tofa-LP/tft/ES NSh are presented in Figure 3. 35 A,
B. The polymers (PLGA and ES100) spectra have their characteristic peaks. Tofa FTIR
spectrum had the peaks including 3375 cm™ (-NH-), 3129 cm™ (C=C), 1731 cm
(C=0), 1615 cm™ (C=C), 1340 cm™ (C-N), 1207 cm (C-O) and 842 cm™ (C-H)
(Figure 3. 35 A). Tfr spectrum represented major peaks at 3274 cm™ (-NH-) and 1638
cm™!' (O=C-NH) (Figure 3. 35), consistent with the literature (Pooja et al., 2015). Tofa-
LP NSh had bands mimicking PLGA and phospholipon-90G spectra (Figure 3. 35 B).
While Tofa-LP/tfr NSh has an additional characteristic amide band of tfr at 1632 cm!
that demonstrated coating of tfr on LP core. In Tofa-LP/tfr NSh, the primary amine
peak is less prominent (Figure 3. 35 B). However, this amine peak (3274 cm™) can be
seen in Tofa-P/tfr NSh (Figure 3. 35 B). Tofa-LP/tft/ES NSh have representative peaks
of PLGA, ES100, phospholipon-90G with a very weak amide band at 1632 cm™!, mostly
hidden because of coating of ES100 onto the surface of LP/tfr core (Figure 3. 35 A, B).
Moreover, the concentration of tfr is very less compared to ES100, therefore, it is
difficult to appear in the spectra prominently. The drug peak is also not obvious either
because of complete drug encapsulation or of a very less concentration ratio compared

to the polymers.
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Figure 3. 35: ATR-FTIR spectra of drug, excipients and nanoshells

3.24. In Vitro Drug Release Studies

To assess the drug release behavior of Tofa-PLGA NCs, Tofa-LP/tfr NSh and Tofa-
LP/tft/ES NSh, the study was conducted at pH 1.2 and 7.4. The pH values were selected
according to the pH values of the stomach and colon (Ali et al., 2014). Tofa-LP/tfr NSh
released Tofa up to 25.44% + 0.423 at acidic pH (0-2 hours), and 72.57% + 2.054% at
colon pH (pH 7.4, 2-72 hours). While Tofa-LP/tfr/ES NSh delivered 11.69% + 0.285%
drug at pH 1.2 and 73.85% =+ 3.02% at pH 7.4 (

Figure 3. 36 A). A control group of Tofa-PLGA NCs have released up to 28.03% +
0.626% and 80.04% =+ 2.322% at acidic and pH 7.4, respectively. It was observed that
the drug release by Tofa-LP/tft/ES NSh at all time points of acidic pH was significantly
lowered than that of Tofa-PLGA NCs (0-2 hour: p<0.001***) and Tofa-LP/tfr NSh
(0.5, 1.5th hour: p<0.01*" and at 1 and 2 hours: p<0.001""*) (

Figure 3. 36 A), because of the presence of pH-sensitive E S100 coat that retard dose
dumping at acidic upper parts of GIT (Zeeshan et al., 2019a). Overall, the drug release
pattern differed between Tofa-LP/tfr NSh and Tofa-PLGA NCs (p<0.05*) from 0-72
hours and the difference also existed between the drug release profiles of Tofa-
LP/tfr/ES NSh and Tofa-PLGA NCs (p<0.05*). Moreover, the release patterns of Tofa-
LP/tfr NSh and Tofa-LP/tfr/ES NSh variated from each other (p<0.05").
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Further, the drug release kinetics evaluation by the mathematical models (DDsolver)
demonstrated that the best-fitted model for Tofa-LP/tfr NSh was Peppas-Sahlin, both
at acidic pH (R>=0.9999) and pH 7.4 (R?>=0.9885) (Table 3. 23). Tofa-LP/tfi/ES NSh
had the best relevance to both Korsmeyer-Peppas (R?>=0.9976) and Peppas-Sahlin
(R?>=0.9977) at pH 1.2. Similarly, the best-adapted models at pH 7.4, were both
Korsmeyer-Peppas (R?=0.9981) and Peppas-Sahlin (R?=0.9983) for Tofa-LP/tfr/ES
NSh (Table 3. 24). The other parameters including highest MSC, lowest AIC, and
RMSE were also considered to select the best model (Zuo et al., 2014).

Korsmeyer’s n and Peppas m values predicted the mechanism of drug release from the
system (Zhang et al., 2010). Tofa-LP/tfr NSh mechanism of drug release suggested by
the Korsmeyer’s n value was Fickian diffusion at acidic pH and pH 7.4, though the m
value at pH 1.2 was 0.5, suggestive of little deviation from the pattern (Table 3. 23).
Likewise, Tofa-LP/tfr/ES NSh released the drug through Fickian diffusion mechanism
at pH 1.2 (n=0.206, m=0.155), and by the similar mechanism at pH 7.4 (n=0.143,
m=0.25) (Table 3. 24).

3.25. Mucin Binding Study

Mucin-nanoshell interaction was studied to determine the mucoadhesive properties of
the nanoshells. Tofa-LP/tfr NSh have 53.00% +0.181129% mucin binding, while Tofa-
LP/tfr/ES NSh have 35.79% =+ 0.09 % binding (Figure 3.36 B). Tofa-LP/tfr NSh had
increased binding than Tofa-PLGA NCs (p<0.001) because of lipid and tfr content that
decreased the anionic character and improved mucus-binding. Tofa-LP/tfr/ES NSh still
have increased binding than Tofa-PLGA NCs (p<0.001). However, the presence of the
ES100 coat decreased the binding efficiency of Tofa-LP/tfr/ES NSh, as compared to
Tofa-LP/tfr NSh (Figure 3.36 B). Further, the viscosity appeared almost parallel for
both Tofa-LP/tfr NSh and Tofa-LP/tfr NSh-mucin, with a slight increase in Tofa-LP/tfr
NSh-mucin viscosity at a shear rate below 50s™! (Figure 3.36 C). The viscosity of Tofa-
LP/tfr/ES NSh-mucin complex was always greater than that of mucin or Tofa-LP/tfr/ES
NSh alone (Figure 3.36 D). The possible reason might be the very low viscosity of

formulation that increases on binding with mucin.
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Figure 3. 36: of Tofa-LP/tfr NSh and of Tofa-LP/tfr/ES NSh drug release and mucin binding studies; A:
% Cumulative drug release at SGF (pH 1.2) and SIF (pH 7.4), B: % Mucin-nanoshells binding

investigation, C: Effect of mucin binding on the viscosity of Tofa-LP/tfr NSh, D: Effect of mucin binding
on viscosity of Tofa-LP/tft/ES NSh
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Table 3. 23: Drug release kinetics of Tofa-LP/tfr NSh at pH 1.2 and 7.4

Tofa-LP/tfr NSh (pH 1.2; 0-2 hours) Tofa-LP/tfr NSh (pH 7.4; 2-72 hours)
Zero First Korsmeyer- | Hixon- Peppas- Zero First Korsmeye | Hixon- Peppas-
Parameter | order order Higuchi peppas Crowell | Sahlin order order Higuchi | r-peppas Crowell Sahlin
R _obs-pre 0.8715 0.8957 0.9762 0.9989 0.8878 1.0000 | 0.6122 | 0.9263 0.7928 0.9814 0.8041 0.9885
R? 0.6043 0.6928 0.9529 0.9977 0.6649 0.9999 | -1.1905 | 0.4350 0.6286 0.9631 0.0173 0.9771
RMSE 6.6051 5.8199 2.6305 0.5804 6.0780 0.1198 | 38.3427 | 19.4727 | 17.2956 5.4485 25.6811 4.8039
AIC 27.8099 26.5443 19.1650 4.0521 | 26.9783 -11.7509 | 65.5942 | 56.1085 | 55.1724 39.0009 59.9829 37.6762
MSC -0.7941 -0.5410 0.9348 3.9574 -0.6278 7.1180 | -2.3855 | -1.0304 -0.8967 1.4135 -1.5839 1.6028
kl= 32.7, k1=40.175,
k2=- k2= -
k0= kKp=21.692, | Khc=0.0 | 10.43, ko= kl= kKp=44.74 5.487,
Other 15.846 k1=0.188 | kH=18.542 | n=0.262 59 m=0.5 1.391 0.121 kH=6.89 | 2,n=0.123 | Khc=0.018 m=0.339
Table 3. 24: Drug release kinetics of Tofa-LP/tfr/ES NSh at pH 1.2 and 7.4
Tofa-LP/tfr/ES NSh (pH 1.2; 0-2 hours) Tofa-LP/tfr/ES NSh (pH 7.4; 2-72 hours)
Zero First Korsmeyer- Hixon- Peppas- Zero First Korsmeyer- Hixon- Peppas-
Parameter | order order Higuchi | peppas Crowell Sahlin order order Higuchi | peppas Crowell Sahlin
R obs-pre | 0.8511 0.8606 0.9629 0.9976 0.8574 0.9977 | 0.6795 0.9154 0.8429 0.9981 0.8372 0.9983
R? 0.5415 0.5793 0.9272 0.9951 0.5669 0.9953 | -0.9883 0.3887 0.7104 0.9963 0.0773 0.9966
RMSE 3.1634 3.0300 1.4554 0.3758 3.0743 0.4527 | 35.6783 | 19.7835 14.9153 1.6954 24.3053 2.0759
AIC 20.4479 | 20.0172 13.2460 -0.2934 20.1621 1.5396 | 64.5859 | 56.3302 53.0995 22.6570 59.2120 25.9155
MSC -1.0313 -0.9452 0.4090 3.1169 -0.9742 2.7503 | -2.2840 | -1.1046 -0.6431 3.7059 -1.5163 3.2404
kl= 6.59, k1=43.598,
k0= kKp=9.888, k2=3.29, k0= k1= kKp=41.1412, k2= -6.19,
Other 7.093 k1=0.076 | kH=8.137 | n=0.206 Khc=0.025 | m=0.155 1.392 0.101 kH=7.158 | n=0.143 Khe=0.018 m=0.25
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3.26. In Vitro Biocompatibility and Toxicity Studies

3.26.1. Hemolysis assay

Hemolysis assay described minimal toxicity of Tofa-LP/tfr NSh and Tofa-LP/tft/ES
NSh on blood cells at various concentrations (Figure 3. 37 A). The was no significant
difference in the viability of PBS treated and formulations’ treated RBCs. The
difference only existed between Tofa-LP/tfr NSh and Triton-X control (p<0.001).
Likewise, Tofa-LP/tfr/ES NSh differed markedly from the Triton-X hemolysis agent at
all concentrations (p<0.001) (Figure 3. 37 A). Therefore, both formulations can be

administered into the body with the least toxicity if entered systemic circulation.

3.27. Cellular biocompatibility

3.27.1.1. MTT assay (colon, macrophages)

MTT assay was performed to study the effect of Tofa-LP/tfr NSh and Tofa-LP/tfr/ES
NSh on the viability of murine-derived macrophages and colon cells. Both nano-
formulations at various concentrations were found to be inert and biocompatible with
macrophages and colon cells after 24 and 48 hours (Figure 3. 37 B-E). PBS treated
macrophages and colon cells served as a normal control for respective experiments.
Triton-X served as a negative control with pronounced cellular toxicity (p<0.001### vs
PBS control). Hence, Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh can be considered as a

safe and non-toxic strategy for colon targeting in UC.
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Figure 3. 37: In vitro hemolysis and cellular biocompatibility studies of Tofa-LP/tfr NSh and Tofa-
LP/tft/ES NSh; % Hemolytic activity exhibited by nanoshells (A), Effect of nanoshells on the viability
of macrophages after 24 hours (B) and 48 hours (C), Effect of nanoshells on the colon cell viability after
24 hours (D) and 48 hours (E)

3.27.1.2. Caco-2 apoptosis study (7-AAD, PI)

The dyes PI and 7-AAD are known to be viability dyes because these are impermeable
to the membranes of viable cells, thus, excluded from the live viable cells (Zembruski
et al., 2012; Riccardi and Nicoletti, 2006). When the cell dies, the dye crossed the
disintegrated membrane and binds to DNA and dead cells can be detected by
fluorescence. Both dyes can be detected at FL-3 (red) channels of flowcytometry. We
have treated caco-2 cells with the nano-formulations and after 6 hours assess the
viability using PI and 7-AAD, separately. The upper compartment is for 7-AAD+ or
PI+ cells (dead cells), while the lower indicated viable cells (7-AAD- or PI-). The FACS
analysis with 7-AAD dye indicated that both nano-formulations have higher
biocompatibility, with > 90% viable caco-2 cells after 6 hours (Figure 3. 38 I).
Similarly, both nanoshells have > 90% caco-2 viability, with PI dye assessment after 6
hours (Figure 3. 38 II). The difference from untreated healthy cells control (negative)

is insignificant.
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Figure 3. 38: Evaluation of Caco-2 apoptosis by the Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh, as
indicated by 7-AAD (I) and PI (II) viability dyes

3.28. Caco-2 Uptake Studies

Coumarin-6 dye loaded LP/tfr NSh and Coumarin-6 dye loaded LP/tfr/ES NSh were
prepared to observe uptake of nanoshells by the Caco-2 cells. Dye-LP/tfr NSh have
exhibited 69.32+ 20.24 a.u. (p<0.001*** vs plain dye) uptake after 2 hours and
72.94+33.02 (p<0.001*** vs plain dye) after 4 hours of incubation with Caco-2 cells
(Figure 3. 39 I). While Dye-LP/tft/ES NSh have 60.324+17.00 a.u. (p<0.001*** vs plain
dye) and 74.28+23.22 (p<0.001*** vs plain dye) internalization after 2 and 4 hours of
incubation (Figure 3. 39 I). The two nano-formulations have an insignificant difference
after 2 and 4 hours (p=NS). Additionally, FACS analysis was conducted in parallel.
The histogram revealed about 93% and 96.4% engulfment of Dye-LP/tfr NSh after 2-
and 4-hours incubation (Figure 3. 39 II). And for Dye-LP/tft/ES NSh, the uptake was
about 84.2% and 96.5% after 2- and 4-hours incubation with Caco-2 cells (Figure 3. 39
1D).
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Figure 3. 39: Caco-2 uptake investigations of nanoshells by dye fluorescence and FACS analysis; 1.
Cellular uptake of Dye loaded LP/tfr NSh and LP/tfr/ES NSh by the Caco-2 cells after 2 and 4 hours of
incubation by fluorescence microscopy (a-e); II. FACS analysis of Caco-2 uptake of Dye loaded LP/tfr
NSh and LP/tfr/ES NSh

3.29. Macrophage Assays

3.29.1. Macrophage uptake

THP-1 monocytes were converted into macrophages (Figure 3. 40 I). The derived
macrophages were incubated with Dye-LP/tfr NSh and Dye-LP/tft/ES NSh
formulations. The derived macrophages have TFR-1 (CD71) receptor expressed on

their surface (Andreesen et al., 1984). Both Dye-LP/tfr NSh (p<10-'%### vs plain dye)
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and Dye-LP/tft/ES NSh (p<10-'#### vs plain dye) have extensive uptake after 2 hours
(Figure 3. 40 Ila-g). When Tfr-Ab was added to the cell line before incubation of nano-
formulations, then the uptake of both Dye-LP/tfr NSh and Dye-LP/tfr/ES NSh was
competitively inhibited by the CD71 receptor occupying antibody (Figure 3. 40 Ilc, e,
g). The uptake of Dye-LP/tfr NSh + Tfr-Ab (p<0.001***) and Dye-LP/tftr/ES NSh +
Tfr-Ab (p<0.01**) was significantly lowered than Dye-LP/tfr NSh and Dye-LP/tft/ES
NSh, respectively (Figure 3. 40 Ila-g). And the mechanism involved for the
internalization of nano-formulations in the presence of Tfr-Ab was not CD71 mediated,

rather it might be general size mediated uptake of nano-formulations.

3.29.2. Macrophage JAK/STAT inhibition assay

Macrophages were activated into M1 pro-inflammatory macrophages (Figure 3. 40 I).
Elicited macrophages with LPS and IF-y have activated JAK/STAT pathway
(Orecchioni et al., 2019). Activated macrophages treated with PBS only have higher
expression of JAK-1 and STAT-1 (Figure 3. 40 III, IV). The macrophages were treated
with Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh to investigate their effects on JAK-1 and
STAT-1 expression. RT-PCT analysis indicated that JAK-1 was suppressed by Tofa-
LP/tfr NSh (p<0.01**) and Tofa-LP/tfr/ES NSh (p<0.001***) significantly (Figure 3.
40 III). While Tofa drug diminished it to some extent but not significant (p=NS).
Similarly, STAT-1 was inhibited by Tofa-LP/tfr NSh (p<0.05*) and Tofa-LP/tft/ES
NSh (p<0.05*) markedly, but non-significantly by Tofa alone (Figure 3. 40 IV).
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LPS (100 ng/mL)

Figure 3. 40: In vitro THP-1 derived macrophages uptake assay and JAK/STAT inhibition assay; I:
Scheme to convert activated macrophages from THP-1 monocytes, II: Cellular uptake of Dye loaded
LP/tfr NSh and LP/tft/ES NSh by THP-1 derived macrophages (a-f) and respective fluorescence intensity
(g), HI: Evaluation of expression of JAK-1 and, IV: STAT-1 by the activated macrophages and

nanoshells’ treated macrophages
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3.30. Stability Studies

On storage, the Tofa-LP/tftr/ES NSh have minor changes in physicochemical properties
with some increase in size and other minor changes. However, it retained the criteria of

suitability (Table 3. 25).

Table 3. 25: Effect of storage conditions on physicochemical properties of Tofa-LP/tfr/ES NSh (mean +
SD, n=3)

Tofa-LP/tfr/ES Initial After 1 month After 6 months
NSh 4°C 25°C 4°C 25°C 4°C 25°C
Particle size 281.3+ 281.3+ 283 + 2855+ 284.23+ 289.2+
(nm) 6.33 6.34 4.86 7.05 4.99 5.12
Zeta potential -26.7 + -26.7+ -249+ -24.5+£3.1 | -24.5+3.0 | -19.5£3.1
(mV) 2.2 2.3 2.25
PDI 0.16 0.16 0.175 0.189 0.216+ 0.218+
+0.098 +0.099 +0.09 +0.015 0.099 0.25
EE% 91.31+ 91.31+ 90.55 + 90.87 89.82 + 88.52 +
5.18 5.19 3.50 +2.14 2.80 3.15
3.31. Animal Studies

The DSS-colitis model was successfully established in all male BALB/c mice with 7-
day intake of DSS in drinking water, except for the normal healthy group.

3.32. Preliminary In Vivo Studies
3.32.1. Nanoshell’s colon targeting ability and localization

The targeting potential of Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh was determined by
the quantification of the released drug in the colon and vital organs, post 6 hours
administration to the DSS-colitis mice. Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh
accumulated about 17.94 + 0.17% and 32.79% =+ 3.49% drug at the inflamed colon
(Figure 3. 41 I). The drug content localized in the colon by Tofa-LP/tft/ES NSh
(p<0.01™) was greater than Tofa-LP/tfr NSh,
concentration by Tofa-LP/tfr/ES NSh (p<0.01"") was smaller than Tofa-LP/tfr NSh

similarly, the stomach drug

(Figure 3. 41 I). It highlighted the role of pH-sensitive coat that enhanced colon drug
delivery and protects the drug dumping at the stomach. The spleen had <2% for both
nanocarriers and the small intestine had lesser drug share by Tofa-LP/tft/ES NSh
(p<0.01™"), compared to Tofa-LP/tfr NSh (Figure 3. 41 I). The kidney and liver have
minimal drug content from both types of nanoshells. However, Tofa-LP/tftr/ES NSh
group has more drug in the liver than Tofa-LP/tfr NSh (Figure 3. 41 I), maybe because

of increased drug absorption. Further, it has been observed in a comparative study that
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Tofa-LP/tfr/ES NSh had released more drug in the DSS-inflamed colon than the healthy
colon (Figure 3. 41 II), illuminating the role of pH-sensitive nanoshells in colon

inflammation.

Figure 3. 41: Preliminary in vivo nanoshells localization and retention studies and colon-macrophages
uptake; I: Relative drug retention by Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh in the DSS-induced mice,
II: Drug localization in the normal healthy and DSS-induced colitis mice after 6 hours of Tofa-LP/tfr/ES
NSh oral administration, III: Uptake by the colon-macrophages after oral administration of nanoshells to

the DSS-colitis mice (n=3)
3.32.2. Flow cytometry uptake study

The in vivo macrophage uptake determination by flowcytometry suggested increased
uptake of dye-LP/tfr NSh and dye-LP/tft/ES NSh by the colon derived macrophages,
compared to untreated controls (Figure 3. 41 III). A deviation in the forward scattered
plot (FSC-H) indicated changes in morphology, size, and structural dimensions of the
macrophages (Patel et al., 2016a; Alwani et al., 2016). About 9.04% and 8.39% area
was shifted from the marked area by the dye-LP/tfr NSh and dye-LP/tft/ES NSh groups,
respectively (Figure 3. 41 III). The shift represented intake of nanoshells by colon

recruited macrophages.
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3.32.3. In vivo visualization of biodistribution of nanoshells

Co-6 dye-loaded LP/tfr NSh and LP/tfr/ES NSh were given orally to the healthy and
DSS-induced colitis mice to observe in vivo biodistribution inside the gut. After 18
hours, the whole GIT was excised and observed under Maestro In Vivo Imaging System
(CRI, Inc., Woburn, MA) for the fluorescence generated from the dye-loaded
nanoshells. It was observed that Co-6- LP/tfr NSh majorly localized in the upper part
of the small intestine in the healthy mice (a) and the mid part of the small intestine in
the DSS-mice (c) (Figure 3. 42 Ia, ¢). Some dye emissions can be observed from the
colonic region attributed to some localized concentrations in the colon as well. Whereas
Co-6- LP/tft/ES NSh have major red fluorescent emission from the colon area of both
the healthy (b) and DSS-induced mice (d) (Figure 3. 42 Ib, d). In DSS-colitis mice, the
Co-6- LP/tfr/ES NSh have accumulation in the cecum and colon, with very lesser spots
in the small intestine.

Further, the colon tissue from healthy and DSS-colitis groups treated with Co-6-
LP/tfr/ES NSh were visualized under the confocal microscope to study tissue-level
localization. Co-6 either entrapped or released from the nanoshell was detected under
red signal, DAPI was stained to locate cell nucleus, and the overlay image gave a full
picture. It was obvious from confocal images that the nanoshells have a higher

accumulation in the DSS-inflamed colon than the healthy colon (Figure 3. 42 II).
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Il. COLON ) Healthy + CO6-  b) DSS + CO6- c) Control
LPt/ES NPs LPt/ES NPs

Figure 3. 42: Nanoshells in vivo biodistribution imaging studies; I: Nanoshells biodistribution inside the

DAPI

Co-6

Overlay

GIT post 18 hours oral administration to the healthy and DSS-inflamed mice, II: Confocal microscopic
images of the excised colon from healthy and DSS-induced mice, treated with dye loaded LP/tfr/ES NSh
(DAPI: blue channel, Co-6: red channel)
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3.33. In Vivo Therapeutic Efficacy Investigations
3.33.1. Morphological assessment of colitis severity and treatment efficacy

One of the major manifestations of UC is bodyweight reduction. In our experiment,
DSS significantly lowered the weight of the mice from day 1-14. Tofa-LP/tfr NSh
recovered the bodyweight of the mice afflicted with DSS-induced colitis, and Tofa-
LP/tft/ES NSh also restored the mice weight (Figure 3. 43 A). Further, the DAI score
is the index of disease activity, therefore, the colitis mice have the highest DAI score
on Day 8-9, with a little recovery of DAI on the 14" day because of the self-healing
properties of the tissues (Figure 3. 43 B). But still, the DSS-DAI score was highest
among all groups. Treatment with the nanoformulations retrieved the DAI score near
the normal values, for instance, Tofa-LP/tfr NSh and Tofa-LP/tfi/ES NSh have the DAI
score of 4.6+0.42 and 3.6+0.53, respectively on the 14™ day (Figure 3. 43 B).

Furthermore, the physical evaluation of DSS-induced colitis mice indicated a
significant loss in the length of the colon (p<0.01##) and small intestine (p<0.05#), with
an increase in weight of the colon (p<0.01##) and spleen (p<0.001###), compared to
the normal (Figure 3. 43 C, D). The resultant increase in colon weight to length ratio is
another index of disease severity of the DSS mice (p<0.001### vs normal) (Figure 3.
43 E). The other excised organs including the heart, kidney, liver, lungs, and stomach
had a negligible effect on colitis (Figure 3. 43 D). Colon length (p<0.05%*), colon weight
to length ratio (p<0.01**), and spleen weight (p<0.01**) were resumed by the
treatment with Tofa-LP/tfr NSh (Figure 3. 43 C-E). Likewise, Tofa-LP/tfr/ES NSh
recovered the inflammation indices including colon length (p<0.001***), colon weight
(p<0.001***) weight to length ratio (p<0.001***) and splenic weight (p<0.001***)
significantly (Figure 3. 43 C-E). The length of the small intestine was restored by Tofa-
LP/tfr NSh (p<0.05*) and Tofa-LP/tfr/ES NSh (p<0.001**) therapy (Figure 3. 43 C).
The vital organs have no toxic effects by the treatment with nano-formulations (Figure

3.43 D).

The survival analysis of the all groups indicated that only 20% of mice survived in the
DSS induced colitis group till the end of the experiment, while Tofa-LP/tfr NSh and
Tofa-LP/tfr/ES NSh have about 80% and 100% survival rate, respectively (Figure 3. 43
F).
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3.33.2. Histopathological reversal of colitis

DSS caused significant damage to the architecture of the colon, as evident from the
histopathological score of 12 (p<0.001###), compared to the normal mice score of 0.67
(Figure 3. 43 G-H). Tofa drug restored the features (p<0.01**). While Tofa-LP/tfr NSh
(p<0.001***) and Tofa-LP/tfr/ES NSh (p<0.001***) more significantly lessened the
histological damage because of significant healing of epithelial membrane, crypt’s
structure restructuring and decreased the number of immune cells infiltrates (Figure 3.
43 G-H). Tofa-LP/tfr/ES NSh have significantly greater healing than the plain drug
Tofa (p<0.05"), whereas Tofa-LP/tfr NSh did not differ markedly.
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Figure 3. 43: Therapeutic evaluation of Tofa loaded nanoshells’ treatment efficacy through
morphological, physical, histological and vascular integrity assessment; Bodyweight (%) (A), DAI score
(B), Intestine length (C), Organ’s weight (D), Colon weight to length ratio (E), and % survival analysis
(n=5) (F), Histological images (Ga-e), Cumulative histo-score (n=5) (H), and vascular integrity
assessment by the permeated Evans blue dye by the normal, DSS-colitis, Tofa, Tofa-LP/tfr NSh and
Tofa-LP/tft/ES NSh treated groups (n=3)
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3.33.3. Assessment of vascular integrity

Colon vasculature intactness was assessed through the amount of Evans blue permeated
across the blood vessels to the colon tissue (Radu and Chernoff, 2013). Since the vessels
became leaky in inflammation, therefore, DSS-colitis have the highest amount of dye
content (2.087 = 0.0062 pg/mg tissue, p< 0.001###) compared to the normal (0.71 £
0.0013) (Figure 3. 43 I). Tofa, Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh significantly
recovered the endothelial membrane, as demonstrated by the decline in Evans blue
concentration in the colon tissues to 1.091+ 0.0079 pg/mg, 0.81+ 0.020 pg/mg and
0.802 + 0.019 pg/mg, respectively (Figure 3. 43 I). Both nanoshells have superior
efficacy than plain drug Tofa (p<0.001"**, Figure 3. 43 I).

3.33.4. RT-PCR analysis for the expression of inflammatory (iNOS), mechanistic
(STAT-1), epithelial membrane (E-cadherin), and receptor-oriented
proteins (TFR-1)

JAK/STAT is the pathway that aggravates inflammation in colitis (Salas et al., 2020),
and Tofa acts by inhibiting JAK/STAT pathway, therefore, we have studied STAT-1
expression. RT-PCR expression of STAT-1 was down-regulated by the treatment
groups, which was elevated in DSS mice (p<0.05# vs normal). Tofa-LP/tfr/ES NSh
lowered the levels most significantly (p<0.05*), followed by Tofa-LP/tfr NSh
(p<0.05*) and Tofa (p=NS) (Figure 3. 44 A).

Since recruitment of immune cells particularly macrophages rose in the inflammation,
therefore, TFR-1 or CD71 receptors on the surface of macrophages and colon cells
became an ideal target for IBD. The expression of TFR-1 increased in DSS colitis mice
(p<0.05# vs normal). However, the expression was significantly diminished in the
Tofa-LP/tfr NSh (p<0.05*) and Tofa-LP/tftr/ES NSh (p<0.05%*) treated groups (Figure
3. 44 B). Plain drug have an insignificant effect. The encapsulated drug was released
from the nanoshells in a sustained manner with an enhanced activity that reversed
inflammatory events and suppressed the immune cells that ultimately decreased TFR-
1 expression. It seems to be interesting that our rationale of TFR-1 targeting
automatically worked in the case of colon inflammation with decreased targeting

efficacy to the normal tissue.

196



Chapter 3: Results

Colitis leads to severe damage of epithelial linings, as evident from decreased levels of
tight junction protein, E-cadherin, in the DSS inflamed mice (p<0.001### vs normal,
Figure 3. 44 C). The expression of tight junction gate proteins was slightly restored by
Tofa (p=NS), and pronouncedly recovered by Tofa-LP/tfr NSh (p<0.05*) and Tofa-
LP/tfr/ES NSh (p<0.05%*) (Figure 3. 44 C).

Furthermore, the JAK/STAT mechanism is also linked to NF-kB, therefore, it aided to
reduce the levels of iNOS either by a direct or indirect mechanism. The increase of
iNOS in the DSS induced colitis mice was decreased by Tofa (p=NS), Tofa-LP/tfr NSh
(p<0.05*), and Tofa-LP/tft/ES NSh to (p<0.05*) (Figure 3. 44 D). iNOS is a key
mediator of inflammation that generated free oxygen species to produce a potent
inflammatory response. Declined iNOS concentrations in the nanoshells’ treated groups

indicated prominent healing and recovery.

3.33.5. Pro-inflammatory cytokines assessment

The inhibition of the JAK/STAT pathway and subsequent NF-kB blockade decreased
the pro-inflammatory cytokines storm. Therefore, the concentrations of IL-6 in the
serum were lowered by Tofa (p<0.001***), Tofa-LP/tfr NSh (p<0.001**%*), and Tofa-
LP/tft/ES NSh (p<0.001***) (Figure 3. 44 E). Furthermore, TNF-a was declined by all
treatment groups (p<0.001***), especially by Tofa-LP/tfr/ES NSh (Figure 3. 44 F).
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Figure 3. 44: RT-PCR expression of STAT-1 (A), TFR-1 (B), E-cadherin (C) and iNOS (D); And levels
of proinflammatory cytokines, IL-6 (E) and TNF-a (F) from the colon tissue excised from normal, DSS-

colitis, Tofa and Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh groups (n=5)

3.33.6. Antioxidant protection by the nanoshell delivered drug to the colon
3.33.6.1. Immunohistochemistry for antioxidant markers

Nrf2 is known to play an essential role in the cellular detoxification mechanism by
expressing various enzymes and proteins with antioxidant properties including GSH,
and HO-1. HO-1), HO-1 scavenges free oxidative radicals and lowered oxidative stress

in inflammation (Saha et al., 2020).

Here, we investigate the expression of Nrf2 and HO-1 in the excised colon tissues of
each group through immunohistochemistry. The findings demonstrated low expression
of the respective markers (Nrf2, HO-1) in the DSS inflamed colon (p<0.001### vs
normal, Figure 3. 45 I-11). HO-1 expression was upregulated by Tofa (p<0.01**), Tofa-
P/tfr nanocarrier (NCs) (p<0.01*%*), Tofa-LP/tfr NSh (p<0.01**), and Tofa-LP/tft/ES
NSh (p<0.001***) (Figure 3. 45 la-g). The highest expression was observed in the
Tofa-LP/tfr/ES NSh treated group (Figure 3. 45 Ig). Nrf2 was also upregulated by the
treatment groups, but mostly by the Tofa-LP/tfr/ES NSh group (Figure 3. 45 II).
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Tofa downregulates phosphorylated JAK/STAT via Nrf2 translocation to the nucleus
in inflammatory and neurodegenerative diseases (Ma et al., 2015; Guo et al., 2016),
therefore the resultant Nrf2 up-regulation alleviates the inflammation. Further,
JAK/STAT inhibition, in turn, downregulated NF-xB pathways that is also responsible
for Nrf2 enhanced function by encapsulating Tofa (Sharma et al., 2020).

3.33.6.2. Biochemical antioxidant assays

The excessive production of reactive oxygen species and lack of antioxidant enzymes
weakened the natural cellular protection in colitis. The assessment of antioxidants GSH,
GST, and catalase enzyme indicated a sharp decline in DSS induced colitis (Figure 3.
45 A-C), whereas the oxidative species like MDA and NO were enhanced pronouncedly
in colitis (Figure 3. 45 D, E). Tofa increased antioxidants and lowered down oxidants
(Figure 3. 45 A-E). The treatment with Tofa-LP/tfr NSh elevated GSH (p<0.001**%*),
GST (p<0.001***) and catalase (p<<0.001***) and decreased NO (p<0.001***) and
MDA (p<0.001***) (Figure 3. 45 A-E). Likewise, Tofa-LP/tfr/ES NSh rose sharply
GSH (p<0.001***), GST (p<0.001***) and catalase (p<0.001**%*), while significantly
levelled down NO (p<0.001***) and MDA levels (p<0.001***) (Figure 3. 45 A-E).
Furthermore, neutrophil marker MPO increased up to many times in DSS induced
colitis (p<0.001### vs normal, Figure 3. 45 F). The MPO activity was most
prominently lowered by Tofa-LP/tft/ES NSh treatment (p<0.001***_ Figure 3. 45 F),

as a result of extended drug-mediated immunosuppression.
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Figure 3. 45: Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh mediated in vivo antioxidant protection analysis
through immunohistochemistry and biochemical antioxidant assays; Assessment of antioxidant markers
expression, HO-1 (I) and Nrf-2 (II) by immunohistochemistry of the excised colon tissues from normal,
DSS-colitis, Tofa and Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh groups; Biochemical assays to determine
antioxidant protection through quantification of antioxidants GSH (A), GST (B) and Catalase (C), and
oxidative species NO (D), MDA (E) and neutrophil marker MPO (F) in the colon tissue excised from
normal, DSS-colitis, Tofa and Tofa-LP/tfr NSh and Tofa-LP/tfr/ES NSh groups (n=5)
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3.33.7. Evaluation of bloodborne indices

Blood was collected to evaluate the course of therapy of colitis through various indices.
The total leukocyte count (TLC) was found to be pronouncedly higher in the colitis
mice (15.4x10%/uL £ 0.8 x10°/uL, p<0.001###) than the normal control (8.6 x10°/uL +
0.2 x10°/uL) (Figure 3. 46 A). The count was considerably reduced by Tofa-LP/tfr NSh
to 6.73 x10°/uL £ 0.75 x10%/uL (p<0.001***) and by Tofa-LP/tft/ES NSh to 5.57
x10%/uL £ 0.21 x10°/uL (p<0.001***) (Figure 3. 46 A). The RBC count was decreased
by DSS induction (p<0.01## vs normal), which was restored by Tofa-LP/tfr NSh
(p<0.01**) and more by Tofa-LP/tfr/ES NSh (p<0.001***) (Figure 3. 46 A). The
Hemoglobin (Hb), packed cell volume/hematocrit (PCV/HCT), and mean corpuscular
hemoglobin (MCH) were also recovered towards normal values by both Tofa-LP/tfr

NSh and Tofa-LP/tft/ES NSh (Figure 3. 46 A).

The RFT parameters like serum urea concentration were found in the normal range of
12-45 mg/dL, serum creatine up to 1.2 mg/dL, and serum uric acid <7 for both Tofa-
LP/tfr NSh and Tofa-LP/tfr/ES NSh (Figure 3. 46 B). Further, CRP values were lesser
than 6 for both Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh (Figure 3. 46 C), indicating

no inflammation.

3.33.8. Assessment of feces microbial growth

The natural microbiome of the colon is disturbed in colitis. Therefore, we estimated the
bacterial growth of the feces taken from the bowel of each group. Findings indicated
increased bacterial growth in the DSS-induced colitis mice (p<0.001### vs normal,
Figure 3. 46 D). Treatment with the plain drug had a negligible effect on the growth
rate, while bacterial logioCFU/mL was reduced predominantly with Tofa-LP/tfr NSh
(p<0.01**) and Tofa-LP/tft/ES NSh (p<0.001***) treatment (Figure 3. 46 D).
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Figure 3. 46: Elucidation of the effect of therapy on the blood cells count (A), renal function (B), C-
reactive proteins (CRP) (C), and colony-forming units from the feces of Normal control, DSS-colitis,

Tofa, and Tofa-P/tfr NCs groups (D)
3.33.9. In vivo biocompatibility evaluation of Tofa-LP/tfr/ES NSh

Tofa-LP/tfr/ES NSh was administered to healthy mice for 7-days to study the effects of
acute toxicity. The mice have a normal food intake pattern, sleep cycle with no signs of
distress and allergy. The daily body weight measurements indicated negligible changes
from day 0-4 and 6-7, only a deviation was observed at day 5 (Figure 3. 47 A). Multiple
confounding factors might be responsible for this deviation and more detailed
investigations are required. Further, the gross investigations demonstrated no effect on
weights of organs, intestine length, and colon weight to length ratio (Figure 3. 47 B-D).
The colon microbial flora remained intact and same growth rate as that of healthy mice
(Figure 3. 47 E). Colon tissue apoptotic study revealed about 85% viable live cells
compared to 94% live cells in the healthy untreated controls (Figure 3. 47 F). Though
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the nanoshells still proved to be safe, however, long-term investigations will further

establish the safety profile.

Figure 3. 47: In vivo biocompatibility evaluation of Tofa-LP/tfi/ES NSh through morphological,
microbial, and apoptotic parameters; % Body weight (A), Weight of vital organs (B), Intestinal length
(C), Colon weight to length ratio (D), Fecal microbial content (E) and Colon apoptosis by the nano-

formulation using Annexin-V and PI dyes after 7-day administration to the healthy mice (n=3)
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PART-III
TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs

3.34. Preparation and Optimization of TAC-P/Lys NCs and TAC- P/Lys/ES-
L100 NCs

HPLC calibration curve of TAC was developed under standard conditions with linearity

(R?=0.995) and robustness (Figure 3. 48).

Figure 3. 48: HPLC Calibration Curve of TAC

The process parameters including probe sonication time, surfactant concentrations and
ES100-EL100 ratios were the most influencing on particle size. Probe sonication for 90
seconds had reduced particle size with enough shear stress, 2% PVA surfactant
produced desired size distribution and further increase in concentration increased the
size. ES100-EL100 1:1 ratio dissolved reasonably in the solvent and worked best for
coating, other ratio disturbed stability. That’s why these parameters were kept fixed and

nanocarriers were developed by using these ranges.

The obtained TAC-P/Lys NCs and TAC- PLGA/Lys/ES-L100 NCs have a particle size
of 108.3 nm £ 0.964 nm and 240.4 nm + 4.586 nm, respectively (Figure 3. 49 I-III).
The pH-sensitive coat increases the size, but it is still <300 nm which is necessary for
uptake by the cells (Zeeshan et al., 2019a). Additionally, the coat disintegrates at
colonic pH, exposing the underneath core with diminished size. The zeta potential of
TAC-P/Lys NCs was negative, while TAC-P/Lys/ES-L100 have a more negative
potential of -29.2 mV £ 0.935 mV (Figure 3. 49 I-11I), because of the anionic Eudragit
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S/L mixture with free carboxyl groups that makes the surface more negatively charged.
Since particles repel due to more ionic charge, therefore, it facilitates towards more
stable nanosuspension. The PDI of both formulations complied with the range of
monodispersed homogenously distributed nanocarrier (Figure 3. 49 III). Further, the
SEM and TEM analysis indicated the homogenous distributed, spherical-shaped,
smooth surface topology of both nanocarriers. The ES-L100 coated formulation has a
more whitish tinge on the outside than the interior of the particles, indicating the
presence of a coat (Figure 3. 49 IV-V). The encapsulation efficiency of TAC-P/Lys
NCs and TAC- PLGA/Lys/ES-L100 NCs was found to be 89.07% +4.76% and 92.26%
+ 0.021% (Figure 3. 49 VI), and the drug content was 59.38 pg/mg + 3.18 pg/mg and
26.36 pg/mg + 0.06 pg/mg, respectively (Figure 3. 49 VI). DSC thermogram of drug-
loaded nanocarriers demonstrated thermal stability over a range of temperature from -
10°C to 220°C. The drug had a sharp melting point at 130°C, which indicated its
crystalline nature. The peak was absent in the drug-loaded nanocarriers because of the
conversion of the drug into an amorphous form inside the nanocarriers (Figure 3. 49

VII).
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VII.

Figure 3. 49: Physicochemical properties of TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs (mean +
SD, n=3); I: Particle size of TAC-P/Lys NCs, II: Particle size of TAC-P/Lys/ES-L100 NCs, III:
Physicochemical parameters of TAC loaded nanocarriers, [V: SEM images of TAC-P/Lys NCs (A) and
TAC-P/Lys/ES-L100 NCs (B), V: STEM images of TAC-P/Lys/ES-L100 NCs, VI: % Encapsulation and

drug loading of nanocarriers, VII: DSC thermograms of drug (TAC), excipients and nanocarriers
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Figure 3. 50: In vitro drug release of TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs in SGF at pH 1.2
and SIF at pH 7.4

3.35. Drug Release Studies and Kinetics

In vitro drug release studies of TAC-P/Lys NCs and TAC-P/Lys/ES-L.100 NCs were
performed at SGF (pH 1.2) and SIF (pH 7.4), according to the physiological pH values
and our rationale. TAC-P/Lys NCs have retarded burst release of drug at pH 1.2, as
exhibited by TAC-PLGA NCs. L-Lysine adsorption has controlled the release rate,
therefore, it aided against stomach degradation of the drug (Figure 3. 50). Further, TAC-
P/Lys/ES-L100 NCs have dual pH-sensitive polymers that induced more control over
drug release at acidic pH. The burst release effect at pH 1.2 was more lessened by TAC-
P/Lys/ES-L100 NCs than without ES-L.100 coat (Figure 3. 50). The combination of
pH-sensitive polymers in the nanocarriers prevented offsite targeting in other regions
of GIT. The drug release in SIF (pH 7.4) from both nanocarriers was parallel to each

other with a sustained release character (Figure 3. 50).

The drug release kinetics indicated that TAC-P/Lys NCs followed the Korsmeyer-
Peppas model at pH 1.2 and pH 7.4. The mode of drug release was non-Fickian
diffusion (n>0.5) at pH 1.2 and Fickian diffusion (n<0.5) at pH 7.4 (Table 3.26). TAC-
P/Lys/ES-L100 NCs were best fitted to Korsmeyer-Peppas at pH 1.2 and pH 7.4,

respectively. The n-value indicated non-Fickian diffusion of drug release at pH 1.2 and
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Fickian diffusion at pH 7.4 to be the mechanism of drug release from TAC-P/Lys/ES-
L100 NCs (Table 3.26)

Table 3. 26: Drug release kinetic modeling of TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs at pH 1.2
and 7.4

TAC-P/Lys NCs (pH 1.2; 0-2 hours)

TAC-P/Lys NCs (pH 7.4; 2-72 hours)

Parame Zero First | Higuchi | Korsmeyer- | Hixon- | Zero First | Higuchi | Korsmeye | Hixon-
ter order order peppas Crowell | order | order r-peppas | Crowe
11
R _obs- | 0.9998 [ 0.9989 | 0.967 1.000 0.993 0.545 0.987 0.74 0.9921 0.76
pre
Rsqr 0.9994 | 0.9974 [ 0.932 1.000 0.984 -1.573 | 0.924 | -0.0102 0.9843 0.044
RMSE 0.195 0.419 2.138 0.000 0.383 50.90 8.75 31.89 4.3619 31.036
AIC -5.74 -1.145 8.64 Perfect fit -1.685 69.56 | 44.91 63.02 35.89 62.63
MSC 6.145 4.615 1.353 Perfect fit 2.924 -2.82 | 0.7014 | -1.885 1.99 -1.83
Other k0= k1=0.0 | kH=10. [ kKp=7.89, | Khc=0. k0= k1= kH=14. | kKp=63.85 | Khe=
8.138 88 359 n=1.055 029 1.719 0.236 402 9,n=0.084 | 0.021
TAC-P/Lys/ES-L100 NCs (pH 1.2; 0-2 hours) TAC-P/Lys/ES-L100 NCs (pH 7.4; 2-72 hours)
Parame Zero First | Higuchi | Korsmeyer- | Hixon- Zero First | Higuchi | Korsmeye | Hixon-
ter order order peppas Crowell | order | order r-peppas | Crowe
11
R_obs- 0.994 | 0.9931 0.942 1.0000 0.993 0.593 0.982 | 0.7757 0.9979 0.7825
pre
Rsqr 0.986 | 0.9836 0.88 1.0000 0.984 -1.416 | 0.902 0.09 0.9959 0.1139
RMSE 0.364 | 0.3918 1.060 0.000 0.383 48.67 9.800 29.8 2.1988 29.478
AIC -1.983 - 4.430 -203.94 -1.685 65.73 46.49 62.097 26.296 61.914
1.5427
MSC 3.024 2.876 0.886 70.344 2.924 -2.345 | 0.476 -1.753 3.3617 -
1.7265
Other k0= k1=0.0 | kH=3.6 [ kKp=2.4681 | Khc=0. k0= k1= kH=14. | kKp=60.31 | Khe=
2.929 3 93 , n=1.302 01 1.460 0.221 289 9,n=0.098 | 0.021
3.36. In Vitro Cell-Based Studies

3.36.1. Caco-2 viability assay with 7-AAD and PI staining

To elucidate the toxicity potential of TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs
on Caco-2 cells, the cell viability assays with 7-AAD and PI were performed. After 6
hours of incubation, TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs have Caco-2
viability of about 90.3% and 91.6% with 7-AAD dye; and about 92.3% and 93.4% with
PI dye, respectively (Figure 3.51 I). Only viability dye (7-AAD or PI) treated cells

served as a positive control, while untreated cells as a negative control. Thus, the

nanocarriers proved to be non-toxic and biocompatible with the cells. After 24 hours of
incubation, TAC-P/Lys NCs had the caco-2 viability of about 90.3% and TAC-
P/Lys/ES-L100 NCs had 91.6% cellular viability, as assessed by the 7-AAD dye. The
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PI dye test additionally confirmed the findings, with 92.3% and 93.4% viable caco-2
cells on 24 hours incubation with TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs,
respectively (Figure 3.51 II).

Figure 3. 51: Effect of TAC loaded nanocarriers on caco-2 viability after 6 and 24 hours of incubation

using 7-AAD (I) and PI (II) dyes
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3.36.2. Caco-2 uptake

Coumarin-6 dye-loaded nanocarriers were prepared and assessed for the uptake
potential by the Caco-2 cells. The cellular internalization of TAC-P/Lys NCs and TAC-
P/Lys/ES-L100 NCs was pronounced with mean fluorescence intensity of about 140.56
a.u. £43.09 a.u. (p<107****) and 105.37 a.u. = 30.78 a.u (p< 107>****) compared to
the plain dye (43.52 a.u. = 6.15 a.u) (Figure 3. 52 I). Therefore, both nanocarriers can
retain at the colon inflamed tissue due to extensive uptake by the cells. However, TAC-
P/Lys NCs (p<0.01"") have more uptake than TAC-P/Lys/ES-L100 NCs (Figure 3. 52

I), because of their comparatively lower size.

3.36.3. Macrophage uptake studies

THP-1 monocytes were successfully converted into macrophages, as evident from
morphology and expression of surface markers. Both TAC-P/Lys NCs and TAC-
P/Lys/ES-L100 NCs were predominantly engulfed by the macrophages, emitting mean
fluorescence intensity of 93.36 a.u. £ 37.44 a.u. (p< 107°****) and 99.35 a.u. = 30.97
a.u. (p< 107%***) respectively after 2 hours of incubation (Figure 3. 52 II). The two
groups of nanocarriers have an insignificant difference in the uptake by the

macrophages (Figure 3. 52 II).
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Figure 3. 52: TAC based nanocarriers uptake by Caco-2 cells (I) and THP-1 derived macrophages (II)

3.37. Animal Studies

OXA induced colitis model was considered because it is a T helper cell type 2 (Th2)
mediated process. Stimulated T-cells produced abundant cytokines that exacerbate
inflammation. Since TAC is a T-cell suppressor drug, therefore, this model is suitable

for the study of the therapeutic effects of the drug and its nanocarriers.

3.37.1. Development of OXA-induced colitis and Therapeutic evaluation of
nanocarriers through morphological indices

Mice were experimentally divided into 5 groups. The first one was the normal control,
the second was OXA-colitis with no treatment, and the last three groups were treated
with TAC, TAC-P/Lys NCs, and TAC-P/Lys/ES-L100, respectively. The experimental
study design is depicted in Figure 3.53 L. To assess the degree of inflammation during
therapy, a mini endoscopy was performed to assess the inflammation indices like
diarrhea, rectal bleeding, mucus production, angiogenesis, etc. on a wide window. The
MEICS score was based on the inflammation indices, mentioned in Table 2. 8. OXA-
colitis have excessive mucous production, granularity, translucency, etc. (Figure 3.53

II), with a significantly higher MEICS score than the normal control (9.5+ 0.7 vs 1.0 +
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1.0, p<0.01##, Figure II-1II). TAC reduced the score up to 6 + 3, but not significantly
(p=NS) (Figure 3.53 II-III). While TAC-P/Lys NCs and TAC-P/Lys/ES-L100
significantly declined the disease severity and inflammation indices to MEICS score of
4.25 + 0.96 (p<0.01**) and 3.25 + 1.66 (p<0.01**), respectively (Figure 3.53 II-III).
The bodyweight of the mice was monitored from day 1-5 of the treatment. We have
noticed that OXA-colitis mice continuously lose weight till the third day after induction
and slightly gained weight on the 4" day (Figure 3.53 IV). Therefore, we have
euthanized all the mice groups on the 4™ day. While treatment with TAC drug, TAC-
P/Lys NCs and TAC-P/Lys/ES-L100 have an initial weight decline which was
stabilized afterward with the weight recovery of up to 88.92% + 3.65% (p=NS), 89.97%
+ 3.78%, (p<0.05*) and 90.98% =+ 2.26% (p<0.05%*), respectively, at the end of the
experiment (Figure 3.53 IV). The MEICS and body weight loss were resumed by TAC-
P/Lys/ES-L100 greater than the counterpart treatments. Both nanocarriers worked
better than the plain drug. And ES-L100 coated nanocarriers proved to be superior in

recovering the MEICS and body weight than uncoated nanocarriers (Figure 3.53 II-1V).

Colon length was decreased by OXA induction (p<0.05# vs normal) (Figure 3.53 V-
VI). TAC restored the length up to 7.50 cm + 0.71 cm (p=NS), TAC-P/Lys NCs up to
7.75 em £ 0.957 cm (p<0.05*) and TAC-P/Lys/ES-L100 NCs up to 8.5 cm £+ 0.5 cm
(p<0.05*) (Figure 3.53 V-VI). Therefore, colon weight to length ratio, disturbed by
colitis (p<0.01## vs normal), was regained towards normality by the treatment groups,
in the order TAC-P/Lys/ES-L100 NCs > TAC-P/Lys NCs > TAC drug (Figure 3.53
VID).
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ll. V.

V. VL. VII.

Figure 3. 53: Therapeutic evaluation of TAC nanocarriers in the OXA-colitis mice through endoscopic
and morphological parameters; I. Scheme of experimental design, II. Endoscopic evaluation of colon for
the assessment of inflammation, III. MEICS score, IV. Body weight of mice during induction and

treatment, V-VI. colon length and VII. Colon weight to length index (n=4/group)
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3.37.2. Histopathological analysis

The exacerbation of inflammation in OXA induced mice led to damage of colon crypts,
compromised epithelial membrane integrity, recruited immune cells burdened the tissue
with heavy payloads of pro-inflammatory markers and mediators. All the tissue damage
can be visualized through histological observations (Figure 3. 54 I). The normal control
had preserved tissue architecture. The OXA-colitis mice have the highest histological
score (11.33 £0.19, p<0.001###), compared to the lowest score of normal control (0.67
+ 0.193, Figure 3. 52 I-1I).

Histological analysis of mice from TAC, TAC-P/Lys NCs and TAC-P/Lys/ES-L100
have the cumulative histo-scores of 7.33 £ 0.38 (p<0.01*%*), 5.67 = 0.19 (p<0.001**%*),
and 4.67 = 0.38 (p<0.001***), respectively (Figure 3. 52 I-II). Both nanocarriers

restored inflammation severity greater than the plain drug.

The healing was more prominent with ES-L.100 nanocarriers than the other groups. The
TAC-P/Lys/ES-L100 NCs treatment had recovered the histological features and
mucosal distortions towards the normal. Thus, it pleaded the point that the enteric coat
delivered more amount of drug specifically to the colon and restored the inflammation

associated damage.

The histological features of the small intestine have a mild effect of colitis, while the
stomach remains unaffected (Figure 3. 52 III-IV). Therefore, treatment groups have a

negligible effect on the small intestine and stomach (Figure 3. 52 III-IV).
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Figure 3. 54: Histopathological investigation of OXA-colitis group and the treatment groups; I. Colon,

II. Colon histoscore, III. Small intestine, I'V. Stomach

3.37.3. IVIS imaging to assess myeloperoxidase (MPQO) activity

MPO is a heme-containing peroxidase enzyme and has a progressive role in the
initiation and progression of inflammation. It is abundantly present in the granulocytes,
mostly expressed in the neutrophils, therefore, it regulated neutrophil function. MPO
catalyzed the reactions generating reactive oxygen species that aggravate the

inflammation (Aratani, 2018). Here, we have elucidated MPO activity, as a marker of
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neutrophil infiltration that increased during inflamed conditions. The live mice imaging
to detect MPO levels using IVIS is a unique alternative to existing methods (Ali et al.,
2014). Injected luminol is a redox-sensitive dye, which emitted blue luminescence
(wavelength= 425 nm) on exposure to the oxidizing agent. IVIS imaging detected
bioluminescence signals of oxidative species from mice of each group. The scale of
luminescence demonstrated the intensity of the signals and inflammation (Figure 3.55).
The highest signal was received from the OXA-colitis group that indicated colitis
severity (Figure 3.5. The mice treated with plain TAC have comparatively lesser signals
than OXA-colitis, which is a sign of little healing. Whereas very weak luminescence
was detected from TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs treated mice (Figure
3.55) indicating lowered MPO activity. Both nanocarriers were efficient in combating
MPO levels and free oxidative species that in turn revealed lesser granulocyte in the

colon and amelioration of colon inflammation.

Figure 3. 55: Effect of TAC based nanocarriers on the MPO activity in the OXA-colitis, assessed by
IVIS system

3.37.4. Evaluation of treatment mediated pITK suppression to mediate protection
against OXA-colitis by Immunohistochemistry and flowcytometry

ITK plays a major role in inflammation and auto-immune disorder (Lechner et al.,

2020). TAC being an immunosuppressive drug mediates its action through calcineurin

216



Chapter 3: Results

and NFATc inhibition and T-cell suppression (Wu et al., 2020). In the T-cells, ITK is
activated to phosphorylated ITK (pITK) by T-cell receptor signaling and Lck (Lechner
et al., 2021). pITK activated several inflammatory pathways like MAPK, NF-kB,
NFATc, etc. (Gallagher et al., 2020).

In the previous study, the OXA-colitis model demonstrated elevated mRNA levels of
ITK and active production of pITK by the mucosal CD4+ T-cells (Lechner et al., 2021).
Here, we have assessed pITK expression levels in the T-cells of the colon and spleen

to know OXA-induced disease activity and the drug action.

Colon tissues were stained for CD3+ T-cells (green) and pITK (red) and with DAPI to
locate cellular nuclei through immunohistochemistry (Figure 3. 56 I). The OXA-colitis
expressed heavy levels of pITK in the colon tissues and CD3+pITK+ cells i.e., the T-
cells with pITK expression. The expression of both pITK+ colon cells and CD3-+pITK+
cells was decreased by all treatment groups (Figure 3. 56 I-II). Oxa-colitis have about
54+ 6.56 CD3+pITK+ cells (Figure 3. 56 I-1I). While TAC, TAC-P/Lys NCs and TAC-
P/Lys/ES-L100 NCs declined CD3+pITK+ cells to 13.67 + 2.52 (p<0.01**), 8.67 +
2.08 (p<0.001***) and 6.67 £ 1.53 (p<0.001***), respectively (Figure 3. 56 I-II). TAC-
P/Lys/ES-L100 NCs significantly differed from plain TAC (p<0.05"), while TAC-
P/Lys NCs have insignificant differences with the plain drug (p=NS). The two types of

nanocarriers did not have statistically significant differences.

Further, the CD4+ T-cells were harvested from the spleen of all experimental groups
and run under flowcytometer. The OXA-colitis group had markedly increased levels of
CD4+pITK+ cells (p<0.001## vs normal, Figure 3. 56 III-IV). TAC treatment reduced
the levels of CD4+pITK+ cells (p<0.05*), while CD4+pITK+ cells were more
significantly lowered by TAC-P/Lys NCs (p<0.01**) and TAC-P/Lys/ES-L100 NCs
(p<0.001**), respectively (Figure 3. 56 III-IV).

The efficiency of TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs in leveling the pITK
expressions in the T-cells is prominent from these experiments (Figure 3. 56). Thus, we
can say that the action of TAC inside the nanocarriers was enhanced by safe and site-

directed delivery of the drug to the inflamed tissues.
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Figure 3. 56: Evaluation of inflammatory mediator pITK in the T-cells through immunoreactivity and
flowcytometry; I. Immunohistochemistry images, II. Immunoreactivity score (CD3+pITK+ cells), III.

Flowcytometry and IV. FACS score (CD4+pITK+) for pITK expression
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3.37.5. Investigation of RT-PCR expression of inflammatory proteins and
epithelial barrier proteins and ELISA for pro-Inflammatory mediator
analysis

TAC worked by binding to intracellular immunophilin, and this complex inhibit
calcineurin. Calcineurin is involved in the regulation of nuclear factor of activated T-
cells (NFATc), which relocates to the nucleus and increased the expression of IL-2
producing genes. TAC inhibits the dephosphorylation of NFATc-1 and thus retarded
T-cells signal transduction and IL-2 transcription and several cytokines production (Wu
etal., 2020; Murakami et al., 2021; Bendickova et al., 2017). Calcineurin also activates
NF-kB, therefore its inhibition retard NF-xB activation. Further, inhibition of T-cell
receptor signaling, in turn, decreases activation or phosphorylation of ITK. pITK driven
NF-kB and NFATc activations were further minimized (Lechner et al., 2021; Gallagher
etal., 2020).

OXA-colitis have the highest expression of pITK (p<0.001###, Figure 3. 57 A),
NFATc-1 (p<0.01##, Figure 3. 57 B) and NF- kB (p<0.001###, Figure 3. 57 C),
compared to the normal controls. TAC declined pITK (p<0.001***), NFATc-1
(p<0.01**) and NF-xB (p<0.01**) (Figure 3. 57 A-C), when treated OXA induced
mice. TAC-P/Lys NCs reduced the expression of pITK (p<0.001***), NFATc-1
(p<0.01**) and NF-kB (p<0.001***) (Figure 3. 57 A-C). And TAC-P/Lys/ES-L100
NCs lowered the levels of pITK (p<107**** Figure 3. 57 A), NFATc-1 (p<10~%##*,
Figure 3. 57 B) and NF-xB p<107**** Figure 3. 57 C), significantly. The ES-L100
coated nanocarriers proved to be colon-specific drug delivery, therefore, pronouncedly
recovered the levels of pITK, NFATc-1, and NF-kB more than the plain TAC and TAC-
P/Lys NCs.

Ocln-1 is a tight junction protein that regulates the integrity of the colon epithelial cell
membrane. Inflammation compromised barrier integrity and thus downregulated the
levels of ocln-1 in humans (Yamamoto-Furusho et al., 2012). However, animal OXA
models have a little discussion about this topic, as per our knowledge. Here we observed
that normal colons have a higher expression of ocln-1 proteins (Figure 3. 57 D). The
colitis induction with OXA declined ocln-1 levels but was not significant (p=NS vs
control, Figure 3. 57 D). All treatment groups either the plain drug or nanocarriers

leveled up ocln-1, but not to a significant extent (p=NS, Figure 3. 57 D).
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In OXA induced colitis, enhanced activity of Th2 cells results in a burst of cytokines
(Boirivant et al., 1998). The storm of pro-inflammatory cytokines was counterbalanced
by the enormous production of transforming growth factor (TGF-B) (Feagins, 2010).
The RT-PCR analysis demonstrated the up-regulation of TGF-f3 in the colon tissues of
the OXA-colitis group, the levels were markedly higher than the normal control
(p<0.001###, Figure 3. 57 E). TGF-B was significantly downregulated by TAC
(p<0.01**), TAC-P/Lys NCs (p<0.01**) and much more decreased by TAC-P/Lys/ES-
L100 NCs (p<0001***) (Figure 3. 57 E). It was reported that TAC mechanistically
decreased TGF-p levels by the SMAD signaling pathway (Ren et al., 2020).

Next, VEGF-A is an essential mediator for angiogenesis. Since compromised
endothelial integrity and angiogenesis are the major hallmarks in colitis (Mateescu et
al., 2017), therefore we have assessed the expression of VEGF-A in the experimental
groups. The colitis group had a higher amount of VEGF-A (p<0.001###) than the
normal (Figure 3. 57 F). TAC has decreased VEGF-A levels (p<0.01**), while protein
expression was predominantly lessened by TAC-P/Lys NCs (p<0.001***) and TAC-
P/Lys/ES-L100 NCs (p<0.001**%*) treatments (Figure 3. 57 F). The VEGF-A and
angiogenesis may be lowered because of alleviation of inflammation or because of anti-

VEGF action of TAC or TAC-loaded nanocarriers (Chen et al., 2018).

IL-6 is a major pro-inflammatory cytokine, the levels increased in OXA-colitis mice
(p<0.01## vs Normal, Figure 3. 57 G). Treatment groups, TAC-P/Lys NCs
(p<0.001***) and TAC-P/Lys/ES-L100 NCs (p<0.001***) declined IL-6 levels

significantly (Figure 3. 57 G) that indicated recovery from inflammation.
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Figure 3. 57: RT-PCR analysis of inflammation mediator proteins (pITK, NFATc-1, NF-xkB, TGF-p),
tight junction protein (Ocln-1), angiogenesis factor (VEGF-A), and ELISA analysis of pro-inflammatory

IL-6 expression
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3.37.6. Assessment of pro-inflammatory M1-macrophages by flowcytometry

Collected spleen tissues from all experimental groups were smashed and processed to
harvest macrophages. Macrophages were first identified using macrophage-specific
markers F4/80 and CD11b. Then, we assessed the proportion of pro-inflammatory M1-
macrophages in the whole macrophage population by M1-specific marker CD38. The
findings suggested the highest proportion of M1 macrophages in the OXA-colitis group
(53.53% £ 7.79%, p<0.01## vs normal), whereas normal control had a share of about
(20.46% =+ 2.35%) (Figure 3. 58 I-II). The TAC drug, TAC-P/Lys NCs and TAC-
P/Lys/ES-L100 NCs treatment of the OXA-inflamed mice have lowered the pro-
inflammatory macrophages to 26.7% + 0.00 (p<0.05%*), 23.7% + 11.82% (p<0.05*) and
23.58% + 0.93% (p<0.05%*), respectively (Figure 3. 58 I-II). One representative image
from each group is shown in Figure 3. 58 I-II. Overall, the two nano-formulation have
insignificant differences (p=NS). The TAC-P/Lys/ES-L100 NCs have a lesser number
of M1-macrophages than the pure drug (p<0.05").

The suppression of pro-inflammatory M1-macrophages suggests that the treatment
groups played role in the amelioration of colon inflammation, thus, decreasing the

macrophage count recruited at the tissue.
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Figure 3. 58: Assessment of pro-inflammatory M1- macrophages expressing CD38 surface marker in

the treatment and disease groups through flowcytometer (n=3)
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4. DISCUSSION

IBD is a big term defining inflammation of the intestine. UC is one of its major types
that afflicts the large intestine mainly the colon. Various murine models have been
studied for IBD including chemically induced models, genetically modified models, T-
cell transfer models (Waldner and Neurath, 2009). Among chemically induced murine
models, various inducers like TNBS, DSS, and OXA were successful in the induction
of inflammation (Waldner and Neurath, 2009). Mostly, IBD therapeutics failed in the
long-term management of the symptoms and mucosal healing of the colon. The unique
pathophysiological barriers like stomach pH, bile acids, GIT degradative enzymes,
heavy mucus, efflux pumps, and severe diarrhea cause flushing of drugs out the bowel
with lesser therapeutic effect (Zeeshan et al., 2019a; Hua et al., 2015). High doses
caused tolerance and resistance against the drug in IBD patients. Various strategies have
been designed and evaluated in murine models of IBD to combat potential barriers and

improve therapeutic efficacy.

In the modern era, development in nanotechnology devised several nanomaterials and
nanocarriers for better therapeutics in many diseases. For IBD, the nanocarriers made
of a wide array of materials like polymeric, metallic, magnetic, dendritic, lipidic, etc.

have been investigated (Yang et al., 2020).

In this regard, pH-sensitive polymeric nanocarriers have achieved great success in
animal models. For instance, Eudragit based polymers especially ES100 have a
threshold pH of > 7, which corresponds to colonic pH. Therefore, ES100 based
nanocarriers specifically deliver the drug to the colon (Zu et al., 2021; Zeeshan et al.,
2019b; Naeem et al., 2018a; Zeeshan et al., 2019a). Another polymer from the Eudragit
family, EL100, degraded at a pH > 6. It is mostly used for small intestine drug delivery.
However, the combination of ES100 and EL100 can be employed to counter the pH-

mediated fluctuations at the inflamed colon.

Further, microbial enzyme-sensitive polymers are considered for stimuli-sensitive drug
delivery to the colon. Since the colon is a plethora of resident bacteria that secreted
enzymes (Dieterich et al., 2018). Therefore, the natural polymers degraded by these
bacterial enzymes and not by the GIT enzymes are favorable for targeting the colon

only. Pullulan is a versatile polymer used for many biological activities, biocompatible
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implants, and drug delivery purposes (Singh et al., 2021). Recently, researchers
investigated its role to target the colon (Lima et al., 2017). It is a unique material that
only delivers the drug to the colon against enzyme responsive stimuli but also served
as a probiotic and beneficial effect on colon health (Liang et al., 2019; Lima et al.,
2017).

On the other hand, advancement in research led to the development of ligand-anchored
nanocarriers that specifically binds to the targeted receptors. These receptors or
moieties are heavenly overexpressed in the colon inflammation on the surface of
epithelial cells and immune cells (Liu et al., 2021). Recently, macrophages are the
target cells in IBD, because of the recruitment of a large number of macrophages and
conversion of resident monocytes into macrophages at the inflamed colon (Jones et al.,
2018). As a result of cytokines storm, the expression of various receptors increases

several times in the inflammation.

In this regard, various ligand-bound polymeric nanoparticles were fabricated to
overcome the limitations of bare polymeric nanocarriers and actively target the
macrophage-receptors associated with inflammation and deliver the drug to the targeted
site to execute its therapeutic function (Xiao et al., 2018; Zhang et al., 2013). For
instance, sugar-based ligands including mannose, galactose, N-acetylglucosamine,
fucose, and glucose have considerable targeting affinity to calcium type (C-type) lectin
receptors expressed over macrophage surface, thus sugar bound nanocarriers
demonstrated promising macrophage targeting ability (Zhang et al., 2013; Hatami et
al., 2019; Shepherd et al., 1981; Mukhtar et al., 2020). One of the C-type lectin
receptors expressed on the macrophage surface is the MGL-2/CD301b receptor, which
is specifically involved in the recognition, binding, and uptake of D-galactose and N-
acetylgalactosamine moieties, found on both endogenous and exogenous substances
(Denda-Nagai et al., 2010). Previously, galactose anchored nanoparticles were
fabricated to improve oral systemic drug delivery (Siu et al., 2018), to target inflamed
GIT in conjunction with different polymers (Zhang et al., 2013), and embedded in
hydrogels (Xiao et al., 2018).

Likewise, transferrin receptors (TFR-1/CD71) are present abundantly on colon
epithelial cells and the recruited immune cells specifically macrophages at the colon

during inflammation (Liu et al., 2021; Harel et al., 2011). The overexpression of the
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receptor can be exploited for ligand-receptor mediated drug delivery purpose and to
combat the activated inflammatory pathways in the macrophages and epithelial cells of
the colon (Harel et al., 2011). In this regard, holo-human transferrin (tfr) was anchored
to the surface of nanocarriers and proved to be efficacious in various allied diseases like
colorectal cancer (Sardoiwala et al., 2020; Varshosaz et al., 2017). However, the tfr-
PLGA rationale was not tried for targeting in UC, as per our knowledge. The transferrin
anchored PLGA nanocarriers (PLGA/tfr NCs) have more control over drug release than
simple PLGA nanocarriers, which incur some stability against dose dumping at acidic
pH (Scheeren et al., 2020). Further, the upregulated TFR-1 receptors are the target for
tfr ligand-based nanocarrier (Liu et al., 2021), where PLGA-tfr nanocarriers bind,
engulfed by the cells, and release the payload to mediate its mechanistic action.
Therefore, receptor-mediated uptake of PLGA/tfr nanocarriers enables prolonged
localized stay at the inflamed colon, whereby releasing the drug in a sustained manner,

and overcomes diarrhea-led clearance.

Large variations in the disease condition, state of disease (active vs remission), genetic
susceptibility, and inter-and intra-variations among individuals altered the colon
microenvironment. Therefore, it is very difficult to translate the concept into larger
animals or humans. To address the issues, various combinations of strategies are

devised to work in a pliable inflammatory environment.

In the present thesis work, we have developed three different strategies based on stimuli
sensitive and ligand anchored nanocarriers for multi-level targeting of the inflamed

colon tissue.

In the first work (part-I), we developed D-galactose conjugated PLGA (GAL-PLGA)
nanocarriers for specific targeting of MGL-2 receptors on the macrophages recruited at
the inflamed colon. At first, GAL-PLGA polymer was synthesized through a simplified
esterification reaction, and then nanoparticles were fabricated using QbD based
approach and DOE. QbD approach enabled us to prepare the best quality nanoparticles
with desirable attributes. These Dexa-GAL-PLGA NPs were tested with
physicochemical, in vitro cell-based, and preliminary in vivo techniques and found to
be suitable. Macrophages at the inflamed site facilitated uptake of galactose bound
PLGA nanocarrier with prolonged adherence and therapeutic efficacy, meanwhile,

enhanced stability against dose dumping effect at GIT variations of pH and enzymes.
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Moreover, the GAL-PLGA nanoparticles incorporated all qualities of a nanosized
PLGA carrier with ease in uptake and incurred sustained drug release characteristics
(Zeeshan et al., 2019a). D-galactose is a sugar and non-toxic, contrary to several ligands
reported to be harmful (Bozich et al., 2014), therefore the GAL-PLGA nano-system is

inert to the living tissues.

Further, these nanoparticles were enveloped inside dual stimuli sensitive coat i.e., pH
+ microbial enzyme responsive coat for therapeutic evaluation in a murine colitis
model. Therefore, Dexa-GP/ES/Pu NCs were prepared with the aim to specifically
target the colon under the influence of pH and pullulanase microbiome enzyme. And
once the nanocarriers reached the colon, then the outer coat dissolves exposing the
underneath core which have D-galactose ligand that binds to MGL-2 macrophage
receptors and overcomes the extracellular and intracellular challenges like heavy
mucus, efflux pumps, reactive oxygen species, intracellular pH, etc. (Yang et al., 2020;
Zeeshan et al., 2019a). Whereby PLGA induced sustained drug release character for
long-term action. The physicochemical techniques confirmed size uniformity and
desirable attributes with sustained drug release at pH 7.4 and minimal at pH 1.2. Cell-
based assays demonstrated hemocompatibility and cell compatibility to colon cells and
macrophages. The macrophages have extensive uptake of Dexa-GP/ES/Pu NCs, which
was competitively inhibited in the presence of D-galactose in the media. The
nanocarrier showed good retention in the excised intestine tissue. Further, the DSS-
induced colitis model was established in the mice and assessed through various
inflammation indices. The Dexa-GP/ES/Pu NCs showed a good targeting ratio and
exhibited superb therapeutic efficacy in the DSS-colitis model. Daily parameters,
clinical activity index, histology, biochemical antioxidant assays, RT-PCR analysis of
tight junction proteins and inflammatory markers, hematological parameters confirmed
that the inflammation was reduced and treated by Dexa-GP/ES/Pu NCs.
Immunohistochemistry demonstrated enhanced Dexa activity as manifested from
declined COX-2 and NF-kB levels. Further, all materials used in the synthesis are inert,
and in vivo toxicology assessment in the healthy mice showed negligible signs of
toxicity. Therefore, the novel Dexa loaded GP/ES/Pu NCs can be able to cross the
pathophysiological barriers at both organ and tissue levels in the GIT with higher
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therapeutic efficiency, biocompatibility, and improved targeting and retention

properties required for the therapeutic success in UC.

The second strategy (Part-II) aimed to encapsulate a JAK/STAT inhibitor, Tofacitinib
citrate (Tofa) inside advanced nanocarriers. In section-A, nanocarriers made up of
PLGA and tfr were developed using modified emulsion-evaporation and adsorption
methods. Tfr was adsorbed to the PLGA surface during the formation of nanocarriers.
Tofa-P/tfr NCs can target TFR-1 receptors on macrophages and colon epithelial cells
in IBD. The nanocarriers were designed using the QbD approach and 3 Box-Behnken
DOE. The optimal formulation have the best attributes and good drug encapsulation
that are pre-requisite to target the inflamed colon. The nanocarriers were characterized
through physicochemical, in vitro, cell-based, and in vivo studies in the DSS-induced
colitis model. The nanocarriers met the prerequisite of physicochemical properties and
drug release at pH 7.4. In vitro cell-based biocompatibility and extensive uptake by
colon and macrophages were observed with competitive inhibition with antibodies
during macrophage uptake. Nanocarriers have good targeting potential in the inflamed
mice, as indicated by biodistribution studies in the mice. Further, the therapeutic role is
established in the DSS-colitis model by balancing the morphological, histopathological,
biochemical, microbial indices, and pro-inflammatory cytokines levels. The epithelial
and vascular membrane integrity was also recovered, and the drug mechanistic action
was enhanced when delivered inside nanocarriers. Thus, the drug-loaded P/tfr NCs are
promising in mediating site-specific drug delivery to the colon via overexpressed TFR-

1 receptor and have a good potential for ameliorating colitis for a prolonged duration.

In section B, the nanocarriers were further improved for enhanced biocompatibility,
drug loading, and site-specific targeting. Therefore, the drug-loaded lipid-PLGA
mixture was covered with tfr and the whole core was coated under pH-sensitive
polymer, ES100. Therefore, the unique pH-sensitive lipid-polymer hybrid nanocarriers
were named nanoshells. The nanoshells can target the colon in relevance to pH, where
the nanocore targets the TFR-1 receptor and thus have enhanced uptake and residence
at colon cells and macrophages. Thus, the drug was released in a sustained manner from
the lipid-PLGA matrix and have a prolonged therapeutic effect. Uncoated Tofa-LP/P/tfr
NSh and coated Tofa-LP/P/tft/ES NSh were successfully fabricated and characterized

with good physicochemical properties. The drug release profile of coated nanoshells
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was more suitable than the uncoated one because of minimal release at pH 1.2. In vitro
cell-based assays and caco-2 apoptosis studies confirmed biocompatibility and tft-
based uptake in the macrophages. The Tofa loaded nanoshells inhibited JAK-1 and
STAT-1 in the elicited macrophages, confirming improved drug action against
inflammatory pathways. In vivo biodistribution studies confirmed enhanced
accumulation of nanoshells in the inflamed colon compared to the healthy. In vivo
therapeutic efficacy against DSS induced colitis was established by improved clinical,
histological, biochemical, hematological, morphological, and microbial indices. And
toxicological investigations in the healthy mice suggested minimal toxicity potential in

the living system.

The nanocarriers developed in Part I and Part II were tested in the DSS induced colitis
model because of its toxicity towards colon epithelial cells that resembles human UC
conditions. The model is favorable to investigate the therapeutic effects of nano-

formulations on mucosal healing and barrier function (Solomon et al., 2010).

OXA induced colitis is typically referred to increase T-cells recruitment at the inflamed
colon, therefore, the OXA induced colitis model is particularly important to investigate
the therapeutic effects of the drugs that suppress T-cells or related pathways
(Weigmann and Neurath, 2016). TAC is an immunosuppressant that inhibits T-cells
activation and progression (Matsuoka et al., 2015); therefore, we have assessed the

therapeutic efficacy of TAC loaded nanocarriers (Part III) in the OXA induced colitis.

The third strategy (Part-1II) aimed to utilize a novel stabilizer, and drug release
controlling amino-acid i.e., L-Lysine. Nowadays, L-Lysine containing polymeric
nanocarriers are investigated for colon drug delivery purposes as well. Tacrolimus
(TAC) was loaded as a drug. TAC-loaded PLGA/Lys NCs were developed and coated
with dual pH-sensitive coat including ES100 and EL100 polymeric combinations. The
designed TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs were prepared through
modified emulsion evaporation and coating techniques. Both nanocarriers have good
physicochemical properties and coated have good drug release patterns with retardation
of drug release at pH 1.2. Caco-2 cells and macrophages have good uptake. Oxazolone
(OXA) induced colitis model was developed. Both nanocarriers demonstrated enhanced
drug activity as manifested from the amelioration of inflammation, TAC-P/Lys/ES-

L100 NCs found to be more efficacious than their counterpart. The endoscopy score,
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body weight, MPO activity, pro-inflammatory cytokines expression revealed mitigation
of inflammation. Further, anti-pITK is involved in the T-cells regulation and promotes
inflammatory events. The expression of pITK was explored through different
techniques including FACs, RT-PCR, and immunohistochemistry. Downregulation of
pITK in the colon and spleen T-cells indicated enhanced drug action when delivered
inside the nanocarrier. The expression of other aligned major inflammatory pathway
proteins (NFATc-1, NF-xB) was also downregulated that confirmed success of the
strategy. Further, the pro-inflammatory IL-6, angiogenesis factor VEGF-A and TGF-3
levels were declined by the nanocarrier treatment. Additionally, TAC-P/Lys/ES-L100
NCs healed the inflamed colon, as exhibited by lower proinflammatory M1

macrophages count.

In short, all three strategies served as a unique solution to various problems in the way
of colon targeting during inflammation. Dexa loaded galactosylated nancargoes are a
good choice for initial IBD therapy. Tofa loaded tfr based nanoshells can be used for
moderate to severe colitis cases especially steroid-refractory cases since the presence
of TFR-1 on colon epithelial cells and immune cells makes the rationale suitable to
target abundantly expressed TFR-1 on the cells. TAC loaded nanocarriers are also good
for steroid-refractory, moderate to severe colitis cases, and extensively inhibit pITK

mediated activation of T-cells in the inflammation.
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S. CONCLUSIONS

In conclusion, all three strategies targeted and delivered the drug to the inflamed colon
with dual stimuli sensitive and biomolecule anchored polymeric nanocarriers and
successful in ameliorating colon inflammation with enhanced drug therapeutic efficacy.

The key points are:

. GAL-PLGA polymer was synthesized by simple esterification reaction,

optimized by systematic design-based approach.

o QbD based approach screened out the independent variables and their influence
on CQAs of the nano-formulation and the selected variables were studied and adjusted
using Box-Behnken design. The optimized GAL-PLGA nanoparticles have appropriate
attributes (size, zeta potential, EE%, PDI), are necessary for colon targeting, and are
found to be biocompatible and have good targeting efficiency to the colon in the

inflammation.

o GAL-PLGA nanoparticles were further subjected to coating with a dual
ES100/Pu coat to mediate stimuli-sensitive colon targeting. The coated Dexa-GP/ES/Pu
NCs have all attributes that are prerequisites to target colon because of dual stimuli
sensitive coat and ligand anchored core and demonstrated efficient results in the DSS-

induced colitis model.

o Tofa-P/tfr NCs were synthesized using QbD and Box-Behnken design that
optimizes the formulation variables to produce nanoformulation with the best

characteristics.

. Further, Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh have enhanced properties
because of lipidic content in the core that facilitates more drug content to be
encapsulated, controlled drug release, and have some protective effects on intestine

mucosa. The pH-sensitive nature enables more colon-specific action.

. All Tofa-P/tfr NCs, Tofa-LP/tfr NSh and Tofa-LP/tft/ES NSh proved to be
efficacious in restoring inflammation in the DSS-colitis model. However, the last one

had the superior action because of multiple characteristics.
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. TAC-P/Lys NCs and TAC-P/Lys/ES-L100 NCs were developed with optimal
characteristics. The lysine content incurred control over drug release. Both types of
nanocarriers have good uptake potential and biocompatibility. TAC-P/Lys/ES-L100
NCs have superior therapeutic efficacy and suppression of pITK levels in the T-cells in

the OXA-colitis model as compared to TAC-P/Lys NCs
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6. FUTURE PROSPECTIVE

. Exploration of the potential of excipients used in the development of

nanocarriers for their role in combating inflammation of the intestine

J Evaluation of nano-formulations in the other animal models of intestinal
inflammation

. The evaluation can be exceeded through detailed pharmacokinetics
studies

. Detailed evaluation of the effect of the ligand on targeting receptors

o Utilizations of other ligands in developing stimuli sensitive-PLGA

based nanocarriers and exploration of their colon targeting potential
o Exploration of ligand anchored nanocarriers especially tfr based

nanocarriers in targeting colorectal cancer
o Investigation of novel stimuli sensitive polymers which can be

employed for colon targeting purpose

. Large scale formulation development (for industrial scale-up)
o Testing of nano-formulations on the large animals
. Translation of the concepts into human studies
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