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ABSTRACT

Ciclosporin (CsA), a potent immunosuppressant has demonstrated immense
potential in the field of transplantation and autoimmune disorders however,
the drug associated side effects such as nephrotoxicity and hypertension
have been a concern. Attempts were made to reduce CsA mediated
nephrotoxicity by nanoparticulate and antioxidant adjuvant approaches. The
therapeutic effects and nephrotoxicity of CsA seems to be Cmax dependent
and preliminary data with poly(lactide-co-glycolide) (PLGA) nanoparticles
(20% drug loading) at 15 mg/Kg dose led to ~3 times lower Cmax in rats then
commercial formulation Neoral®, thereby reduced nephrotoxicity. In the
present investigation, the primary objective was to achieve a comparable Crmax
to Neoral® and understand their nephrotoxic behaviour. Various PLGA
nanoparticulate formulations were developed with different drug loading
leading to varied entrapment efficiency which demonstrated different
pharmacokinetic behaviour. The nanoparticles at 30% loading at 30 mg/Kg
dose produced comparable Cmax to that of Neoral® at 15 mg/Kg. The
developed formulation in spite of higher kidney burden of CsA
demonstrated lower nephrotoxicity indicated by lower blood urea nitrogen,
plasma creatinine and glomerular damage, probably due to slow release of
the drug from the nanoparticles. The nephrotoxicity of CsA is thought to be
free radical mediated, therefore co-entrapped CsA-Coenzyme Q10 (CoQ10)
nanoparticles were developed to have better control on nephrotoxic
behaviour. Various formulation parameters affected the particle
characteristics of co-entrapped nanoparticles with a strong influence of
CoQ10 on CsA entrapment. However on in vivo evaluation, co-entrapment of
CoQ10 provided no added benefits in reducing the nephrotoxicity, compared

to CsA nanoparticles. Polymer architecture including the functionalities,



hydrophilicity and molecular weight affect the drug loading and release
behaviour, therefore efforts were put in designing a new polymer with an
overall objective to reduce the dose of CsA. Multiblock copolymer containing
periodically spaced side—chain carboxyl groups was synthesised by a two—
step synthesis involving the preparation of ABA triblock pre—polymers of
lactic acid (A block) and ethylene glycol (B block) followed by chain
extension to (ABA)» multiblock copolymers by reaction with pyromellitic
dianhydride (PMDA) and characterised thoroughly. The new carboxylated
polymer when processed into nanoparticles was able to deliver CsA orally,
achieving higher Cmax than PLGA nanoparticles with enhanced tissue levels.
The investigation unlocks the potential of polymeric nanoparticles in oral

delivery of CsA.

Xl



PUBLICATIONS

Ankola, D. D., Battisti, A., Solaro, R. and Kumar, M. N. V. R, 2010.
Nanoparticles made of multiblock copolymer of lactic acid and ethylene
glycol containing periodic side—chain carboxyl groups for oral delivery of

cyclosporine A. Journal of Royal Society Interface, 7, S5475-5481.

Ankola, D. D., Durbin, E. W., Buxton, G. A., Schéfer, ]J., Bakowsky U. and
Kumar, M. N. V. R,, 2010. Preparation, characterization and in silico modeling
of biodegradable nanoparticles containing Cyclosporine A and Coenzyme

Q10. Nanotechnology, 21, 065104.

Ankola, D. D., Kumar, M. N. V. R,, Chiellini, F. and Solaro, R., 2009.
Multiblock copolymers of lactic acid and ethylene glycol containing periodic
side—chain carboxyl groups: Synthesis, characterization and nanoparticle

preparation. Macromolecules, 42, 7388-7395.

X1



LIST OF ABBREVIATIONS

AFM
Apt
ATP
AUC
BP
BUN

Cmax

CoA
CoQ10
CsA
CYP3A4
DBP

DL
DMAB
DNA
DSC
EDTA
EE
EGCG
ET-1
FAE
FDA
GALT
GIT
HMG-CoA
HPLC

Atomic force microscopy
A10 RNA aptamer
Adenosine triphosphate
Area under curve

Blood pressure

Blood urea nitrogen

The maximum concentration of a drug observed after

its adminstration

Coenzyme A

Coenzyme Q10

Ciclosporin

Cytochrome P-450 3A4

Diastolic blood pressure

Drug loading
Didodecyldimethylammonium bromide
Deoxyribonucleic acid

Differential scanning calorimetry
Ethylenediaminetetraacetic acid Sodium
Entrapment efficiency

Epigallocatechin gallate

Endothelin-1

Follicle-associated epithelium

Food and drug adminstration

Gut associated lymphoid tissue
Gastrointestinal tract

3-hydroxy-3-methyl-glutaryl-CoA

High performance liquid chromatography

X



1.2
LDL
MPS
MW
NADPH
NFAT
NMR
NP(s)
PBS
PC
PCL
PDI
PEG
P-gp
PLA
PLGA
PMDA
POM
PP
PSMA
PVA
RA
RAS
RES
ROS
RSD
S.D.
S.EM

Interleukin 2

Low density lipoproteins
Mononuclear phagocyte system
Molecular weight

Nicotinamide adenine dinucleotide phosphate
Nuclear factor of activation of T-cells
Nuclear magnetic resonance
Nanoparticle(s)

Phosphate buffer saline

Plasma creatinine

Polycaprolactone

Polydispersity index

Poly(ethylene glycol)
P-glycoprotein

Polylactide
Poly(lactide-co-glycolide)
Pyromellitic dianhydride

Polarised optical microscopy
Peyer’s patches

Prostate specific membrane antigen
Poly(vinyl alcohol)

Rheumatoid arthritis
Renin-angiotensin system
Reticulo-endothelial system
Reactive oxygen species

Relative standard deviation
Standard deviation

Standard error of mean

XV



SBP Systolic blood pressure

SD Sprague Dawley

SEC Size exclusion chromatography

SHR Spontaneously hypertensive rats

TEA Triethylamine

TGA Thermal gravimetric analysis

TGF-p Transforming growth factor-beta

To The time after administration of a drug when the
maxium blood concentration is reached

zr Zeta potential

XV



1. GENERAL INTRODUCTION

1.1 Ciclosporin

Over the past few decades, Ciclosporin (also known as Cyclosporine A) is
seen as a breakthrough drug in the field of organ transplantation to prevent
graft rejections (Cecka and Terasaki 1991). Originally Ciclosporin (CsA) was
obtained from the extracts of the fungus Tolypocladium inflatum Gams and its
immuno-suppressive effect was discovered in 1970’s at Sandoz (Borel et al.,
1976). The use of CsA for prevention of transplant rejection was approved by
Food and Drug Administration (FDA) in 1983 and in 1984 the complete
chemical synthesis of CsA was reported (Wenger, 1984). CsA is an extremely
hydrophobic cyclic peptide (Figure 1.1) with a molecular formula of
CeHi1iN11O12  (molecular weight of 1202.64 Da). In addition to graft
prevention (Starzl et al., 1981), CsA found several applications in treatment of
psoriasis, Crohn’s disease and rheumatoid arthritis. CsA has also
demonstrated neuroprotective effect by preventing cortical damage

following traumatic brain injury (Sullivan et al., 2000).

1.1.1 Mechanism of action

CsA exerts its pharmacological actions by inhibition of T-cells mediated
immunity (Scheiber et al., 1992; Reynolds and Al-Daraji, 2002) by intra-
cellular interaction with cytoplasmic receptor protein present in thymus
derived (T) lymphocytes, cyclophilin (Figure 1.2). The CsA-cyclophilin
complex inhibits activation of calcineurin, which acts as a secondary
messenger in dephosphorylation of the nuclear factor of activation of T cells
(NFAT). NFAT regulates interleukin-2 (IL2). Hence, inhibition of calcineurin

prevents translocation of NFAT from cytoplasm to nucleus that results in



inhibition of IL2 production and leads to arrest of T-cell mediated immune

response (Schumacher and Nordheim, 1992).

1.1.2 Therapeutic indications of CsA

Introduction of CsA transformed the field of organ transplantation by
specifically inhibiting the early phase T-cell mediated immune response
while leaving the remaining immunity unchanged, hence minimising the risk
of unwarranted infections (Kahan, 1989). Early studies demonstrated its
immunosuppressive activity in murine models (Borel et al., 1976). Later
several clinical trials in renal transplant patients established CsA’s potential
as immunosuppressant, improving graft survival rates (European
multicentre trial group, 1983; Merion et al., 1984; The Canadian multicentre
transplant study group, 1986). In subsequent years CsA established itself as
a founding stone of solid organ transplantation. In addition to kidney and
liver transplants, CsA increased the survival rates of heart (Emery et al., 1986)
and lung (Toronto lung transplant group, 1986) transplants.

In addition to transplantation, CsA found application in treatment of various
auto-immune disorders. Table 1.1 depicts various therapeutic applications of
CsA. Several clinical trials demonstrated the effectiveness of CsA in
rheumatoid arthritis (RA). At an initially low dose of 2.5 mg/Kg, which was
cautiously stabilised to 3.8 mg/Kg, CsA significantly improved patient
conditions in a randomised trial consisting of 144 patients with severe RA
(Tugwell et al., 1990). CsA was also found to have beneficial effects in
treatment of psoriasis. On administration at intermittent short durations,
CsA successfully controlled the plaque psoriasis along with improving
patient’s quality of life by reducing the disease symptoms (Ho et al., 1999;

Touw et al., 2001). CsA was also found to be useful in patients with chronic



Crohn’s disease resistant to corticosteroid therapy (Brynskov et al., 1989).
Patients with severe corticosteroid-resistant ulcerative colitis also responded
to CsA therapy (Lichtiger et al, 1994). Several clinical trials also
demonstrated the effectiveness of CsA in dry eye syndrome (Sall et al., 2000;
Stonecipher et al., 2005).

During the last two decades of its existence CsA was tested for various other
indications other than organ transplantation however, the potential of CsA is
not realised yet due to its adverse effects. Further adding to the
complications, the vehicle cremophore® EL (polyoxyethylated castor oil)
present in the current marketed formulations is reported to cause

anaphylactic reactions (Dye and Watkins, 1980; Theil et al., 1988).

1.1.3 Adverse effects associated with CsA treatment

CsA is associated with various toxicities of which dose-dependent
nephrotoxicity is its most characteristic and limiting adverse effect. CsA is
also associated with various other adverse effects such as neurotoxicity and
hypertension. Table 1.2 enlists various adverse effects of CsA of which the
most commonly seen effects viz., nephrotoxicity and hypertension are

described below.

1.1.3.1 Nephrotoxicity

In spite of CsA’s clinical applicability, its use has generated considerable
concerns due to its nephrotoxic effects. Administration of CsA causes renal
dysfunction causing functional abnormality and histological deformity
characterised by increased plasma creatinine and blood urea levels. The
incidences of nephrotoxicity being observed in ~75% of patients receiving

CsA (Mihatsch et al., 1994; Toki et al., 1999). CsA induced damage is



associated with reduced glomerular filtration rate and renal blood flow
(Myers et al., 1988; Hansen et al., 1997). Most of the functional irregularities
are reversible (Andoh and Bennett, 1998) however chronic administration
causes irreversible structural changes in kidney. Histological changes are
mainly characterised by glomerular damage, tubular atrophy,
tubulointerstitial fibrosis and arteriolopathy (Mihatsch et al., 1988; Andoh

and Bennett, 1998; Rezzani, 2004).

1.1.3.2 Hypertension

Chronic administration of CsA is reported to cause hypertension. A transient
rise in blood pressure was observed in healthy volunteers on administration
of single dose of CsA (Hansen et al., 1997). Similarly administration of CsA
increased hypertension in autoimmune (Bach, 1999) and transplant patients
(Taler et al., 1999). The incidences of increased blood pressure were 29-54 and
71-100 % in autoimmune and transplant patients respectively.

Several mechanisms have been proposed for CsA induced renal damage and
hypertension. CsA administration markedly reduces glomerular filtration
rate and renal blood flow due to its vasoconstriction actions. Several factors
contribute to CsA induced vasoconstriction (Conger et al., 1994; de Mattos et

al., 2000).
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Figure 1.2 Mechanism of action of CsA is based on inhibition of calcineurin which
prevents translocation of NFAT to the nucleus, resulting in inhibition of IL2
production and arrest of T-cell mediated immune response. (Adapted from Rezzani,
2004)



CsA causes renin release from juxtaglomerular cells which activates
intrarenal and systemic renin-angiotensin system (RAS). RAS by its
haemodynamic activity causes vasoconstriction (Lee, 1997). Angiotensin II
release causes fibrosis and extra-cellular matrix deposition via stimulation of
growth factors (Ruiz-Ortega and Egido, 1997). Endothelin-1 (ET-1) has been
found to be associated with CsA toxicity. CsA causes hypersecretion of ET-1
which can cause vasoconstriction and renal damage (Perico et al., 1990;
Lanese and Conger, 1993).

In addition to RAS and ET-1, CsA is found to stimulate systemic and renal
transforming growth factor-beta (TGF-) expression. Over expression of
TGEF-f causes renal fibrosis by it actions on extra-cellular matrix components
(Shihab et al., 2002; Ling et al., 2003). In addition to above, thromboxane A:
(Conger et al., 1994) and nitric oxide (Malyszko et al., 1996) were also
involved in CsA induced toxicity.

Several investigations have also revealed the role of free radicals in CsA
induced toxicity. Several animal assessments have observed increased
systemic and renal free radical levels on CsA administration. Systemic
administration of antioxidants has resulted in amelioration of CsA induced
toxicities (Cristol ef al., 1995; Chander et al., 2005).

Various formulation strategies have been attempted to maximise the
therapeutic potential of CsA and minimise its toxic effects. The beneficial
effect of antioxidants when used in combination with CsA was elegantly
demonstrated. The following sections highlight the advances in CsA delivery

and the combination approaches.



Table 1.1 Therapeutic indications of CsA

Graft rejection prevention: liver, kidney, lung, heart and bone marrow

Systemic and local immune- associated diseases: Crohn’s disease,
ulcerative colitis, rheumatoid arthritis, psoriasis, dry eye syndrome,
vernal keratoconjunctivitis, atopic dermatitis, myasthenia gravis, aplastic

anaemia, autoimmune hepatitis

(Modified from Italia et al., 2006)

Table 1.2 Adverse effects of CsA

Urinary system: Acute and chronic nephrotoxicity characterised by
increased fluid retention, raised blood urea and plasma creatinine
concentrations with histological changes

Cardiovascular system: Cardiovascular complications characterised by
increased blood pressure, hypermagnesaemia and hyperkalaemia along
with thrombo-embolic complications,

Central nervous system: Adverse effects consist of tremors, ataxia,
confusion, convulsions, leucoencephalopathy, cortical blindness

Other include: hepatotoxicity, reduced insulin production, gum

hyperplasia and hypertichosis

(Modified from Italia et al., 2006)



1.1.4 Delivery aspects of CsA

Considering the fact that CsA therapy in transplant or autoimmune patients
requires administration of the drug for longer durations and in certain cases
life-long, oral delivery remains the primary route for CsA administration.
However, in critical care, CsA is also administered by parenteral routes. In
addition to oral and parenteral route, CsA is used for topical applications in
treatment of localised autoimmune disorders like dry eye syndrome and
psoriasis.

Development of CsA formulations is challenging due to its poor aqueous
solubility. CsA has a very unique rigid cyclic structure with eleven amino
acids, seven of them being N-methylated. The extensive methylation and
hydrophobic character of the amino acid residues together with four intra-
molecular hydrogen bonds provides a high rigidity to the cyclic structure
along with limiting its aqueous solubility (6.6 pg/ml and log P of 2.92)
(Petcher et al., 1976; Wegner, 1984; El-Tayar et al., 1993). The solubility
limiting factor does not allow CsA to be formulated conventionally and
further adding to these complications, CsA also does not offer any ionisable
functional groups that can lead to improvements in the form of salt
formation or pH dependent solubility. CsA prodrugs to improve its
solubility have been attempted (Hamel et al., 2004; Lallemand et al., 2005;
Lallemand et al., 2007). The very low solubility of CsA qualifies it as a BCS
Class II drug (Amidon et al., 1995; Chiu et al., 2003). In addition to its low
solubility, the high molecular weight of CsA reduces it permeability across
gastrointestinal tract (GIT) and other biological membranes such as skin and
cornea.

Along with CsA’s poor aqueous solubility, its extensive metabolism by the

cytochrome P-450 3A4 (CYP3A4, cytochrome enzyme system in the



endoplasmic reticulum) presents a challenge in designing oral formulations
(Wu et al., 1995). CsA metabolises into 15-30 different metabolites by
CYP3A4, the biological activity of which are significantly lower than CsA
(Kelly et al., 1999). The metabolism takes place in the liver along with
gastrointestinal tract and the kidney, with intestinal metabolism accounting
up to 50% on oral administration of CsA (Hebert, 1997). Additionally, CsA
being a P-glycoprotein (P-gp) substrate is effluxed within enterocytes, which
seems to cause interpatient variations in oral bioavailability (Lown et al.,
1992; Fricker et al., 1996). The above issues present a challenge in developing

CsA formulations with improved bioavailability and reduced variability.

1.1.5 Current CsA formulations Neoral®and Sandimmune®

The formulation initially developed and marketed for CsA was
Sandimmune® (Novartis, Switzerland). Sandimmune® is an oil based
formulation which forms oil/water mixture, which prior to absorption
undergoes emulsification by bile salts. However, its dependence on bile salts
results in large interpatient and intrapatient variability in CsA absorption,
affecting the therapeutic outcome of CsA and increasing the risk of graft
rejection (Mehta et al., 1988). Taking into account the disadvantages of
Sandimmune®, a new dosage form Neoral® (Novartis, Switzerland) was
designed and marketed. Neoral® is available as a soft gelatin capsule or oral
solution containing micro-emulsion pre-concentrate. Neoral® on contact with
aqueous fluid rapidly emulsifies without the critical actions of bile salts
(Ritschel et al., 1990). Neoral® formulation was found to have reduced
interpatient and intrapatient variability along with improved bioavailability,
rapid absorption and linear dose response as compared with Sandimmune®

(Mueller et al., 1994). Neoral® also demonstrated better correlation between



its blood trough concentrations and Area Under Curve (AUC) with better
graft prevention (Lindholm and Kahan, 1993; Freeman et al., 1995; Kahan,
2004). In addition to Sandimmune® and Neoral®, some generic CsA
formulations have been marketed which include Cicloral (Sandoz/Hexal) and
Gengraf (Abbott). Retasis® (Allegran), a topical emulsion of CsA has also

been introduced for treatment of dry eye syndrome.

1.1.6 Pharmacokinetics and therapeutic drug monitoring of CsA

The bioavailability of CsA formulations is highly variable, ranging from less
than 10% to as high as 89% in various patients. However, Neoral® was found
to produce more reliable and reproducible concentrations and on average
30% higher bioavailability with ~ 1 h lower Tmax and ~50% higher Cmax
(Lindhlom, 1991; Dunn et al., 2001) to Sandimmune®. On administration, CsA
has a volume of distribution of 3-5 L/Kg, with a clearance of 6 ml/min/Kg and
half life of 10 h (Lindhlom, 1991; Fahr, 1993). In blood, CsA primarily binds
to lipoproteins and erythrocytes. The unbound fractions of CsA are found to
be highly variable (1.4-12%) due to high variability of erythrocytes and
lipoproteins in transplant patients (Legg and Rowland, 1987; Legg et al.,
1988). CsA wundergoes extensive metabolism in liver (>99%). Hepatic
metabolism of CsA is mainly via CYP3A4. Elimination of the metabolites is
mainly through bile. Less than 1% of CsA is recovered in urine in unchanged
form. (Kronbach et al., 1988; Fahr, 1993; Dunn et al., 2001). Several drugs may
interact with CsA therapy. The first group of drugs are agents like
aminoglycosides antibiotics and amphotericin B, which are known to cause
nephrotoxicity and potentially increase the incidences of renal damage when
administered along with CsA (Lindhlom, 1991; Dunn et al., 2001). The second

groups of agents are those which cause either inhibition or induction of
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CYP3A4 which results into increased or decreased bioavailability of CsA,
respectively (Gomez et al., 1995; Spoendlin et al., 1998).

Over or under exposure of the CsA which is a narrow therapeutic index
drug, greatly affects the outcome of the therapy. Over exposure to CsA
results in toxicity while under exposure causes graft rejection. Its critical
nature and variable bioavailability underlines the need for therapeutic
monitoring of its concentrations and its dose adjustment (Lindholm and
Kahan, 1993; Kahan, 2004). Conventionally pre-dose trough levels (Co) were
used to determine dosing as it represented the lowest concentration during
dosing interval. However, several studies have demonstrated that steady
state concentration obtained at 2 h after dose (C2) correlated better with the
AUC than Co levels. Additionally C. was also associated with lower
incidence of graft rejections (Grant et al., 1999; Pollard, 2004). Currently Cz

levels are used to determine dosing regimen for Neoral®.

1.1.7 Delivery systems for CsA

In spite of advancements made by launch of Neoral®, in improving
bioavailability and reducing variability in absorption of CsA, there still exists
a degree of interpatient and intrapatient variability in the absorption of the
CsA which can affect the therapeutic outcome of CsA treatment (Lindholm
and Kahan 1993). In addition, the Cremophor® EL present in Neoral® is
found to be associated with anaphylactic reactions, hypersensitivity and
toxicity (Dye and Watkins, 1980; Theil et al., 1988). Considering the clinical
significance of CsA as an immunosuppressant, considerable efforts have
been put in designing oral formulations with enhanced and reliable

bioavailability along with reducing its nephrotoxicity.
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Recent improvements in drug delivery technology together with a better
understanding of the molecular nature of CsA have allowed the
development of a number of promising delivery systems for this peptide.
Table 1.3 summarises potential delivery systems investigated for CsA
delivery. Solid dispersions of CsA-sodium lauryl sulphate dextrin were
prepared by spray drying. The prepared solid dispersion microspheres were
found to improve the rate of dissolution and oral bioavailability of CsA in
comparison to free drug powder; however, demonstrated similar
bioavailability when compared to Sandimmune® (Lee et al., 2001). CsA
loaded polymeric micelles of polysaccharides (polyoxyethylene cetyl ether
grafted dextran and hydroxypropylcellulose) enhanced CsA’s permeability
across Caco-2 monolayer cell lines. In addition, the micelles demonstrated
superior stability in gastric and intestinal fluids (Francis et al., 2005). CsA
loaded hyaluronic microspheres were found to improve the solubility of CsA
but produced similar pharmacokinetic profile to that of Neoral® (Woo et al.,
2007).

Nanotechnology based formulations of CsA have received significant
attention in recent years. As CsA mediates its actions through T lymphocytes
circulating in lymphatic system, targeting the lymphatic system by
nanoparticulate formulations has been a potential approach to enhance
CsA'’s therapeutic effects. Several polymeric nanoparticulate formulations of
CsA have been investigated. The CsA loaded nanoparticles made up of pH
sensitive copolymer poly(methacrylic acid/methacrylate) were found to have
improved bioavailability in comparison to Neoral® (Dai et al., 2004). CsA
loaded polycaprolactone (PCL) and poly(isobutyl-2-cyanoacrylate)
nanoparticles were prepared by precipitation and polymerisation
respectively. The prepared nanoparticles had enhanced immunosuppressive

activity investigated by inhibition of lymphocyte proliferation. However,
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drug free nanoparticles also demonstrated significant immunosuppressive
activity (Guzman et al., 1993). PCL nanoparticles were also found to enhance
oral bioavailability and lymphatic uptake of CsA without corresponding
increase in renal toxicity, compared to Sandimmune® (Varela et al., 2001).
Poly(lactic acid)-poly(ethylene glycol) (PLA- PEG) and PLA nanoparticle
were investigated for CsA delivery. The PLA-PEG nanoparticles
demonstrated a better control on CsA release over conventional PLA
nanoparticles (Gref et al., 2001). Positively charged nanoparticles of chitosan
HCl, gelatine-A and sodium glycocholate were explored for oral CsA
delivery. Chitosan nanoparticles demonstrated highest bioavailability. The
relative bioavailability of CsA increased by 73% and 18% for chitosan and
gelatin nanoparticles respectively in comparison to Neoral®. However for
sodium glycocholate the bioavailability decreased by 36% (El-Shabouri,
2002). CsA loaded lipospheres were found to improve the in wvitro
immunosuppressive activity of CsA. Bioavailability studies in human
revealed a correlation between AUC and Cmax of CsA to the particle size of
the liposphere dispersion (Bekerman et al., 2004). Glyceryl
monooleate/poloxamer 407 cubic nanoparticles were explored for CsA
delivery. The cubic nanoparticles demonstrated 178% relative bioavailability
compared to Neoral® in beagle dogs (Lai et al., 2010).

In addition to polymeric nanoparticles, solid lipid nanoparticles (SLN) also
represent a potential delivery system for CsA. CsA loaded SLN
demonstrated a plasma profile curve with no initial blood peaks to those
observed in Neoral® with low variation in bioavailability (Mueller et al.,
2006). Due to its hydrophobic properties, CsA seems to be an ideal molecule
for incorporation into liposomes. Numerous efforts have been made to take

advantage of liposomes as carrier systems of CsA to lower its side effects, as
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liposomes appear to avoid the kidneys (Freise et al, 1994) but are
preferentially cleared by the reticuloendothelial system and tend to
accumulate in the spleen (Fahr et al., 1995). Although the lipid bilayers of
vesicles are unstable in the gastrointestinal tract (which may lead to
uncontrolled drug release and its precipitation), encapsulation of CsA in
liposomes has resulted in improved oral absorption of CsA with lower
variability (Venkataram et al., 1990; Al-Meshal et al., 1998; Guo et al., 2001;
Shah et al., 2006). In addition to oral delivery various other modes such as
parenteral (Aliabadi et al., 2008), pulmonary (lacono, et al., 1997; Tam et al.,
2008) and topical (Newton et al., 1998; Kim et al., 2009) delivery have been
explored.

Very recently, results from this laboratory has reported on poly(lactide-co-
glycolide) (PLGA) nanoparticles for oral delivery of CsA with an overall
objective of improving oral bioavailability and minimise drug associated
nephrotoxicity. The developed formulations, in spite of an improved AUC
values demonstrated a better safety profile when compared to Neoral®, in
chronic nephrotoxicity model (30 days daily dosing) at 15 mg/Kg dose. One
of the possible reasons for low nephrotoxicity could be the lower Cmax of
448.5 ng/ml of PLGA nanoparticles against a Cmax of 1448.4 ng/ml attained for
Neoral® (Italia et al.,, 2007). In literature several investigations have
demonstrated the correlation of CsA concentrations to incidence of side
effects. The toxicity was found to depend on Cmax of the drug (Perico et al.,
1992; David-Neto et al., 2000), which warrants further investigations to have

a better insight on the role of Cmax in toxicity.
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Table 1.3 Overview of CsA delivery systems

Route

Formulation/Delivery system

Highlights

Oral

Emulsion pre-concentrate

Microemulsion pre-
concentrate

Microemulsion based on
Solutol HS 15

Self-dispersing gels

Microspheres of sodium
lauryl sulfate dextrin

Stearic acid nanoparticles

Micellar formulation of
polyoxyethylene cetyl ether-
grafted dextran

Nanoparticles of
Poly(isobutyl-2-cyanoacrylate)

Micro- and nanoparticles of
PLGA, PLA with additive fatty
acid ester

PLGA nanoparticles prepared
using DMAB

PLA-PEG particles

Polycaprolactone
nanoparticles

pH sensitive nanoparticles of
Eudragit® S100 and

Marketed by Novartis as
Sandimmune® with high
solubilising efficiency but with
low and variable bioavailability

Marketed by Novartis as Neoral®
which has improved
bioavailability and reduced
variability

Improved solubilisation

High CsA solubilisation with
similar bioavailability to Neoral®

Improved solubility and
bioavailability than CsA powder
but with similar bioavailability to
Sandimmune®

Sustained CsA release

Enhanced permeability

Enhanced in vitro
immunosuppression

Polymer matrix and additive
affecting release characteristics

Better bioavailability and lower
nephrotoxicity than Neoral®

Improved stability and controlled
CsA release

Enhanced lymphatic uptake and
improved bioavailability with no
increase in toxicity

pH dependent CsA release and
improved bioavailability
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Intravenous

Intramuscular

Pulmonary

Topical

Hydroxypropyl
methylcellulose phthalate

Positively charged
nanoparticles of chitosan

Polyelectrolyte nanoparticles

Glyceryl
monooleate/poloxamer 407
cubic nanoparticles

Solid dispersions containing

polyoxyethylene stearate

Solid lipid nanoparticles

Hyaluronic microspheres

Lipospheres

Cyclodextrins

Prodrugs

CsA solution in Cremophore®

EL and ethanol

Liposomes

PEO-b-PCL micelles

PLA microsphere

Propylene glycol aerosol

Liposomes

Penetration enhancer

Improved bioavailability with
lower variability

Enhanced oral uptake

Improved oral bioavaibility than
Neoral®

Improved CsA dissolution and
bioavailability comparable to that
of Neoral®

Controlled drug release, high
entrapment efficiency, consistent
bioavailability

Similar pharmacokinetic profile to
Neoral®

Correlation between particle size
of the dispersion to
pharmacokinetic profile

Improved bioavailability with
reduced variability in absorption

High solubility in water but with
unknown pharmacokinetics

Marketed by Novartis

Reduced nephrotoxicity, rapid
clearance from systemic
circulation

Less nephrotoxic with reduced
distribution to kidney

Sustained CsA release

Effective in lung transplant
patients

Higher CsA retention in lungs

Improved dermal delivery
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Lecithin vesicles Enhanced CsA deposition into

skin

Iontophoresis with lecithin Enhanced transdermal delivery

vesicles

Ocular Penetration enhancers Improved corneal permeation

Anionic microemulsion Marketed by Allergan
Pharmaceuticals as Restasis® for
treating dry eye syndrome

Cationic microemulsions Improved conjunctival and
corneal levels

PCL nanocapsules Improved corneal uptake

PLGA microspheres Higher corneal levels

Chitosan nanoparticles Longer retention with higher CsA

levels in cornea and conjunctiva

(Modified from Italia et al., 2006 and Czogalla, 2009)
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1.1.8 Protective role of antioxidants in CsA mediated toxicity

Many experimental studies have demonstrated the role of reactive oxygen
species (ROS)/free radical in the pathogenesis of CsA mediated renal toxicity.
The vasoconstriction effect of CsA in kidney causes a hypoxia-reoxygenation
situation involving free radicals (Zhong et al., 1998). Considering the role of
free radicals in the CsA mediated nephrotoxicity, several exogenous
antioxidants have been explored to prevent the same. Vitamin E was found
to inhibit the CsA mediated lipid peroxidation. In addition to lowering free
radical mediated damage, Vitamin E improved renal functions such as
creatinine clearance and renal blood flow (Durak ef al., 1998). In addition to
Vitamin E several antioxidants such as N-acetyl cysteine, Vitamin C,
Melatonin and Selenium were found to be beneficial in reducing the adverse
effects of CsA.

Several newer generation antioxidants such as ellagic acid, epigallocatechin
gallate (EGCG) and resveratrol have demonstrated their potential in
ameliorating CsA induced nephrotoxicity. Resveratrol, when administered
per-orally at 5 and 10 mg/Kg was able to prevent CsA mediated nephropathy
in rats receiving CsA at 20 mg/Kg (s.c. for 21 days). Resveratrol prevented
renal oxidative stress and structural damage (Chander et al., 2005). Similarly
administration of ellagic acid at 10 mg/Kg for 21 days markedly normalised
the CsA induced liver and heart malondialdehyde (MDA) levels, liver
catalase (CAT) activities and glutathione peroxidase (GSH-Px) activities and
partially ameliorated the structural damages in the kidney, liver and heart
tissues in rats receiving CsA (15 mg/Kg, s.c. for 21 days) (Yuce et al., 2008). In
recent reports from our group, ellagic acid and EGCG entrapped in
polymeric nanoparticles were found to be more potent than simple

suspensions. Ellagic acid loaded PLGA nanoparticles were able to prevent
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CsA mediated kidney damage at three times lower dose than the suspension
form (Sonaje et al., 2007). Similarly, EGCG loaded PLGA nanoparticles were
found to prevent CsA mediated kidney damage. Orally administered
nanoparticles of EGCG (50 mg/Kg once in three days) were found to have
similar potency to EGCG administered i.p. (50 mg/Kg daily) in preventing
renal damage in rats receiving CsA in the form of Neoral® at 15 mg/Kg for 30
days. Orally administered EGCG solution was found to be ineffective in
ameliorating the CsA mediated nephrotoxicity (Italia et al., 2008).

In addition to toxicity, the oxidative stress generated by CsA is found to be
associated with pathogenesis of kidney graft rejection. Association of chronic
graft rejection with oxidative stress was investigated in kidney transplant
patients receiving CsA and steroids. It was found that patients with renal
transplantation had elevated level of oxidative stress with decreased
antioxidant defence mechanism. The oxidative markers were predominantly
elevated in transplant patients with chronic rejections, indicating towards the
role of free radicals in chronic graft rejection (Cristol et al., 1998). Similarly,
the role of oxidative stress in kidney fibrosis in rat renal allograft model was
observed (Djamali et al., 2005).

In addition to renal complications mediated by free radicals, the role of
oxidized low density lipoprotein (LDL) in cardiovascular complications has
generated great interest in transplant patients (Apanay et al., 1994), as
oxidized LDL may result in atherosclerosis. Administration of CsA to renal
transplant patients caused an increase in total cholesterol and plasma
triglycerides levels with an increase in small dense LDL which can be easily
oxidized. A greater LDL oxidation rate was observed in transplant patients

than control.
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The above reports widely open up an area for use of antioxidant as co-

adjuvant for prevention of CsA mediated disorders.

1.1.9 CsA and newer generation immunosuppressants

The immunosuppressive therapy has transformed over time, from use of
non-specific drugs like steroids and azathioprine to more selective molecules.
Calcineurin inhibitors, CsA and tacrolimus which inhibit T-cells mediated
immune response became the choice of drugs. Tacrolimus which was
introduced after CsA in late 1980’s, differs from CsA as it binds to FK506
binding proteins (FKBP) 12 rather than cyclophilin. Tacrolimus demonstrated
100 times more potency than CsA in vitro but established similar efficacy to
CsA in graft prevention due to their similar mechanism of actions. In
addition, tacrolimus is also associated with similar renal and hepatic
toxicities to CsA (Suzuki et al., 1990; Manez et al., 1995; Ghasemian et al.,
2001).

Recently, sirolimus (marketed as Rapamune® by Wyeth) which is an inhibitor
of mammalian targets of rapamycin (mTOR) has gained considerable
attention due to its lack of nephrotoxicity (Kahan, 2008). In spite of its non-
nephrotoxic characteristics, use of sirolimus is limited by its inability act in
high risk patients. It is mostly used in patients at moderate risk and is mostly
prescribed in combination with CsA or steroids during initial stages of
immunotherapy (Woodroffe et al., 2005). In addition, sirolimus is also
associated with several adverse effects which include hyperlipidemia,
leucopenia and thrombocytopenia (Hong and Kahan, 2000; Morrisett et al.,
2002).

Daclizumab and basiliximab which are CD25 (alpha chain of the IL-2

receptor) monoclonal antibodies (IL-2 antagonist) have been used as
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prophylactic and inductive agents in acute rejections. However, these
antibodies have also been associated with several side effects which include
hyperglycemia, hypertension, neurotoxicity, anaemia and impaired wound
healing. In addition, they also require simultaneous administration of CsA
for desired immunosuppression (Gorantla et al., 2000; Woodroffe et al., 2005).
In addition to above, mycophenolate mofetil, which is inosine
monophosphate dehydrogenase inhibitor, has found limited applications
(Gorantla et al., 2000). In spite of the introduction of several

immunosuppressants, CsA remains the back bone of immunotherapy.

1.2 Coenzyme Q10- A potential antioxidant

Coenzyme Q10 (CoQ10), also known as ubiquinone, is an oil soluble
substance found in every cell of human body, mainly present in
mitochondria. CoQ10 is biosynthesised in all the tissues of body through a
complex process involving several vitamins, trace elements and the amino
acid tyrosine. The quinone ring and polyisopreniod chain of CoQ10 are
derived from the amino acid tyrosine and acetyl coenzyme A (CoA)
respectively, resulting into a benzoquinone with isoprenoid units attached at
sixth position with number of isoprene units varying depending upon the
species. In humans the bezoquinone is attached to 10 isoprene units hence
Q10 (Folker et al., 1986; Aberg et al., 1992). Figure 1.3 represents chemical
structure of CoQ10. The 10 isoprene units attached at position 6 to its
benzoquinone ring makes CoQ10 a high molecular weight compound (MW
863 Da) with lipophilic nature. It is a yellow crystalline powder and
practically insoluble in water.

CoQ10’s bioenergetic actions are of great significance as it acts as coenzyme

in the metabolic pathways required for energy production and is found
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abundantly in organs such as heart and brain which have highest oxygen
consumption (Crane et al., 1957; Carne, 2001). CoQ10 acts as a medium for
transfer of electrons from nicotinamide adenine dinucleotide phosphate
(NADPH) and succinate dehydrogenase to the cytochromes system, an
essential process in synthesis of adenosine triphosphate (ATP). CoQ10 acts as
a cofactor for mitochondrial enzymes (complexes I, II and III) which are part
of oxidative phosphorylation, acting as the only non-protein element
involved in electron transport chain transferring electrons between
flavoproteins and cytochromes (Aberg et al., 1992; Carne, 2001). In addition
to CoQ10’s role in energy production, it acts as powerful antioxidant,
inhibiting lipid peroxidation and protecting mitochondrial deoxyribonucleic
acid (DNA) from oxidative stress (Quiles et al., 2004) along with prolonging
the antioxidant effects of a-tocopherol by its recycling (Quinn et al., 1999).
Over the years, numerous investigations have demonstrated the beneficial
role of CoQ10 in diseases involving free radicals and oxidative stress in their
pathology like cardiovascular disorder, cancer and neurodegenerative

disorders (Reiter et al., 2009; Littaru and Tiano, 2010).

1.2.1 Antioxidant potential of CoQ10

Literature documents an age-dependent decrease in CoQ10 levels in human
body. The peak CoQ10 levels are found at age of 19-21 years which gradually
decreases by 65% at the age of 80. Furthermore, drugs like 3-hydroxy-3-
methyl-glutaryl-CoA (HMG-CoA) reductase inhibitors also cause depletion
of endogenous CoQ10 levels (Folkers et al., 1990; Andersson et al., 1995).
Deficiency of CoQ10 has also been reported in a variety of disorders such as
hypertension, cancer, Parkinson’s disease, periodontal diseases, chronic

obstructive pulmonary disease and acquired immunodeficiency syndrome.

22



Various clinical and animals studies have demonstrated the beneficial role of
CoQ10 in above mentioned disorders (Greenberg and Frishman, 1990;

Lockwood et al., 1994; Beal, 1999).
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Figure 1.3 Chemical structure of CoQ10 (2,3-dimethoxy-5-methyl-6-decaprenly-1,4-
benzoquinone)
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1.2.1.1 Hypertension

Several clinical and experimental studies have demonstrated the deficiency
of CoQ10 in hypertension and the potential benefits of CoQ10
supplementation. Administration of CoQ10 at 2 and 10 mg/Kg was able to
prevent the occurrence of hypertension in unilaterally nephrectomised rats
receiving saline and desoxycorticosterone. In addition to prevention of
hypertension, CoQ10 administration resulted in lower incidences of
glomerulus and tubular epithelia degeneration in the kidney (Igarashi et al.,
1972). Similarly, administration of CoQ10 in spontaneously hypertensive rats
(SHR) and renal hypertensive (Goldblatt method) dogs resulted in
suppression of hypertension (Igarashi et al., 1974).

Many clinical trials have also demonstrated the beneficial role of CoQ10 in
hypertensive patients. Administration of CoQI10 in patients with
symptomatic essential hypertension significantly enhanced the systolic and
diastolic functions with improvement in left ventricular wall thickness.
Along with steady enhancement of clinical functions, 51% of patients
required lesser (by 1 to 3) antihypertensive drugs (Yamagami et al., 1986). In
an another study administration of CoQ10 at 50 mg twice a day, for 10 weeks
to 26 patients with essential arterial hypertension resulted in significant
decrease of systolic and diastolic blood pressure. (SBP and DBP). The SBP
decreased from 165+3 to 147+4 mm Hg while DBP was reduced from 98+2 to
86+1 mm Hg (Digiesi et al., 1994). In a meta-analysis of clinical trials data,
CoQ10 was found to reduced SBP and DBP by 17 and 10 mm Hg,
respectively (Rosenfeldt et al., 2007). The beneficial effect of CoQ10 in
hypertensive state is associated with a decrease in total peripheral resistance
which is due to its direct action on the vascular wall (Okamoto et al., 1991)

along with improving diastolic function (Langsjoen et al., 1993) and reducing
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blood viscosity (Kato and Yoneda, 1990). CoQ10 also acts as an antagonist for
vascular superoxides, either scavenging them or suppressing their synthesis
(McCarthy, 1999).

Recently, the potential of CoQl0 loaded PLGA nanoparticles for
management of hypertension was explored by this laboratory. The CoQ10
nanoparticle formulation had the following characteristics, size: 112+7 nm,
PDI: 0.10+0.04, Entrapment Efficiency: 82+3 at 20% loading and Zeta
potential: 82+1 mV. The Goldblatt 2-kidney 1-clip (2K1C) model was used to
assess the potency of different CoQ10 formulations. From the blood pressure
recordings on 12 and 15% day after renal clipping it was observed that
CoQ10 nanoparticles were more efficacious than the suspension form in
treating hypertension at 60% lower dose and more efficacious than the
commercial liposomal formulation (Lig-Q-Sorb®) at equal dose (Ankola et al.,

2007).

1.2.1.2 CoQ10 in free radical mediated drug toxicities

Several studies have established CoQ10’s beneficial role in preventing
several free radical mediated drug toxicities. Gentamicin, a well known
antibiotic exhibits its nephrotoxicity by generation of free radicals which
causes lipid peroxidation and depletion of antioxidant enzymes (Walker et
al., 1999). CoQ10’s potential against reducing gentamicin nephrotoxicity was
investigated. Administration of CoQ10 (10 mg/Kg/day, i.p.) to rats receiving
gentamicin (80 mg/Kg, i.p.) for eight days resulted in significant decrease in
nephrotoxic parameters (plasma creatinine and blood urea levels) with
reduced free radical damage compared to rats receiving only gentamicin
(Upaganlawar et al., 2006). Similarly CoQ10’s protective role was

investigated for cisplatin induced nephrotoxicity. Administration of CoQ10
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(125 mg/Kg) to rats for five days resulted in amelioration of cisplatin (7.5
mg/Kg) induced free radical damage associated with cisplatin’s acute
nephrotoxicity (Sayed-Ahmed et al.,, 1999). Several preclinical and clinical
studies have established CoQ10’s efficacy in preventing anthracycline-
induced cardiotoxicity. CoQ10 by its antioxidant activity prevents the
mitochondrial damage in heart caused by anthracyclines daunorubicin and
doxorubicin (Conklin, 2005).

In a recent report, CoQ10’s role in metabolic syndrome was established.
Metabolic syndrome is a disorder characterised by several complications
which include hypertension, dyslipidemia and hyperglycemia associated
with systemic oxidative stress. Administration of CoQ10 supplemented in
diet (0.07%, 0.2% and 0.7%) to rats with metabolic syndrome resulted in
lowerer generation of oxidative and inflammatory markers in dose
dependent manner in comparison to control animals. In addition to
preventing oxidative damage, CoQ10 also lowered the blood pressure and

reduced endothelial dysfunction (Kunitomo et al., 2008).

1.2.2 Delivery aspects of CoQ10

The high molecular weight and low aqueous solubility of CoQ10 limits its
oral absorption (Bhagavan and Chopra, 2007). On administration at 90
mg/day in adults, only 3% of the administered dose was found in the blood.
Once absorbed, CoQ10 is taken up by chylomicrons and distributed to liver
and gets incorporated into low density lipoprotein and subsequently
distributed to tissues. About 40-50% percent of intracellular CoQ10 is found
in mitochondria while the rest is distributed in the nucleus (25-30%),
microsomes (5-10%) and cytoplasmic matrix (5%). After oral administration

Tmax of CoQ10 is observed after 2-6 h however, some studies have also
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observed an additional plasma peak after 24 h which is thought to be due to
entero-hepatic circulation and redistribution. CoQ10 has half life of about 34
h with total body clearance about 1.51 to 4.13 L/h. The metabolic process of
CoQ10 is indistinctive with very little information available in humans and
animals. CoQ10 undergoes metabolism in all tissues and is eliminated
through biliary tract (Greenberg and Frishman, 1990; Weis et al., 1994;
Bhagavan and Chopra, 2006).

CoQ10 due to its poor biopharmaceutical properties presents a challenge to
formulation scientist in development of oral formulations. Many
formulations of CoQ10 have been investigated of which oil based and
powder fill capsules have been commercialised, however bioavailability of
these formulations are low with large variability. Several investigations have
been performed to determine the bioavailability of various CoQ10
formulations. A 100 mg single dose study in humans showed that CoQ10
when administered as a suspension in soya bean oil shows higher CoQ10
peak values than powder filled capsule or a suspension in soya bean oil with
emulsifiers (Weis et al., 1994). In a separate study it was observed that
administration of CoQ10 as suspension in oil didn’t show any significant
difference in bioavailability to powder filled capsule over long term
supplementation (Kaikkonen et al., 1997).

Q-Gel®, a new hydrosoluble CoQ10 formula in softgel (using a new Bio-Solv
process) was developed by Chopra and his colleagues (Tischon Corp.,
Westbury, NY) which had 100% dissolution and its relative bioavailability
was compared to other commercially available products. These products
represented hard shell capsules containing powder, softgel capsule
containing a suspension in oil and tablets based on powder. The relative

bioavailabilities were 125%, 100% and 128% respectively. The Q-Gel®
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documented vast superiority with relative bioavailability of 319%.
Administration of Q-Gel® resulted in sharp increase in plasma CoQ10 levels
(2.5 pg/ml) within three to four weeks with further increase over the time
(Chopra et al., 1998). Although optimal dose of CoQ10 is not known for every
pathological condition, researchers during the 9t international conference on
CoQ10 in Ancona, Italy came to a common agreement that levels of 2.5 pg/ml
and possibly over 3.5 pg/ml are required to have desired therapeutic effects.

Several other delivery strategies such as redispersible dry emulsions,
complexation of CoQ10 with cyclodextrins, self-emulsifying drug delivery
systems and nanoparticles have been explored for improving CoQ10
bioavailability. Kommuru et al, (Kommuru et al., 2001) developed and
characterised self-emulsifying drug delivery systems of CoQ10 which
demonstrated two-fold increase in oral bioavailability in dogs compared to
powder formulation. However, the major disadvantage of the formulation
was the use of high concentration of surfactants (30-60 %w/w) which causes
cell toxicity (Gursoy and Benita, 2004). Several nanoparticulate approaches
were also explored for CoQ10 delivery. Preparation and characterisation of
CoQ10 loaded solid lipid nanoparticles was reported (Bunjes et al., 2001).
Other nanoparticulate strategies comprises of CoQ10 loaded poly(ethylene
imine) dodecanoate complex (Thunemann and General, 2001) and
poly(methyl/methacrylate) nanoparticles (Kwon et al., 2002). Polymeric
nanoparticles of poly(methyl/methacrylate) also demonstrated superior
stability against UV and high temperature mediated degradation compared
to oil based formulations (Kwon et al., 2002). Recently surfactant free PLGA
nanoparticles were explored for CoQ10 delivery which demonstrated a

sustained release of CoQ10 over 2 weeks, in vitro. (Nehilla et al., 2008).
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1.3 Nanotechnology in oral delivery

The oral route remains the most convenient and desired route for
administrating drugs to the patients. However, upon oral administration,
several drug molecules when given in conventional dosage form results in
poor bioavailability. The low oral bioavailability results from poor
biopharmaceutical properties associated with the drug molecules which are
low aqueous solubility and intestinal permeation; poor intestinal stability; P-
gp mediated efflux in enterocytes and pre-systemic metabolism. Over
several decades, numerous delivery systems have been explored to overcome
the poor biopharmaceutical properties of drugs to result in safe and
efficacious formulations.

Over the last decade, nanotechnology based formulations have received
great interest due to their ability to cross various biological membranes of the
body (Chen and Langer, 1998; Kreuter et al., 2003; Panyam and Labhasetwar,
2003). Nanoparticles can be characterised as colloidal systems ranging from
10 to 1000 nm (Speiser and Kreuter, 1976). Of the various explored
nanoparticulate approaches, biodegradable polymeric nanoparticles offer
wide applications in oral drug delivery (Allemann et al., 1998; Hans and
Lowman, 2002; Bhardwaj et al., 2005). By virtue of their absorption properties
through GIT, polymeric nanoparticles offer a platform to deliver various
drugs falling under different classes (I-IV) of BCS (Bhardwaj et al., 2005). In
addition to improving absorption, polymeric nanoparticles offer several
advantages like, sustaining the release of drugs, preventing P-gp efflux and
pre-systemic metabolism and protecting sensitive molecules from enzymatic
metabolism and degradation in the gut. The polymeric nanoparticles have
been widely explored for delivery of different classes of drugs which include

protein and peptides, chemotherapeutic agents, hormones, antibiotics and
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immunomodulators (Tobio et al., 1998; Varela et al., 2001; Ubrich et al., 2004;
Mittal et al., 2007; Bhardwaj et al., 2009) with greater emphasis put in
designing nanoparticulate carries for delivery of macromolecules through
oral route.

The absorption characteristic of nanoparticles through GIT has been widely
investigated (Jani et al., 1992; Desai et al., 1996; Delie, 1998). The GIT is lined
with an epithelium made of a mosaic of cells, among which absorptive cells
(enterocytes) and goblet cells (secreting the mucus) may be distinguished.
These cells are tightly held together and form a strong barrier covered by a
layer of mucus. Lymphoid follicles which are part of the gut associated
lymphoid system (GALT) are scattered in the enterocytes layer. Lymphoid
follicles may be diffusely distributed or clustered in so-called Peyer's patches
(PP), with the number and location of PP varying widely between species
and individuals. These follicles are overlaid by the follicle-associated
epithelium (FAE), which comprises the M (membranous) cells which are
modified with less uniform microvilli and thinner glycocalyx on its apical
surface compared to neighbouring enterocytes (Gebert et al., 1996). The
majority of investigation suggests, M-cells in PP as the site of nanoparticle
uptake (Jani et al., 1990; Hussain et al., 2001; Florence, 2005). On binding with
the apical membrane of M-cells, nanoparticles are swiftly internalised
(endocytosis) and shuttled to lymphocytes, resulting in systemic delivery of
drug (Jani et al., 1992; Desai et al., 1996; Florence, 2004; des Rieux et al., 2006).
However, in addition to uptake via M-cells, nanoparticles have been found to
be absorbed via other transcellular pathways involving enterocytes and very
limited absorption through paracellular route (Desai et al., 1996; Florence,

2004; des Rieux et al., 2006).
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Several investigations have demonstrated the effect of size on nanoparticle
uptake. 100 nm particles demonstrated a 2.5 and 6 fold higher uptake than
particles of 1 um and 10 pm in size respectively in Caco-2 cells (Desai et al.,
1997). It was also found that nanoparticles in the range of 50-100 nm show
maximum absorption while particles above 1 um in size were trapped in PP
(Jani et al., 1990). The 50 and 100 nm particles were absorbed to an extent of
34 and 26% respectively. In addition to size, several other parameters such as
particle surface charge and hydrophobicity/hydrophilicity of particles have
found to affect their uptake through GIT.

1.3.1 Formulation parameters
Selection of excipients is crucial in designing a nanoparticulate system. The
excipients have found to influence various important nanoparticle

characteristics critical to the success of technology.

1.3.1.1 Polymer matrix

1.3.1.1.1 Polyesters

Of the various biodegradable polymers explored for nanoparticulate
approach, polyesters have received a great deal of attention. Polyester, PLA,
Poly(glycolic acid) (PGA) and their copolymer PLGA (Figure 1.4) have been
exploited utmost for particulate delivery due to their desired properties of
biocompatibility, degradability and ease of fabrication (Kitchell and Wise,
1985; Anderson and Shive, 1997; Bala et al. 2004; Mohamed and Van der
Walle, 2008; Kumari et al., 2010).

Due to the presence of chiral carbon PLA exists as isomers, L-PLA and D-
PLA, with equimolar mixture of the two as D,L-PLA which is amorphous in

nature. PGA demonstrates high degree of crystallinity and less
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hydrophobicity due to absence of methyl groups. The ratios of the monomers
have found to affect the characteristics of PLGA nanoparticles. In a recent
report by our group it was observed that molecular weight and copolymer
composition of PLGA affected the entrapment and release characteristics of
estradiol. The Cmax of estradiol was found to depend on the copolymer
composition and molecular weight whereas the release duration was found
to be influenced by particle size (Mittal et al., 2007).

The degradation of PLGA is found to be affected by various polymer
characteristics along with degradation environment. PLGA undergoes
hydrolytic degradation by cleavage of ester linkage. On degradation, PLGA
breaks down to lactic and glycolic acids which are metabolised and
eliminated from the body via Krebs’ cycle as carbon dioxide and water
(Anderson and Shive, 1997).

From a series of investigations from our laboratory, zero order (Hariharan et
al., 2006; Italia et al., 2007; Mittal et al., 2007) and Higuchi’s (Shaikh ef al., 2009)
release patterns were observed for various drugs entrapped in PLGA
nanoparticles. The investigations suggested that various parameters which
include polymer molecular weight, particle size and drugs physicochemical
properties affected the release profile of drugs from PLGA nanoparticles
(Bala et al., 2006; Italia et al., 2007; Mittal et al., 2007). Similarly, diversified
pharmacokinetic behaviour of the drug entrapped PLGA nanoparticles was
observed that was also depended on particle size, copolymer composition
and drug’s physicochemical properties (Italia et al., 2007; Mittal et al., 2007;
Shaikh et al., 2009).

In addition to biodegradability and biocompatibility, PLGA also provides
requisites physical stability as result of its glass transition temperature (Tg)

(45- 55 °C) which is greater than the human body temperature. Considering
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the nanoparticulate formulation aspects and FDA approval of products
containing PLGA, it has resulted in a widely excepted polymer for

nanoparticulate technology.

1.3.1.1.2 Poly(ethylene glycol) based copolymers

The hydrophobicity/hydrophilicity of nanoparticle’s surface has been found
to influence their in vivo behaviour. Hydrophobic particles have been found
to be rapidly cleared from systemic circulation by MPS (Mononuclear
phagocyte system), limiting their efficiency as carriers (Moghimi, et al., 2001;
Owens and Peppas, 2006). Several techniques have been deployed to
improve the hydrophilicity of hydrophobic polymers, of which, surface
modification using poly(ethylene glycol) (PEG) has resulted in great
accomplishments. PEG, on adsorption or covalent attachment to polymer
chain increases the systemic circulation of nanoparticles and reduces surface
adsorption of protein and enzymes, reducing elimination and degradation.
Due to its hydrophilicity and steric repulsion, PEG reduces nonspecific
interactions which results in reduced opsonisation and phagocytosis with
increased circulation time (Gref et al., 2000). In addition, PEG has been found
to increase the stability of nanoparticles in gastric fluid (Tobio et al., 2000)
and also facilitate uptake of particles (Gref et al., 2000; Vila et al., 2002). PEG
coating also improved mucosal penetration of large polymeric nanoparticles
by reducing electrostatic and hydrophobic interactions (Lai et al., 2007).
However, pegylated polymers lack functional groups for attaching drug or
targeting moiety. In addition to the above polymers, polycaprolactone,
poly(alkylcyanoacrylates),  poly(ortho-esters), = polyanhydrides  and

polyamides have also been widely explored for various drug delivery and
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biomedical applications (Hans and Lowan, 2002; Panyam and Labhasetwar,

2003; Andrieux and Couvreur, 2009).

1.3.1.2 Stabilisers for nanoparticle systems

Stabilisers are used to prevent the formation of agglomerates during
nanoparticle preparation. The high interfacial tension because of the large
surface area of small droplets always keeps the likelihood of the system to
coalescence. Stabilisers, by reducing the interfacial tension, prevent
coalescence of nanoparticles. Several stabilisers such poly(vinyl alcohol)
(PVA) and Pluronic F68 have been explored. However, recently a new
cationic surfactant didodecyl dimethylammonium bromide (DMAB), a
double-tail cationic surfactant has generated considerable interest due to its
ability to form nanoparticles of smaller size than routinely used stabilisers
(Kwon et al., 2001; Hariharan et al., 2006). The extensive investigations made
by our group demonstrates DMAB as a potential stabiliser generating stable
particles in range of 100 nm in size irrespective of the drug and polymer
composition used (Ankola et al, 2007; Italia et al., 2007; Mittal et al., 2007). In
addition, DMAB at a concentration lower than 33 uM was found to be non-
toxic (Bhardwaj et al., 2009) and DMAB stabilised PLGA nanoparticles when
administered to rats were found to be safe with no inflammatory response
(Hariharan et al., 2006; Italia et al., 2007; Mittal et al., 2007). In a recent report
by DPeetla and Labhasetwar, it was observed that DMAB-modified
nanoparticles penetrated the endothelial cell model membrane better with
enhanced endothelial cell uptake over other cationic surfactants and PVA
(Peetla and Labhasetwar, 2009). In addition to smaller particles, use of
DMAB induces a high surface charge to nanoparticles necessary for particle

stability (> 30 mV) (Hariharan et al., 2006).
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1.3.1.3 Solvents

Organic solvent plays a crucial role in determining the characteristic of
nanoparticles (Sahana et al., 2008). Ensuring the complete solubility of the
drug and the polymer in the organic solvent is essential for successful
preparation of nanoparticles. On the other hand physical properties like
vapour pressure, viscosity, surface tension play crucial role in particle
characteristics that include particle size and drug entrapment.

The selection of solvents also depends on the method of preparation used.
The emulsion/diffusion/evaporation method uses a partially water-soluble
solvent, such as ethyl acetate, methylene chloride or chloroform; while the
solvent displacement/nanoprecipitation technique uses a water miscible
solvent like acetone. Another most important aspect, which must be
considered during selection of a solvent, is its toxicity. Influence of solvents
on the entrapment efficiency (Sahana et al., 2008) and size (Italia ef al., 2007)
of nanoparticles was demonstrated in our recent studies.

In addition to the polymer, stabiliser and solvents, the physiochemical and
biopharmaceutical properties of the drug and the dose of drug need to be
taken into account while designing nanoparticulate formulations (Bhardwaj
et al., 2005). The dose to be incorporated into a nanoparticulate system
depends on the extent of particle uptake. In general high dose drugs cannot
be administered in the form of nanoparticles unless linked with carriers or

when particle uptake is not the major mechanism of drug absorption.

1.3.1.4 Methods for nanoparticle preparation
Polymeric nanoparticles can be prepared using either preformed polymers or
by in situ polymerisation with incorporation of the drug in the matrix of the

nanoparticles. Nanoparticles using preformed polymers can be prepared by
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emulsion-evaporation, emulsion-evaporation-diffusion, double emulsion,
salting out and solvent displacement (nanoprecipitation) methods. All of the
methods have been reviewed extensively (Bala et al., 2004; Bhardwaj et al.,
2005; Mora-Huertas et al., 2010). The single emulsion techniques are
generally used to entrap hydrophobic drugs while double emulsion and

nanoprecipitation techniques are used for water soluble compounds.

1.3.2 Co-entrapped nanoparticles

Conventional combination formulations are widely available in market for
treatment of several disorders like tuberculosis. Combination approach has
been widely utilised to improve the potency of the drugs or reduce drug
toxicity. Traditional combination formulations are generally available as
tablets and capsules however; recently attempts have been made to design

nanoparticles containing multiple drugs.
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Three anti-tubercular drugs pyrazinamide, isoniazid, and rifampicin were
encapsulated at 2/3™ therapeutic doses in PLGA nanoparticles. Encapsulation
of the anti-tubercular drugs into nanoparticles resulted in reduction of
dosing frequency and amount of drug dosage (Sharma et al., 2004). In a
similar attempt, isoniazid, rifampicin, pyrazinamide and ethambutol
encapsulated alginate nanoparticles were prepared by controlled cation-
induced gelification of alginate. The anti-tubercular drugs encapsulated in
alginate nanoparticles demonstrated superior bioavailability compared to
free drugs. In addition to improved bioavailability, the alginate nanoparticles
were able to sustain the drugs concentrations in organs above the minimum
inhibitory concentration for 15 days, while free drugs lasted for single day
(Ahmad et al., 2006).

Recently, a new therapeutic strategy to treat diabetes using biodegradable
nano-co-encapsulated antioxidant particles (NanoCAPs) of ellagic acid and
CoQ10 was proposed by this laboratory. The combination of ellagic acid and
CoQ10 showed beneficial effects in ameliorating lipid peroxidation,
dyslipidemia and in preventing organ damage in streptozotocin induced
diabetic rats (Ratnam et al., 2008). Significantly lower dose of ellagic acid and
CoQ10 in NanoCAPs showed equal and sometimes more prominent results
in comparison to simple suspension suggesting improved efficacy. On
further investigation, the NanoCAPs were effective in treating
hyperlipidemia in rats at 3 time’s lower dose than their suspension form.
NanoCAPs were able to lower cholesterol, glucose and triglycerides levels
along with improving endothelial function (Ratnam et al., 2009).

The co-entrapped nanoparticles can offer several advantages over individual
drug loaded nanoparticles, which includes less excipient usage, low cost and

less variable uptake from the GIT.
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2. AIMS AND OBJECTIVES

2.1 Aims

Considering the impact that CsA has had in the field of organ transplantation
and its ever growing new indications, from arthritis to ulcerative colitis, the
potential of the drug remains far from conquered. However, with limited
success in overcoming CsA’s formulation development challenges and its
association with significant nephrotoxicity and hypertension which limits the
usage of the drug, a need to design a formulation system with improved
CsA'’s safety and efficacy exists.

In support to our previous findings, polymeric nanoparticles will be explored
for oral delivery of CsA, with the possibility of using antioxidant CoQ10 as
adjuvant in reducing the nephrotoxicity. Role of polymer matrix on CsA

release will also be explored.

2.2 Objectives

The overall objective of this dissertation was to develop CsA formulation

with reduced nephrotoxicity along with similar plasma profile to that of

Neoral®.

The objectives were achieved by the following specific aims:

1.  Development and in vivo evaluation of PLGA loaded CsA nanoparticles
for reduced nephrotoxicity at a Cmax similar to commercial formulation
Neoral®.

2. Formulation, characterisation and in vivo evaluation of biodegradable
co-entrapped CsA-CoQ10 nanoparticles for oral administration.

3. Development of new biomaterials for better delivery prospects of CsA.
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3. PHARMACOKINETICS AND NEPHROTOXICITY EVALUATION OF
CICLOSPORIN LOADED PLGA NANOPARTICLES

3.1 Introduction

Association of CsA with nephrotoxicity limits its wider applicability (Faulds
et al., 1993; Rezzani, 2004) however, considering its clinical potential there
remains a scope for development of CsA formulations with reduced/no
nephrotoxicity.

Experimental models of CsA nephrotoxicity in rats have been helpful in
studying the pathophysiology of CsA mediated renal adverse effects. Acute
and chronic forms of CsA nephrotoxicity can be reproduced in rats. The
acute form is induced by administration of large doses of CsA (15-50 mg/Kg)
while chronic form is induced by administration of similar CsA doses over
several days (> 15).

In literature several different models have been used for mechanistic
understanding of CsA mediated nephrotoxicity. Normotensive rats on
normal-sodium diet (Elzinga et al. 1993) and sodium-depleted normotensive
rats have been widely used to study CsA nephrotoxicity (Burdmann et al.,
1995). The SHR model, similar to human essential hypertension has also been
widely explored to study CsA mediated increased blood pressure and renal
adverse effects (Mervaala et al.,, 1997). However, most formulation and
antioxidant screening for nephrotoxicity have been performed using normal
Sprague Dawley (SD) rats (Varela et al., 2001; Italia et al., 2007; Sonaje et al.,
2007; Aliabadi et al., 2008).

The Cmax of CsA is responsible for it therapeutic actions as well as its
nephrotoxicity (David-Neto et al., 2000). Therefore, attempts were made to

match the Cmax of Neoral® using PLGA nanoparticles and the impact of
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polymeric nanoparticles on CsA’s pharmacokinetic and nephrotoxic

behavior was studied in normal SD rats.

3.2 Materials and methods

3.2.1 Materials

PLGA (Resomer® RG 50:50, M.W. 35,000-40,000, Boehringer Ingelheim,
Ingelheim, Germany), CsA (Fluorochem Ltd. Derbyshire, UK), DMAB
(Aldrich), Ethylenediaminetetraacetic acid Sodium (EDTA) (Sigma) and High
Performance Liquid Chromatography (HPLC) grade ethanol (Fluka) were
used as received. CsA specific EIA KIT was purchased from Immunotech,

Czech Republic. All other chemicals used were of analytical grade.

3.2.2 Preparation of nanoparticles

Emulsion-diffusion-evaporation technique optimised previously was used to
prepare the CsA loaded nanoparticles (Italia et al., 2007). In brief, 50 mg of
PLGA and desired CsA amount corresponding to its loading ratio (5, 10 and
15 mg for 10, 20 and 30% loading respectively) were dissolved in 2.5 ml of
ethyl acetate at room temperature and stirred for 2 h at 1000 rpm. The
organic phase was then emulsified into 3 ml of aqueous phase containing
DMAB (0.25% w/v) as stabiliser. The resulting o/w emulsion was sonicated
(Soniprep 150, MSE) at 10 microns amplitude for 1 min. 25 ml of water was
added to the above emulsion with constant stirring at 1000 rpm, which
resulted in nanoprecipitation. The prepared nanoparticles were charaterised

for size, zeta potential and entrapment efficiency.
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3.2.2.1 Size and zeta potential measurements

The mean particle size of the prepared nanoparticle suspensions was
measured by dynamic light scattering (Nano ZS, Malvern, UK) taking the
average of five measurements, which represented the hydrodynamic
diameter of the particles. The mean size was derived from cumulants
analysis of the measured correlation curve, wherein a single particle size is
assumed and a single exponential fit is applied to the autocorrelation
function. In addition to the mean particle size, the instrument reports the
Polydispersity Index (PDI) between 0 (monodispersed particles) and 1
(polydispersed particles). The zeta potential was estimated on the basis of
electrophoretic mobility under an electric field as an average of 30
measurements. The frequency shift of an incident laser beam caused by these
moving particles is converted to the zeta potential by the application of the
Smoluchowski equation. The temperature was kept constant at 25 °C during

size and zeta potential measurements.

3.2.2.2 Entrapment efficiency

The percentage of CsA incorporated during nanoparticle preparation was
determined by centrifuging the drug loaded nanoparticles at 14,000 rcf for 30
min and separating the supernatant. The pellet obtained was washed twice
with 1 ml of water and the CsA was extracted from the pellet using ethyl
acetate and acetonitrile followed by an estimation of the CsA in triplicate by
the HPLC method as described below. Estimation of CsA was carried out
using Hypersil GOLD (15 cm x 4.6 mm, 5 um) (C18) column and Hypersil
10x4 mm, 5 pm drop in guards connected by UNIGAUARD (Thermo
Scientific). Elution of CsA was achieved using isocratic mobile phase

(ethanol:water) at 210 nm. The HPLC system consisted of ChromQuest
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acquisition software, Autosampler connected with LC Pump and PDA
detector (Thermo Finnigan Surveyor System). The analytical method was
validated according to the guidelines of the international conference on
harmonization (ICH) of technical requirements for registration of
pharmaceuticals for human use. Parameters validated included precision
(repeatability (intra-day) and intermediate precision (inter-day)) and
accuracy. Both the intra- and inter-day relative standard deviations (RSD) of

QC standards were less than 5% over the selected range.

3.2.3 Pharmacokinetic and tissue distribution studies

All animal experiments were carried out under a project license issued under the
U.K. Home Office Animals (Scientific Procedures) Act 1986.

For plasma profiling and biodistribution studies male SD rats weighing 200—
250 g were used. Neoral® was administered at 15 mg/Kg while CsA
nanoparticles were administered as varying dose and loads. To study the
effect of dose, nanoparticulate formulations were administered at CsA dose
of 15, 30 and 45 mg/Kg of body weight at 20% CsA loading and to study the
effect of loading, nanoparticles at 10, 20 and 30 % CsA loading were
administered at a dose of 30 mg/Kg.

For all the formulations, blood samples were collected from animals by
venipuncture of peripheral blood vessel (tail vein) at 0.5, 1, 2, 6, 12, 24, 36, 48
and 72 h in microcentrifuge tubes containing EDTA as anticoagulant. Blood
samples were analysed for CsA concentration by CsA specific EIA KIT. At
the end of 72 h, animals were sacrificed and all major organs isolated and the
CsA concentration was determined. In brief, the organs were isolated and
weighed, to which water was added at 1:4 ratio and then homogenised at

10,000 rpm for 3 min to produce a fine homogenate. 200 ul of homogenate
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was transferred into a microcentrifuge tube to which 800 ul of acetonitrile
was added to extract CsA from the tissues. The tubes were vortexed for 5
min and centrifuged. The samples were concentrated by collecting 800 ul of
supernatant and evaporating it to dryness under vacuum at 25 °C. The
obtained pellet was analysed for CsA content by CsA specific EIA KIT. In
brief, 1.2 ml of assay buffer with methanol was added to eppendrof tubes
containing the pellet. After addition, the tubes were vortexed for 5 min and
then incubated for 5 mins. After inducation the samples were analysed by
enzyme competition immunoassay based on principle of horseradish
peroxidase and the colour intensity was determined at 450 nm using ELISA

reader.

3.2.4 CsA distribution profile at its Tmax
Male SD rats weighing 200-250 g were administered Neoral® (15 mg/Kg) and
CsA nanoparticles (30 mg/Kg at 30% loading) and sacrificed at their Tmax to

determine blood and tissue CsA concentration.

3.2.5 Chronic nephrotoxicity study

Eighteen male SD rats weighing 200-250 g were divided into three groups of
six each randomly. Animals in group one were kept as control and received
saline, animals in group two were administered Neoral® (15 mg/Kg) and
animals in group three were administered CsA nanoparticles (30 mg/Kg at
30% loading). All administrations were through peroral route given with the
help of oral gavage and administration was continued for 30 days. On 31
day (24 h after 30* dose) all animals were sacrificed and blood and tissues

were collected for CsA estimation and analysis of biochemical parameters.
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3.2.5.1 Blood CsA levels during chronic nephrotoxicity study
Blood samples were collected from animals treated with Neoral® and CsA
nanoparticles by venipuncture of peripheral blood vessel (tail vein) at 2 and

12 h after doses 1, 15 and 30 and analysed as described above.

3.2.5.2 Plasma creatinine and blood urea nitrogen estimation

After euthanasia, blood was collected from the heart in eppendrof tubes
containing EDTA. Plasma was isolated by centrifugation of blood at 4000
rpm for 10 min. Plasma creatinine (PC) was analysed using commercially
available kit (Creatinine assay kit, BioVision) which was based on
quantitative colorimetric creatinine determination at 570 nm. Blood urea
nitrogen (BUN) was analysed (QuantiChrom™ wurea assay kit) by

colorimetric determination at 520 nm.

3.2.5.3 Histopathological evaluation of kidney

After euthanasia, right kidney was isolated and washed with cold phosphate
buffer saline and fixed in 10% neutral buffered formalin solution. The tissues
were dehydrated using tissue processor (Citadel 1000, Thermo Shandon Ltd,
UK) at different ethanol and histoclear solutions as described in table 3.1 and
embedded in paraffin wax. The paraffin blocks were cut into 3 um sections
with the microtome and stained for hematoxylin and eosin using the
procedure described in table 3.2. The slides were mounted using DPX
moutant and observed under light microscope. The morphometric analysis
of the histological sections was carried out in a blind fashion. Twenty five
glomeruli were photographed from 3-5 sections in unbiased manner. The
images were processed using the software Image] to determine the area of

the glomerular capillary tuft (CA) and the Bowman's capsule (BA) and the
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glomerular collapse index was calculated by the ratio CA/BA (Origlia et al.,
2006).

3.2.6 Statistical analysis
Statistical analysis was performed by one way ANOVA followed by Tukey’s

test for multiple comparisons.

Table 3.1 Tissue processing conditions

Solution Time (h)
70% ethanol 2
90% ethanol 2
100% ethanol 2
50:50 ethanol:histoclear 1
100% histoclear 1
100% histoclear 1
Paraffin wax 2
Paraffin wax 2
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Table 3.2 Hematoxylin and eosin staining protocol

Step Solution Time (min)
1 Histoclear 1
2 Histoclear 1
3 Histoclear 1
4 100% Ethanol 1
5 100% Ethanol 1
6 Distilled water 1
7 Hematoxylin Gill I1I 1
8 Distilled water 1
9 1% acid alcohol 1
10 Distilled water 1
11 Scott’s tap water 2
12 Distilled water 1
13 0.1 % Eosin 1
14 100% Ethanol 1
15 100% Ethanol 1
16 100% Ethanol 1
17 Histoclear 1
18 Histoclear 1
19 Histoclear 1
20 Histoclear 1
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3.3 Results and discussion

3.3.1 Preparation of nanoparticles

CsA loaded PLGA nanoparticles were prepared by emulsion-diffusion-
evaporation method using DMAB as stabiliser (Italia et al., 2007). Effect of
loading on particle characteristics was studied (Table 3.3). The increase in the
CsA loading (10 to 30 % w/w of polymer) resulted in particle size increase
from 107 to 119 nm with increase in entrapment efficiency from 20 to 62 %
that led to increase in the amount entrapped from 1 to 9.3 mg per 50 mg of
polymer. Results were similar to those as reported earlier by our group (Italia
et al, 2007). In spite of slight increase in particle size, the particle size
distribution of the formulations was similar. Loading above 30% seems to be
difficult due to drug precipitation, suggesting the threshold of the polymer
under the studied conditions. As the formulated batches were to be used for
pharmacokinetic studies, the amount of polymer administered along with
CsA for 200 g rat at 30 mg/Kg was extrapolated. The amount of polymer
associated with 6 mg of CsA for 10, 20 and 30 % CsA loaded particles, was
300, 65 and 32 mg, respectively (Table 3.3).

Table 3.3 Nanoparticle characteristics as a function of drug loading.

ot Size (nm) EE (%) Amt. Entrapped®>  Amt. of Polymer®
loading
10 107+7 20+2 1.0+£0.1 300
20 108+7 46+4 4.6+0.4 65
30 11945 62+4 9.3+0.6 32

2Amount entrapped per 50 mg of PLGA; PAmount of polymer for 6 mg of CsA; EE-
Entrapment efficiency. Zeta potential (ZP) was 71-78 mV at pH 4.0+0.5. PDI of
particles was in the range of 0.08-0.16. All data represented as mean+S.D. (n=3).
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3.3.2 Pharmacokinetic and tissue distribution studies

The main purpose of this study was to understand the pharmacokinetic
behavior of CsA entrapped PLGA nanoparticles as a function of dose and
drug loading with an ultimate aim of matching the Neoral® profile, along
with reducing the nephrotoxicity. The dose dependent pharmacokinetics was
carried out using 20% CsA loaded nanoparticles at 15, 30 and 45 mg/Kg with
Neoral® as control at 15 mg/Kg. Figure 3.1 represents plasma profiles of
various CsA formulations and Table 3.4 depicts the obtained
pharmacokinetic parameters.

It was clear that with increasing the dose an increase in Cmax and AUCo72 was
observed for nanoparticulate formulations, however not in a dose-
proportionality manner. With increasing the dose the relative bioavailability
decreased in comparison to Neoral®, further strengthening the argument of
dose-disproportionality. The relative bioavailability of CsA nanoparticulate
formulation at 15, 30 and 45 mg/Kg were 120, 81 and 64 %, respectively. On
increasing the dose of nanoparticulate formulation from 15 to 45 mg/Kg, Crmax
increased from 682 to 1073 ng/ml, which was close to that of Neoral®. Further
attempts were made to study the effect of CsA loading on pharmacokinetic
profile of nanoparticles. Different formulations at 10, 20 and 30% CsA
loading were administered at 30 mg/Kg. With increasing the loading from 10
to 30%, an increase in AUCo7 was observed with corresponding increase in
relative bioavailability from 31 to 89% (Figure 3.1 and Table 3.4). The Cmax
was also found to increase from 494 to 1101 ng/ml. For all the nanoparticulate
formulations, a sustained release of CsA was observed which led to
significant increase in Tmax. For Neoral® the Tmax was rapid and at 2 h while

for all nanoparticulate formulation the Tmax observed was 24 h except for the
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formulations 45 mg/Kg at 20% loading and 30 mg/kg at 30% loading which
exhibited a Tmax of 12 h.

The amount of CsA absorbed through oral route in nanoparticulate
formulation was found to depend upon the amount of polymer administered
along with the drug. The amount of polymer required to administer 15, 30
and 45 mg/Kg of CsA at 20% loading to a 200 g rat was ~ 33, 65 and 98 mg, on
the other hand to administer a dose of 30 mg/Kg for the nanoparticles made
at 10, 20 and 30% w/w CsA to polymer, the polymer quantities translates to ~
300, 65 and 32 mg (Table 3.3). With increasing amounts of nanoparticles, a
decrease in bioavailability was observed which may be due to saturation in
the uptake of nanoparticles from the GIT. In a recent report by our group,
estradiol loaded PLGA nanoparticles were found to follow dose-dependent
increase in bioavailability (Mittal and Kumar, 2009), however the dose range
of estradiol was 100 to 500 ug/Kg, which is very low compared to CsA dose
range of 15-45 mg/Kg further suggesting the possible role of

polymer/nanoparticle concentration.
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Figure 3.1 Blood CsA levels with time for various formulations. All values
represented are mean+S.E.M. (n=3).
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Table 3.4 Pharmacokinetic parameters of various CsA formulations.

Relative
Dose AUCo-7 Cmax Tmax
Formulation Loading? Bioavailability
(mg/Kg) (ng.h/ml)  (ng/ml) (h)
(%)™
Neoral® 15 e 29046+1437 1328+120 2 100
CsA NPs 15 20 3485442157 682+66™ 24 120
CsA NPs 30 20 47116+1753  900+81 24 81
CsA NPs 45 20 55322+1537 1073+40 12 64
CsA NPs 30 10 17774+655 494792 24 31
CsA NPs 30 30 51763+3812 1101+143 12 89

AUC was calculated by linear trapezoidal rule; 2% w/w of polymer weight; ¥relative
to Neoral® based on AUCo-7; All data represented as mean+S.E.M. (n=3).
***p <0.001, *p<0.01; a vs. Neoral®group.
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After 72 h the animals were sacrificed and CsA concentration in major organs
was determined and tissue distribution coefficient (K, ratio of tissue
concentration to blood concentration) was calculated (Table 3.5 & 3.6).
Nanoparticulate formulation produced CsA tissue concentrations higher
than those observed by Neoral® except for the brain at equal dose. With
increasing the dose of nanoparticulate formulation an increase in tissue
concentration was observed with highest being observed for 45 mg/Kg.
Similarly with increasing the load from 10 to 30% for 30 mg/Kg an increase in
tissue concentration was observed. Highest concentrations of CsA were seen
in the liver for Neoral®, whereas nanoparticulate formulations demonstrated
highest CsA concentrations in the kidney. For Neoral® the K, was large in
comparison to those observed for nanoparticles indicating higher fraction of
drug being distributed into tissue while for nanoparticles longer circulation
of CsA in blood and less tissue distribution. The K; for all the nanoparticulate
formulation were similar for each organ except for CsA nanoparticles
administered at 30 mg/Kg at 10% load, where very large K, was observed.
These large K, maybe because of lower blood levels obtained by incomplete
absorption of nanoparticles due to high polymer burden at 10% loading for
30 mg/Kg dose.

Tanaka et al. studied CsA tissue distribution kinetics in rats after single dose
administration at 1.2, 6, and 30 mg/Kg through 2 min iv. infusion in
cremophore® EL (Tanaka et al., 2000). Highest CsA concentrations were
observed in liver followed by kidney while lowest levels being observed in
brain. The Neoral® group in our investigation followed a similar trend to that
observed above, though the route of administration was oral. Tanaka et al.
also found that the tissue and blood concentration profiles differs widely,

however all tissues profiles were comparable to each other for the three
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doses studied. On the other hand nanoparticulate CsA differs in the
distribution profile with that of Neoral® and the difference could be due to
interplay of many factors of which the major factor is the polymer. Similar
differences have been documented in the literature with a variety of
polymers and drugs (Panagi et al., 2001; Aliabadi et al., 2005)

The overall aim was to achieve comparable blood levels to Neoral®,
therefore, the dose/formulation meeting this requirement as close as possible
was selected for subsequent studies. The nanoparticles prepared at 30%
initial loading and 30 mg/Kg body weight was selected for further

investigation.
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Table 3.5 Tissue concentration of various CsA formulations at 72 h

ug/g of tissue or blood

Groups Neoral® CsANPs CsANPs CsANPs CsANPs CsA NPs
Dose

15 15 30 45 30 30
(mg/Kg)
Loading? -- 20 20 20 10 30
Blood 0.04+0.01 0.22+0.04 0.23+0.04 0.37+0.08 0.04+0.01 0.38+0.13
Brain 3.4+0.7 1.9+0.2 2.5+0.9 2.7+1.1 1.6+0.7 2.8+1.0
Heart 5.0+0.8 6.4+1.5 6.7£1.9 7.7£2.6 7.8£1.5 8.1+2.0
Lung 5.3+0.7 8.9+£3.6 9.4+1.8 10.4+1.8 8.7+0.7 11.3+1.8
Kidney 9.9+1.6 14.0¢.1.3  17.4+1.5 17.6+x1.4  122+14  20.3+2.8
Spleen 6.9£1.8 9.3+2.1 10419  11.4+1.4 5.7+1.7 14.9+1.6
Liver 10.7£1.3  11.7#0.8  12.5+0.8  13.1£1.8 9.5+1.2 15.5+1.1
Intestine 6.8+0.8 7.5£1.5 8.9+0.5 11.7+21  11.3%2.7 7.742.4

2% w/w of polymer weight. All data represented as mean+S.E.M. (n=3).
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Table 3.6 Tissue distribution coefficient (kp) of various CsA formulations

ky

CsA
Groups Neoral® CsA NPs CsA NPs CsA NPs CsA NPs

NPs
Dose

15 15 30 45 30 30

(mg/Kg)
Loading? -- 20 20 20 10 30
Blood 1 1 1 1 1 1
Brain 85 9 11 7 40 7
Heart 125 29 29 21 195 21
Lung 133 40 41 28 218 30
Kidney 248 64 76 48 305 53
Spleen 173 42 45 31 143 39
Liver 268 53 54 35 238 41
Intestine 170 34 39 32 283 20

"% w/w of polymer weight.
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3.3.3 CsA distribution profile at its Tmax

The toxicity of CsA is found to depend upon blood and tissue concentrations
in correlation to Cmax and AUC. Considering the possible differences in in
vivo distribution between the free drug and the drug entrapped in
nanoparticles, Tmax sacrifice was performed for nanoparticulate formulation
of CsA for a dose of 30 mg/Kg at 30% loading and was compared to Neoral®.
After administration of the formulations, the rats were sacrificed at 2 and 12
h which corresponded to the Tmax of Neoral® and CsA nanoparticulate
formulation, respectively.

At Tmax, the tissue distribution profiles for both Neoral® and nanoparticles
were very much comparable for all the tissues except intestine (Table 3.7).
The Tmax distribution differs to that of 72 h distribution where much smaller
Ky values were observed in comparison to Neoral®, which could be explained
due to the delay in the absorption phase for nanoparticles.

The nanoparticulate formulation of CsA prepared at 30% initial loading at a
dose of 30 mg/Kg produced similar Cmax and tissue concentrations in
comparison to Neoral® at 15 mg/Kg, therefore, the same doses were used for

the nephrotoxicity study.
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Table 3.7 Tissue concentrations and distribution coefficient (k) of Neoral®

and CsA nanoparticles at their Tmax

Neoral® CsA NPs
Tissue (15 mg/kg) (30 mg/kg at 30% DL)
2h 12h
ug/g of tissue or ug/g of tissue or
ky ky
blood blood

Blood 1.19+0.08 1 1.01+0.08 1
Brain 3.4+14 3 3.1+1.1 3
Heart 29.1+2.9 24 23.6+2.8 23
Lung 30.3+3.1 25 24.8+2.1 25
Kidney 32.4+2.8 27 29.6+3.1 29
Spleen 31.7+2.7 27 28.9+2.1 29
Liver 35.5+2.4 30 32.5+2.9 32
Intestine 22.4+5.2 19 29.8+4.7 30

All data represented as mean+S.E.M. (n=3).
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3.3.4 Chronic nephrotoxicity study

CsA associated nephrotoxicity is a major concern for its use in various
disorders where it has been found to have potential therapeutic applications.
CsA induced kidney damage is clinically characterised by measuring BUN
and PC levels with histological evaluation of the kidney. Uncharacteristic rise
in the BUN and PC levels point towards kidney dysfunction. A 30 day
chronic nephrotoxicity study revealed that administration of Neoral® led to
significant rise in BUN and PC levels in comparison to that of control groups
(Table 3.8). On the other hand, CsA nanoparticles exhibited significantly
lower PC and BUN levels indicating lower nephrotoxicity. Similar effects
were observed on histological investigation of kidney sections. CsA induced
kidney damage is reversible at an early stage but chronic administration
leads to irreversible changes in the kidney, most prominent being glomerular
collapse, tubular atrophy and interstitial fibrosis. The ratio of areas of
glomerular capillary tuft to that of the Bowman's capsule was quantified to
determine glomerular collapse (Table 3.8, Figure 3.2). Administration of
Neoral® lead to greater glomerular collapse than that observed on
administration of CsA nanoparticles, further confirming the lower toxicity of
nanoparticulate formulation in comparison to Neoral®.

Determination of blood CsA levels after 1st, 15" and 30" dose showed a
gradual increase in CsA concentration on administration of Neoral® and CsA
nanoparticulate formulation. The blood concentrations were determined at 2
and 12 h which were corresponding to the Tmax of Neoral® and
nanoparticulate formulation, repectively (Figure 3.3). After 1%t and 15% doses,
Neoral® and nanoparticulate formulation demonstrated higher CsA
concentration at their Tmax but by 30" day nanoparticulate formulation

showed a higher concentration at it's as well as Neoral®s Tmax. This high
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concentration observed for nanoparticulate formulation may be due to
sustained release of CsA. On determination of CsA concentration in the
kidney, brain and liver, it was observed that nanoparticulate formulation

produced higher levels than those observed in Neoral®group (Figure 3.4).

Table 3.8 Evaluated parameters of chronic nephrotoxicity

Glomerular
Groups BUN (mg/dL)  Creatinine (mg/dL)
collapse index
Control 20.81+1.74 0.497811+0.031 0.8785+0.0109
Neoral® (15 mg/Kg) 35.02+1.65"" 2.129492+0.154""2 0.7499+0.0132"2
CsA NPs (30 mg/Kg) 27.24+1.59"»  1.274491+0.081"">*t  0.8029+0.0156™*

All data represented as mean+S.E.M. (n=6).
***p <0.001, *p<0.01, *p <0.05; a vs. Control group; b vs. Neoral®group.
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Figure 3.2 Histological sections of rat kidney cortex stained using hematoxylin and
eosin (A) control group, (B) Neoral® treated group and (C) CsA nanoparticulate
treated group. Glomerular collapse and widespread tubular damage which are
characteristic features of CsA induced nephrotoxicity were prominently visible in
Neoral® treated group compared to CsA nanoparticulate treated group (x200).
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Figure 3.3 Blood CsA levels during the chronic nephrotoxicity study. All values
represented are mean+S.E.M. (n=3).
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Figure 3.4 CsA levels in brain, liver and kidney observed after 30 days treatment
with Neoral® (15 mg/Kg) and CsA nanoparticles (30 mg/Kg, 30% loading). All
values represented are mean+S.E.M. (n=3).
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In the literature, various formulations have been investigated for reducing
CsA nephrotoxicity. CsA loaded liposomes demonstrated reduced
nephrotoxicity when administered for 14 days intravenously at a dose of 25
mg/Kg in comparison to CsA administered in cremophore solution, however
at similar plasma levels (Smeesters et al., 1998). In another report, following
intravenous administration CsA loaded liposomes where found to be more
potent than commercial formulation in prolonging survival of cardiac
allograft in mice and were also less toxic however, a rapid decrease in blood
levels with accumulation in the spleen was observed (Gorecki et al., 1991).
Freise et al., demonstrated decrease in nephrotoxicity in the ischemic kidney
model in rat using liposomes. Pharmacokinetic characterization of
formulation demonstrated rapid clearance of liposomes from systemic
circulation and higher hepatic uptake (Freise et al., 1994). In a recent report,
poly(ethylene oxide)-b-poly(e-caprolactone) (PEO-b-PCL) micelles were
explored for iv. delivery of CsA. The formulation was compared to
commercial formulation Sandimmune®. On administration of 7 doses at 20
mg/Kg, the micellar formulation was found to be less toxic than
Sandimmune® (Aliabadi et al., 2008). The observed lower toxicity for the
micellar formulation was due to decreased distribution of CsA to kidney.

The current study investigates the preparation of CsA loaded PLGA
nanoparticles and its pharmacokinetics and nephrotoxic evaluation in
comparison to commercial formulation Neoral® The developed PLGA
nanoparticles were able to hold different amount of CsA based on its loading
ratio with minimal effect on size and size distribution. This could be due to
the use of the cationic surfactant DMAB as stabiliser for preparation of the
nanoparticles and the ability of PLGA matrix to hold such a hydrophobic

peptide. The nanoparticulate formulation at 30 mg/Kg at 30% loading
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produced a similar Cmax to that of Neoral® at 15 mg/Kg dose and a higher
AUC but demonstrated significantly lower nephrotoxicity. The observed
lower nephrotoxicity of CsA nanoparticulate formulation could be due to
several reasons. On close examination of the pharmacokinetic profiles,
Neoral® was found to follow two-compartment model while nanoparticulate
formulations followed one-compartment model, suggesting towards
different distribution behavior of CsA in the form of nanoparticulate
formulation and could be one of the reasons for the observed lower
nephrotoxicity of CsA nanoparticles. In addition to change in distribution
patter, Neoral®exhibited a rapid increase in CsA blood levels with Cmax at 2 h,
causing vasoconstriction and kidney damage as result of decrease in
glomerular filtration rate (GFR); 30-50% reduction in GFR being observed
after 2 h of achieving Cmax (Perico et al., 1992). On the other hand,
nanoparticulate formulation was able to provide better control of CsA release
with a steady increase in blood concentration with a Cmax at 12 h, hence a
delayed GFR decrease and lower nephrotoxicity. Additionally,
administration of nanoparticulate formulation over 30 days resulted in
smaller fluctuations of blood CsA concentrations than Neoral®, due to
sustain release of CsA from nanoparticles. In spite of higher kidney CsA
burden after 30 days, the nanoparticulate formulation exhibited lower
nephrotoxicity than Neoral® on histological examination of the kidney. In
addition to better control of CsA release, the lower toxicity of nanoparticles
would be due to their protective effect as CsA being exposed to the kidney
may be entrapped in the nanoparticles. Moreover, nanoparticles entrapping
CsA may be eliminated from body before complete release of the drug
(Moghimi et al, 2001), hence lower toxicity but requires further

investigations.
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In addition to reduced nephrotoxicity, the PLGA nanoparticles would offer
advantage of targeting the lymphatic system by its characteristics absorption
properties via M-cell in Peyer’s patches, enhancing the CsA’s therapeutic
effects (des Rieux et al., 2006). Additionally, the nanoparticles would reduce
the absorption variability of CsA by reducing its intestinal metabolism and P-
gp efflux (Bhardwaj et al., 2005; Italia et al., 2006). The nanoparticulate
formulations were able to sustain CsA release and these may further help in
reducing dosing frequency. In all, the developed nanoparticulate formulation
of CsA represent a potential alternative cremophore® EL free formulation
compared to current commercial formulation Neoral®. The less nephrotoxic
nanoparticulate formulation would enhance the therapeutic value of CsA.
Apart from transplant medicine, it would be widely used in treatment of
psoriasis, severe atopic dermatitis and rheumatoid arthritis and many other
autoimmune disorders where CsA’s association with nephrotoxicity limited
its use (Faulds et al., 1993; Rezzani, 2004). It is anticipated, that the developed
product by minimising the side effects would improve patience compliance.
The results obtained from these study leads to a pharmaceutically acceptable
product profile and has set the ground for detailed clinical investigations.

In addition to CsA, polymeric nanoparticles have been able to reduced
toxicity of various molecules. In recent reports from our group, PLGA
particles were able to improve the safety of doxorubicin (Kalaria et al., 2009)
and atrovastatin (Meena et al., 2008). PLGA nanoparticles were also able to
improve the efficacy of pharmaceutical challenging molecules like CoQ10
(Ankola et al., 2007), ellagic acid (Sonaje et al., 2007) and paclitaxel (Bhardwaj
et al., 2009), demonstrating the potential of DMAB stabilised PLGA
nanoparticles for improved oral delivery and suggesting towards potential

therapeutic efficacy of CsA nanoparticles in autoimmune disorders.
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3.4 Conclusions

The study clearly demonstrates the potential of PLGA nanoparticles for oral
delivery of CsA. With dosing and loading variations, PLGA nanoparticles
were able to match the Cmax of Neoral®. Most notably, the CsA nanoparticles
demonstrated significant lower nephrotoxicity than Neoral® at higher plasma
and tissue concentration, clearly demonstrating the clinical potential of the

nanoparticulate formulation.
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4. ATTEMPTS TO ERADICATE DELETERIOUS EFFECTS OF
CICLOSPORIN BY COMBINATION APPROACH

4.1 Introduction

Combination therapy is gaining importance in treatment of difficult diseases
for a variety of reasons. For example, the combination of disease modifying
drugs with an antioxidant can offer synergistic effects (Brown et al., 2001) as
well as counteract drug induced toxicities (Lexis et al., 2006). This is
especially true for patients requiring poly-therapy for co-existing disease
states or, conversely, in the discovery of unexpected indications for a drug
already established in the treatment of another disease. The anti-malarial
drug hydroxychloroquine is used to treat rheumatism in arthritis patients but
also has a hypoglycemic function that helps these patients avoid diabetic
complications (Wasko et al., 2007). Conventionally, nanoparticulate systems
have been developed for individual drugs; however, more recently, co-
entrapment of more than one drug has been attempted successfully (Sharma
et al., 2004; Ratnam et al., 2008).

The CsA loaded PLGA nanoparticles were found to be less nephrotoxic than
Neoral®, however still presenting a scope for further reduction. Considering
the role of free radicals in the CsA mediated nephrotoxicity (Chander et al.,
2005; Yuce et al., 2008), antioxidant supplementation should benefit the cause.
Therefore, attempts were made to develop co-entrapped CsA-antioxidant
nanoparticles primarily to eradicate CsA induced nephrotoxicity and
hypertension. Our own studies as well as literature reports strongly suggest
the ability of CoQ10 in scavenging free radicals as well as preventing
hypertension (Igarashi et al., 1974; Greenberg and Frishman, 1990; Ankola et
al., 2007). Therefore, in the present investigation we developed CsA-CoQ10

co-entrapped nanoparticles for reduced CsA toxicity.
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4.2 Materials and methods
4.2.1 Materials
CoQ10 was a free gift by Tischon Corp. (Westbury, NY).

4.2.2 Preparation of nanoparticles

CsA-CoQ10 co-entrapped nanoparticles were prepared by emulsion-
diffusion-evaporation technique as described in section 3.2.2. Several process
parameters, as described below, were optimised with respect to size and
entrapment efficiency, aiming to achieve smallest possible size and

maximum entrapment.

4.2.2.1 Effect of DMAB concentration on drug entrapment

Four different DMAB concentrations (1, 0.5, 0.25 and 0.1% w/v) were
screened to investigate its effect on particle characteristics (CsA loading at
10%, CoQ10 loading at 30% and co-loading of CsA and CoQ10 at 10 and 30%
w/w of polymer respectively). The particles were prepared using 5 ml of
stabiliser volume and homogenised (Polytron PT4000; Kinematica) at 15,000

rpm for 5 min as a size reduction method.

4.2.2.2 Effect of external phase volume on particle characteristics

Three different external phase volume (5, 3 and 1.5 ml) were screened to
investigate its effect on particle characteristics (Co-loading of CsA and
CoQ10 at 10 and 30% w/w of polymer respectively). The particles were
prepared using 0.1% w/v DMAB concentration and homogenised at 15,000

rpm for 5 min as a size reduction method.
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4.2.2.3 Effect of droplet size reduction method on particle characteristics

Homogenisation and probe sonication as size reduction methods were
investigated to study their role on particle characteristics (Co-loading of CsA
and CoQ10 at 10 and 30% w/w of polymer respectively). The particles were
prepared using 3 ml of 0.1% w/v DMAB concentration. Homogenisation was
carried out at 15,000 rpm for 5 min while probe sonication at 10 microns

amplitude for 1 min.

4.2.2.4 Effect of drug loading on particle characteristics

Several permutations and combinations of drug loading ratios were
investigated. CsA loading was varied at 10, 20 and 30% loading, along with
varying CoQ10 load from 0 to 70% for each CsA load. The particles were
prepared using 3 ml of 0.25% w/v DMAB and probe sonication at 10 microns

amplitude for 1 min.

4.2.2.5 Particle size and zeta potential measurements
The particle size and zeta potential measurements were carried out as

described in section 3.2.2.1.

4.2.2.6 Entrapment efficiency

The percentage of drug incorporated during nanoparticle preparation was
determined by centrifuging the drug loaded nanoparticles at 14,000 rcf for 30
min and separating the supernatant. The pellet obtained was washed twice
with water and the drugs were extracted from the pellet using ethyl acetate
and acetonitrile followed by an estimation of the drugs in triplicate by a

developed HPLC method as described below.
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Simultaneous estimation of CsA and CoQ10 was carried out using Hypersil
GOLD (15cm x 4.6mm, 5um) (C18) column and Hypersil 10x4 mm, S5um drop
in guards connected by UNIGAUARD (Thermo Scientific). Elution of both
the compounds was achieved using isocratic mobile phase (ethanol:water) at
210 nm for CsA and 275 nm for CoQ10. The HPLC system consisted of
ChromQuest acquisition software, autosampler connected with LC Pump
and PDA detector (Thermo Finnigan Surveyor System). The analytical
method was validated according to the guidelines of the international
conference on harmonization of technical requirements for registration of
pharmaceuticals for human use. Parameters validated included precision
(repeatability (intra-day) and intermediate precision (inter-day)) and
accuracy. Both the intra- and inter-day relative standard deviations (RSD) of

QC standards were less than 5% over the selected range.

4.2.2.7 Freeze drying of nanoparticles

The CsA, CoQ10 and co-entrapped nanoparticles were freeze dried using
previously optimised methods (Kalaria et al., 2009; Shaikh et al., 2009) for
atomic force microscopy (AFM). Trehalose (10% w/v) was added as

cryoprotectant before freezing.

4.2.2.8 Atomic force microscopy

Freeze dried particles were re-suspended in distilled water. 100 ul of this
particle suspension was diluted with 100 pl water on a glass slide and the
residual liquid was removed after 5 min and again rinsed with water to
remove stabilisers and dried in air. The particles were then allowed to
immobilise on the glass slides for 5 min. Finally, the glass slides were washed

with pure water to remove cryoprotectant residues (trelahose) and air dried.
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AFM was performed using a vibration-damped NanoWizard (JPK
instruments, Berlin, Germany) (Neu et al., 2006). Commercial pyramidal SisN4
tips (NSC16 AIBS, Micromasch, Estonia) mounted to a cantilever with a
length of 230 um, a resonance frequency of about 160-170 kHz and a nominal
force constant of about 40 N/m were used, and measurements were
performed in intermittent contact mode to avoid damage of the sample. The
scan speed was proportional to the scan size and the scan frequency was
between 0.3 and 0.8 Hz. Images were obtained by displaying the height or

amplitude signal in the trace direction (512 x 512 pixels).

4.2.3 Semi-quantitative solid-state solubility of CsA and CoQ10 in the
polymer

To determine the solid-state drug—polymer solubility, different quantities of
drug solution (stock solution of CsA and CoQ10 in ethyl acetate, 40 mg/ml)
were added to polymer solutions of PLGA (40 mg/ml in ethyl acetate), and
vortexed, and 75 uL of each drug-polymer solution was spread on a glass
slide. The solvent was allowed to evaporate undisturbed overnight at room
temperature, and the dried films were observed visually for drug
precipitation. Phase separation of drugs from polymers was visible from the
opacity of the films, whereas when there was no phase separation, the
polymer films remained transparent (Panyam et al., 2004).

In the first set of experiments CoQ10 and CsA films were prepared at a
concentration of 5, 10, 25, 50, 75 and 100% w/w polymer to determine the
load of the drug that PLGA can hold. In second set of experiments the effect

of CoQ10 on CsA-PLGA solubility and vice versa were investigated.
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4.2.4 In vitro drug release studies

Dialysis membrane method was used to determine the release of drugs from
the nanoparticulate formulations. Freshly prepared CsA, CoQ10 and CsA-
CoQ10 co-entrapped nanoparticle dispersions were centrifuged, redispersed
in 1 ml of 5% Labrasol® solution (in pH 7.4 phosphate buffer) and were then
transferred to the dialysis bags (Sigma) with a molecular mass cut-off of
12,000 Da. The bags were suspended in vials containing 5 ml of 5% Labrasol®
solution (in pH 7.4 phosphate buffer). All the vials were kept in shaker water
bath maintained at 37 °C and 50 rpm. The release medium was completely
replaced with fresh buffer at every sampling time interval. The sampling
points were 6 h followed by sampling at every 24 h for the first 10 days and
every 48 h at later stages of release. The CsA and CoQI0 content in the
release medium were quantified using a validated HPLC method as

described above.

4.2.5 Computer simulation of release

Computer simulations of the release of drugs from a nanoparticle were also
performed to provide qualitative insights into our experimental results. In
particular, we capture the entropic elasticity of the polymer chains through
interactions between cross-link sites and the entropy, and enthalpy, of
mixing is captured using Flory-Huggins theory (Flory, 1953). Therefore, we
assume the nanoparticles can be described by a collection of cross-linked
polymer chains. The Cahn-Hilliard equation is used to diffuse the entrapped
drugs. Importantly, the temporal and spatial evolution of the nanoparticle
and entrapped drug are coupled throughout. Cross-link sites are randomly
distributed within a circular area (the nanoparticle). Potential connections

between cross-link sites are determined when the distance between cross-
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links is between 0.25 and 0.75 of the cumulative distribution function of the
theoretical end-to-end distances. This simply prohibits the creation of
polymer chains which are either collapsed or highly stretched, whose
occurrence would be unlikely. Polymer chains are created from these
potential connections in order of increasing length, while limiting the
network connectivity to the functionality (taken here to be 3). To obtain the
polymer concentration for the entire nanoparticle, it is necessary to know the
local concentration associated with a polymer chain, relative to the end
points of the polymer chain. We capture these polymer concentrations using
a look-up table of random walk statistics. Therefore, we consider the polymer
chains to be ideal and their configurations to be analogous to Brownian
motion (corresponding to a random walk). A polymer chain is represented as
a random walk of 1000 steps and 1x10° chains are considered. The random
configurations are used to create smooth look-up tables of the probabilities of
locally finding the polymer, relative to the end points of a polymer chain.
The local density is assumed to be proportional to the probability of finding a
polymer chain within the cell of the Cahn-Hilliard lattice. The spatial step of
our look-up table is taken to be 1/3 of that used when implementing the
Cahn-Hilliard equation, to provide a finer representation of polymer
concentration than the coarser Cahn-Hilliard lattice. The drug is initially
loaded such that polymer and drug concentrations total 0.99. Once we have
established the initial nanoparticle configuration, and drug concentrations,
we can evolve the system and investigate drug diffusion from the
nanoparticle.

The free energy of the system, normalized to kvT, is given by

B = i [ + 5]+ 5 05 + § Ty xusbedy + 2 (V45)°

73



where the first term describes the entropic stretching of the polymer chains,
the second term is from Flory-Huggins theory and the last term provides
interfacial tension. Ri is the end-to-end distance of the i chain, N is the
degree of polymerisation and b is the persistence length. A,
is the concentration of the jt species and Aj is the interaction parameter
between species i and j. The above free energy captures the entropy of chain
stretching and, through the Flory-Huggins term, the entropic and enthalpic
interactions between the various species (overlapping chains and
encapsulated drugs).

The evolution of the position of the i" cross-link site is given by

dr; _ _ DN, 8U
G kTN Bri

where D is the diffusion coefficient of a monomer and Ne. is the degree of
polymerization when entanglement occurs. The derivative oU/ori for the
polymer concentrations can be obtained from oU/dr= (OU/dA)) (QAi/dri). The
derivative of the polymer concentration with respect to the position of an end
point can be obtained directly from the look-up table of polymer
concentrations. The drug concentrations are simultaneously updated using
the following Cahn-Hilliard equation (Cahn and Hilliard, 1958)
%2 =V &oo(1— ¢p)VEL

where D is the diffusion coefficient of the drug molecule, which is taken to be
the same as a monomer, and the concentration Ab is the concentration of one
of the drugs. The Cahn-Hilliard equation is solved on a discrete lattice of L2 =
642, where in lattice units the nanoparticle radius is 20. In order to account for
the diffusion of the encapsulated drug beyond this system size we employ
extrapolated boundary conditions where the concentration at a point beyond
the system is obtained from the linear extrapolation of points inside the

system (while ensuring that we do not include negative concentrations). The
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simulations progress through the interactive update of both the drug
concentration and the polymer crosslink sites. The polymer concentration is
subsequently obtained from the positions of the crosslink sites. Therefore, we
can simultaneously evolve nanoparticle mechanics and drug diffusion, to

capture the release of an encapsulated drug.

4.2.6 Pharmacokinetic and tissue distribution studies

For pharmacokinetic studies male SD rats weighing 200-250 g were used.
The effect of co-administration of CoQ10 suspension on pharmacokinetic
profile of Neoral® was studied. Neoral® was administered at 15 mg/Kg
followed by administration of CoQ10 suspension at 75 mg/Kg after 15 min
and was compared to simple Neoral®. The effect of co-entrapped CoQ10 on
CsA’s pharmacokinetic profile was investigated. Co-entrapped nanoparticles
at 30% CsA loading and 70% CoQ10 loading were administered at 30 mg/Kg
of CsA that corresponded to 75 mg/Kg of CoQ10. The co-entrapped particles
were compared to simple CsA nanoparticles at 30% loading.

Blood samples and tissues were collected from animals and analysed for CsA

concentration as described in section 3.2.3.

4.2.7 Chronic nephrotoxicity study

The ability of CoQI10 in preventing CsA induced nephrotoxicity was
investigated in a 30 day chronic nephrotoxicity study as described in section
3.2.5. Neoral® was administered at 15 mg/Kg followed by administration of
CoQ10 suspension (in carboxymethyl cellulose) at 75 mg/Kg after 15 min and
co-entrapped nanoparticles at 30% CsA loading and 70% CoQ10 loading
were administered at 30 mg/Kg of CsA that corresponds to 75 mg/Kg of
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CoQ10 and compared to simple Neoral®, CsA nanoparticles and control

groups.

4.2.7.1 Blood CsA levels during chronic nephrotoxicity study
Blood CsA levels during the chronic nephrotoxicity study were determined

as described in section 3.2.5.1

4.2.7.2 Plasma creatinine and blood urea nitrogen

PC and BUN were analysed as described in section 3.2.5.2.

4.2.7.3 Histopathological evaluation of kidney
Histopathological evaluation of kidney was performed as described in

section 3.2.5.3.

4.2.7.4 CoQ10 plasma levels

The CoQ10 plasma levels after 30 day chronic nephrotoxicity were
determined by liquid chromatography-mass spectroscopy (LC-MS)
(Manchala, 2010). In brief, the procedure was as follows. 100 pl of plasma
was mixed with 100 pl of Vitamin K1 (internal standard, 10 pug/ml) and 500
ul each of hexane and methanol in microcentrifuge tubes and vortexed. The
upper hexane layer was collected by centrifugation at 10,000 rpm for 5 min.
The collected hexane layer was evaporated at room temperature and the
obtained residue was reconstituted in 100 pl of mobile phase consisting of
5mM ammonium acetate in 95:5 mixture of ethanol and water respectively.
The reconstituted samples were analysed by LC-MS in tandem mode
(MS/MS) with the orbitrap model using Finnigan LTQ fitted with an Orbitrap

detector and X-calibur for data analysis.
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4.3 Results and discussion

4.3.1 Preparation of nanoparticles

4.3.1.1 Effect of DMAB concentration on drug entrapment

The amount of stabiliser used for particle preparation is critical to the
nanoparticle characteristics, too low concentration leads to the aggregation of
the polymer, whereas too much stabiliser affects drug incorporation
(Guarrero et al., 1996) and similar effects were observed with CsA-DMAB in
our preliminary studies (Italia et al., 2007). Four different concentrations of
DMAB (0.1, 0.25, 0.5 and 1% w/v) were selected and three different sets of
particles were prepared using the four concentrations. The three sets of
batches included CsA particles at 10% loading, CoQ10 particles at 30%
loading and CsA and CoQI10 co-loaded particles at 10 and 30% loading,
respectively. Other experimental parameters such as homogenisation at
15,000 rpm for 5 min, external phase volume (5 ml of DMAB solution) were
kept constant.

With decreasing DMAB concentration, an increase in particle size and
entrapment efficiency was observed for all three experimental sets (Table
4.1). Figure 4.1 shows effect of DMAB concentration on size distribution of
CsA and CoQ10 co-loaded nanoparticles. For all batches, the particle size
increased from around 100 nm to 200 nm with decreasing DMAB
concentration from 1% to 0.1%. A similar phenomenon was observed for
estradiol loaded PLGA nanoparticles for DMAB concentration in the range of
0.5 to 3% (Hariharan et al., 2006). For CsA, decreasing DMAB concentrations
resulted in a significant increase in entrapment efficiency. The entrapment
efficiency increased from 10% to 39% as the DMAB concentration dropped
from 1 to 0.1%. For CoQl0, an increase in entrapment efficiency was

observed, but was not as profound as it was for CsA. For CoQIl0 the
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entrapment efficiency increased from 63% to 87% as the DMAB concentration
dropped from 1 to 0.1%. When CsA and CoQ10 were co-loaded the particle
characteristics in terms of size and entrapment remained very similar to their
individual particles.

DMAB concentrations had a profound effect on CsA entrapment in
comparison to CoQ10, which may be due to the higher solubility of CsA in
DMAB solution than CoQ10 (Hariharan et al., 2006; Ankola et al., 2007),
causing excessive partitioning of CsA into the aqueous phase resulting in low
entrapment (Italia ef al., 2007). 0.1% DMAB concentration, which produced
particles with the highest entrapment efficiency for CsA, was taken up
further to study the effect of external phase volume on co-loaded particle

characteristics.

4.3.1.2 Effect of external phase volume on particle characteristics

As DMAB concentration affected the entrapment efficiency, the external
phase volume dependent particle characteristics were investigated. 0.1%
DMAB concentration was kept constant and the amount of external phase
was varied (5, 3 and 1.5 ml). Other process parameters such as
homogenisation speed and time were kept constant.

With decreasing external phase volume from 5 to 1.5 ml, entrapment
efficiency of CsA increased with increase in size, however the decrease in
external phase volume had no effect on CoQl10 entrapment (Table 4.2).
Figure 4.2 shows effect of external phase volume on size distribution of CsA
and CoQ10 co-loaded nanoparticles. The size increased from 208 nm for 5 ml
of external phase volume to 351 nm for 1.5 ml. The entrapment efficiency of
CsA increased from 39% to 63% as the volume decreased from 5 to 1.5 ml.

This increase in efficiency was due to less amount of DMAB present in
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aqueous phase (continuous phase) hence decreasing the solubility and
partitioning of CsA into it (Italia et al., 2007). The change in external phase
volume had no effect on CoQ10 entrapment and it remained around 83%.
Considering a balance between entrapment efficiency and particle size 3 ml
of 0.1% DMARB solution was used further to investigate the effect of droplet

size reduction method on co-loaded particle characteristics.

4.3.1.3 Effect of droplet size reduction method on particle characteristics

It is reported in literature that sonication yields particles with smaller size,
while high pressure homogenisation provides more monodisperse particles
(Lamprecht et al., 2000). In the present study we compared both the processes
for their efficiency in reducing the particle size and its effect on entrapment
efficiency. Homogenisation was carried out at 15,000 rpm for 5 min, and
sonication at 10 microns amplitude for 1 min, while remaining process

parameters were kept constant.
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Table 4.1 Effect of DMAB concentration on drug entrapment

Co-loaded
DMAB CsA loaded Co0Q10 loaded
(CsA and CoQ10)
Conc
Size EE Size EE Size EE (%) EE (%)
(% wiv)
(nm) (%) (nm) (%) (nm) CsA CoQ10
1 105+2 10+5 100+8 63+7 109+13 102 63+4
0.5 13145 13+3 139+7 76+4 142+14 1343 73+5
0.25 161+6 17+2 167+7 85+6 17045 18+2 81+7
0.1 1965 39+3 20619 87+3 20849 39+6 85+8

CsA 10 % and CoQ10 30% initial loading w/w of polymer for individual as well as
co-loaded formulations. ZP was 69-86 mV at pH 4.5+0.5. PDI of particles was 0.08-
0.15. All values represented as mean+S.D. (n=3).

Table 4.2 Effect of external phase volume on particle characteristics

Volume CsA CoQ10
of

CsA CoQ10 Size Amt. Amt.
external ) ) EE EE

loading loading (nm) Entrapped Entrapped
phase (0/0) (0/0)
(ml) (mg) (mg)
5 10 30 208+9  39+6 1.9+0.3 85+8 12.7+1.2
3 10 30 247+16 568 2.8+0.4 83+x1 12.4+0.4
1.5 10 30 35125 636 3.2+0.3 82+3  12.4+0.5

ZP was 50-85 mV at pH 4.5£0.5. PDI of particles was 0.15-0.29. All values
represented as mean+S.D. (n=3).

80



Size Distribution by Intensity

Intensity (%)

1 10 100 1000
Size (d.nm)

Figure 4.1 Size distribution intensity graph showing the effect of DMAB
concentration on CsA-CoQ10 co-loaded size distribution curve. Green-1%, Blue-
0.5%, Black-0.25% and Red-0.1% of DMAB concentration.

Size Distribution by Intensity
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Figure 4.2 Size distribution intensity graph showing the change in size distribution
curve with change in external phase volume; Red-5 ml, Green-3 ml, Blue-1.5 ml of
0.1% DMAB solution.
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Sonication produced particles of smaller size, by providing very high
mechanical energy to the system in the form of sonic waves, leading to
improved particle droplet size reduction than that observed during
homogenisation. Particles of 247 nm with % entrapment of 56 and 83 for CsA
and CoQ10, respectively, were produced using homogenisation while
sonication resulted in particles of 156 nm with high % entrapment of 74 and
94 for CsA and CoQ10, respectively (Table 4.3). The high entrapment
observed for particles prepared using sonication could be due to the larger
surface area exposed, as a consequence of their smaller size, which increased
their interactions with the drugs, in comparison to those produced through
homogenization.

A fresh batch was investigated using 0.25% DMAB solution and compared to
0.1% batch using probe sonication as the size reduction method. 0.25%
DMAB batch produced particles of 116 nm in size with % entrapment of 36
and 83 for CsA and CoQ10 respectively in comparison to 156 nm particles
with % entrapment of 74 and 93 for 0.1% DMAB concentration (Table 4.3).
Figure 4.3 shows the effect of size reduction method on particle size
distribution. In spite of the smaller size particles produced by sonication for
0.25% DMAB, the entrapment of drugs decreased, which may be due to a
higher diffusion of drugs into the aqueous phase as a result of higher DMAB
concentration.

An optimal nanoparticulate formulation consists of desired sized particles
and entrapment efficiency. We have observed that particles of order 100 nm
have been most suitable for oral drug delivery (Hariharan et al., 2006; Ankola
et al., 2007; Italia et al., 2007; Mittal et al., 2007). Therefore, considering the
lowest size and moderate % entrapment, 3 ml of 0.25% DMAB solution as the

external phase and probe sonication as the size reduction method were
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selected for preparing further batches which involved different loading

studies.

4.3.1.4 Effect of drug loading on particle characteristics

Dose is a critical factor in designing particulate delivery systems for oral
delivery (Bhardwaj et al.,, 2005). For combination formulations, the
proportion of one component to another is critical for maximum beneficial
effects. CsA is a low dose (2-15 mg/Kg) drug while CoQ10 is a high dose (10-
100 mg/Kg) antioxidant, therefore entrapment of both molecules in a
polymeric system at a desired proportion can be challenging as CsA’s
entrapment is highly dependent on DMAB concentration and loading ratio
while CoQ10 entrapment is more robust in nature due to its very high
lipophilicity and minimal solubility in DMAB solution. Considering the
challenges in encapsulating a desired ratio between CsA and CoQ10, due to
their varied physicochemical properties, several loading combinations were

studied.

Table 4.3 Effect of droplet size reduction method on particle characteristics

CsA CoQ10

DMAB

Size Amt. Amt.
conc. Method EE EE

(nm) Entrapped Entrapped
(% wiv) (%) (%)

(mg) (mg)

0.1 Homogenisation 247+16 568 2.8+0.4 83+1 12.4+0.9
0.1 Probe sonication 1563 7444 3.7+0.2 94+3 14.1+0.4
0.25 Probe sonication 116+2  36+2 1.8+0.1 83+4 12.4+0.6

CsA 10 % and CoQ10 30% initial loading w/w of polymer. ZP was 73-78 mV at pH
4.5+0.5. PDI of particles was 0.08-0.18. All values represented as mean+S.D. (n=3).
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Figure 4.3 Size distribution intensity graph showing the change in size distribution
curve as a effect of using homogenization and probe sonication as size reduction
method; Red- Homogenization, Green- Probe sonication.
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Figure 4.4 Size distribution intensity graph showing the change in size distribution
curve as a result of increasing CoQ10 loading; Green- 10%, Red-30% Blue-50% and
Black-70% w/w of CoQ10 loads, respectively.
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In the first set CsA loading was kept constant at 10 %w/w of polymer and
CoQ10 loading was varied at 0, 10, 30, 50 and 70%. With increasing CoQ10
loading from 0 to 70% at 10% constant CsA loading, particle size increased
from 107 to 130 nm. The entrapment efficiency of CsA increased with
increasing CoQ10 load in the particle. The entrapment of CsA increased from
20 to 51% as the CoQ10 load increased from 0 to 70%. The entrapment of
CoQ10 also increased slightly from 79% to 91% with increasing loading from
10 to 70% (Table 4.4). Figure 4.4 demonstrates the effect of co-loading on size
distribution pattern. The entrapment efficiency was translated to amount of
drug entrapped per 50 mg of polymer. Due to increase in entrapment
efficiency of CsA, amount entrapped also increased from 1 to 2.6 mg with
increasing CoQ10 load. For CoQl10 the amount entrapped increased
corresponding to its % entrapment and load. It increased from 3.9 to 31.9 mg
with increase in load from 10 to 70%. Considering the amount of CsA and
CoQ10 entrapped in particles, ratio between CsA and CoQl0 was
determined. The ratio (CsA:CoQ10) was from 1:2.6 to 1:12.6.

In the second set, keeping CsA loading constant at 20 %w/w, CoQ10 loading
was varied similarly as above. With increasing CoQ10 loading from 0 to 70%
particle size increased from 108 to 132 nm. The entrapment efficiency of CsA
increased with increasing CoQ10 load in the particle. The entrapment of CsA
increased from 46 to 63% with the increase in CoQ10 load from 0-70%. The
entrapment of CoQ10 remained constant around 85% for different loadings.
Considering the amount of CsA and CoQ10 entrapped in particles, ratio
between CsA and CoQ10 was determined. The ratio (CsA:CoQ10) was from
1:0.9 to 1:4.8.

In the third set CsA loading was kept constant at 30 %w/w of polymer and

CoQ10 loading was varied. With increasing CoQ10 loading from 0 to 70% at
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30% constant CsA loading, particle size increased from 119 to 135 nm. The
entrapment efficiency of CsA increased with increasing CoQ10 load in the
particle. The entrapment of CsA increased from 62 to 81% as the CoQ10 load
increased from 0 to 70%. The entrapment of CoQ10 remained constant at
around 87% for different loads. Due to increase in entrapment efficiency for
CsA amount entrapped also increased from 9.3 mg to 12.1 mg with
increasing CoQ10 load from 0 to 70% respectively. For CoQ10 the amount
entrapped increased corresponding to its % entrapment and load. It
increased from 4.4 to 30.6 mg as the load increased from 10-70%. Considering
the amount of CsA and CoQ10 entrapped in particles, ratio between CsA and
CoQ10 was determined. The ratio (CsA:CoQ10) was from 1:0.4 to 1:2.5. The
particles were found to have low PDI (0.1-0.2) for all the batches and zeta
potential was found to be in the range of 67-87 mV.

The size and surface morphology of freeze dried CsA, CoQ10 and co-
entrapped nanoparticles were analysed by AFM. From AFM images it
appears that the nanoparticles were uniform and spherical in shape (Figure
4.5). Loading of either moieties or their combination had no significant effect
on PLGA nanoparticles morphology. The size range of nanoparticles
observed under AFM was similar to that observed by dynamic light
scattering.

From the foregoing studies it is evident that in the presence of CoQ10 the
entrapment of CsA increased, and with increasing CoQ10 a further increase
in CsA entrapment was observed. This may be due to several reasons.
Considering the high lipophilicity of CoQ10, the presence of CoQ10 in the
polymer matrix may have increased the lipophilicity of the system hence
making it more conducive for the partitioning of CsA into the polymer

matrix, rather than the diffusion into the aqueous phase. Other possibility
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may be a better inter-molecular arrangement of CsA in PLGA matrix in

presence of CoQ10, leading to a better entrapment of CsA. Another

possibility could be a chemical/physical interaction between the drug

molecules and polymer. Further studies were, therefore, planned to elucidate

these peculiar effects. Firstly, the lipophilicity phenomenon was investigated

by determining the semi-quantitative solubility of CsA and CoQ10 in PLGA,

and their effects on each other.

Table 4.4 Effect of drug loading on particle characteristics

CsA CoQ10
CsA CoQ10 Size Amt. Amt. Ratio
EE EE
loading loading  (nm) . Entrapped Entrapped CsA:CoQ10
(%) (mg) (mg)

10 0 107£7 2042 1.0+0.1 - --- -
10 10 104+3 3143 1.5+0.2 7943 3.910.1 1:2.6
10 30 1162 3612 1.8+0.1 83+4  12.4+0.6 1:6.9
10 50 11743 48+1 2.4+0.1 90+2  22.6+0.4 1:9.5
10 70 130+4 51+6 2.60.3 915  31.9+1.6 1:12.6
20 0 1087 464 4.610.4 --- --- -
20 10 111+5  50+3 5+0.3 85+4 4.3+0.2 1:0.9
20 30 124+3 535 5.3+0.5 855  12.7+0.7 1:2.4
20 50 1263  59+3 5.9+0.3 85+4  21.3+0.9 1:3.6
20 70 132+7  63+4 6.3+0.4 85t5  29.9+1.7 1:4.8
30 0 119+5  62+4 9.3+0.6 --- --- -
30 10 121+2  74+6  11.2+09  88+4 4.4+0.2 1:0.4
30 30 1271  75¢6  11.3#0.7  87+7  13.1+0.9 1:1.2
30 50 131£2  77¢#1  11.6+0.1  88%5 22+1.3 1:1.9
30 70 1354 812 12102  87+5  30.6£1.1 1:2.5

ZP was 67-87 mV at pH 4.5+0.5. PDI of particles was 0.1-0.2. All values represented

as mean=S.D. (n=3).
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Figure 4.5 AFM images of freeze dried nanoparticles A) CsA nanoparticles, B)
CoQ10 nanoparticles and C) Co-entrapped nanoparticles; (Scan size: 10x10um)
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4.3.2 Semi-quantitative solid-state solubility of CsA and CoQ10 in the
polymer

The semi-quantitative solid-state solubility of CsA and CoQ10 in PLGA films
at different concentrations was determined. The concentrations used were 5,
10, 25, 50, 75 and 100% w/w of polymer for CsA and CoQ10. Concentration
above 75% w/w of polymer for CsA and CoQ10 resulted in opaque films
while all concentrations below that produced transparent films based on
visual inspection.

As observed during nanoparticle preparation, an increase in CoQ10 load
results in an increase in % CsA entrapment. So CsA at 75 % w/w of polymer
was fixed and gradually the CoQ10 concentration was increased from 5 to
50% w/w of polymer. The transparency/opacity of the film was visually
observed. With increasing CoQ10 concentration, the film of CsA (at 75% w/w
of polymer) started to become transparent (Figure 4.6A) indicating a possible
increase in solubility of CsA in the polymer, due to the presence of CoQ10.
Effects of CsA concentration on CoQ10 solubility in PLGA were also
similarly determined. With increasing CsA concentration, the film of CoQ10
(at 75% w/w of polymer) started to become transparent (Figure 4.6B)
indicating a possible increase in solubility. The possible increase in mutual
solubility of CsA and CoQ10 in presence of each other can be due to several
reasons but one of the possible theories is that both of them increases the
lipophilicity of the polymer by their presence which would result in more
partitioning of the other drug in polymer matrix during particle formation.

In a solvent evaporation technique, such as emulsion-diffusion-evaporation
used here, the ethyl acetate containing the dissolved polymer and the drug is
emulsified in an external phase containing DMAB. Water is added to this

emulsion to cause the diffusion of ethyl acetate, and is then stirred to
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evaporate the ethyl acetate, which results in the nanoprecipitation of PLGA
in which the drug is entrapped. As the ethyl acetate evaporates from the
emulsion, the drug distributes between the polymeric droplets and the
aqueous phase containing DMAB (continuous phase), which can solubilise
the CsA and CoQ10. The drug diffused into the continuous phase by
miscibility of ethyl acetate precipitates once the solvent evaporates which
then deposits onto the particle surfaces. Based on the above theory, drug
loading in particulate systems prepared by the emulsion-diffusion-
evaporation technique would depend on the solubility of the drug in the
polymeric and continuous phases and drug’s separation as a solid in the
continuous phase and its deposition onto the nanoparticle surface (Panyam et
al., 2004). As CsA has a high solubility in DMAB, this can be one of the
factors affecting the entrapment of CsA, while CoQ10 has very low solubility
in DMAB so its effect on CoQ10 entrapment may be negligible. The free and
surface adhered drug is removed by washings before proceeding with the
drug entrapment studies and this entrapment is certainly dependent on the
partitioning of the CsA between polymer and the continuous phases (Tse et
al., 1999). Hence, in this study, we determined the solid state solubility of
CsA and CoQ10 in a polymer as a function of each other. The increasing
solubility of CsA in the presence of CoQ10 may be one of the reasons for
higher entrapment of CsA in a polymer matrix in the presence of CoQ10. The
CoQ10’s solubility also increased in presence of CsA but no major change in
entrapment was observed, this could be due to its inherent low solubility in

continuous phase and high partitioning in PLGA.
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Figure 4.6 A) Effect of CoQ10 on solubility of CsA in PLGA. With increasing CoQ10
concentration the solubility of CsA increased in PLGA as observed visually by
decrease in opacity and increase in transparency of film. B) Effect of CsA on
solubility of CoQ10 in PLGA. With increasing CsA concentration the solubility of
CoQ10 increased in PLGA as observed visually by decrease in opacity and increase
in transparency of film.
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4.3.3 In vitro drug release studies

The prepared nanoparticles were further evaluated for in vitro drug release.
This is challenging for a number of technical reasons, the foremost being the
creation of sink conditions for highly lipophilic CoQ10 and CsA. For poorly
soluble CsA and CoQ10, an adequate release medium providing sink
conditions was not obtained with aqueous solutions within physiological
pH. For this reason, an aqueous solution containing a surfactant/solubiliser
was wused to enhance its solubility. Labrasol® (Caprylocaproyl
Macrogolglycerides (Polyoxylglycerides)) commonly used as
solubiliser/bioavailability enhancer for oral formulations was used as the
release medium at 5% w/v in phosphate buffer pH 7.4. The saturation
solubility of CsA and CoQ10 at 37 °C in the release medium was determined
and found to be 72676 and 29+5 pg/ml for CsA and CoQI10, respectively.
Complete release medium replacement was followed to maintain sink
conditions.

The release pattern of CsA and CoQ10 were observed from individual and
co-entrapped particles. About 14% of CsA was released from individual
nanoparticles in 24 h while 12% CsA was released from co-entrapped
nanoparticles. The release pattern of CsA from CsA nanoparticles was faster
as compared to co-entrapped particles. For the first 48 h no visible difference
in release rate was observed but from the 3 day onwards a clear difference
was observed (Figure 4.7). About 86% of CsA was released by the 18" day
from CsA nanoparticles, but only 64% of CsA was released from co-
entrapped particles. This slower release of CsA from nanoparticles
containing CoQ10 may be due to the fact that CoQ10, being a very
hydrophobic molecule prevented the partitioning of CsA from the polymer

matrix to the release medium and the penetration of the release medium into
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the matrix, hence, slowing down the processes of CsA diffusion and polymer
degradation and resulting in a slower release of CsA.

The release of CoQ10 from CoQ10 nanoparticles and co-entrapped particles
was found to be very slow. Only around 15% of CoQ10 was released over 18
days. This slow release may be due to the inability of CoQ10 to partition and
diffuse into release medium. Similarly, slow and low release of CoQ10 was
observed earlier using Tween 20 as a release medium (Ankola et al., 2007).
After 18 days the amount of CoQl0 remaining in the particles was
determined. About 50% of CoQl0 was found remaining in particles
determined by HPLC after extraction using ethyl acetate and dilution with
ethanol. About 35% of CoQ10 was lost from mass balance which could
possibly be due to the degradation of CoQ10 in the release medium, as
CoQ10 was found to degrade by 16% in the release medium over four days
(Figure 4.8). CoQ10 is a highly sensitive molecule which undergoes
degradation quite rapidly in the presence of light, so the possibility of CoQ10

degradation in the release medium cannot be ruled out.
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Figure 4.7 In vitro release pattern of CsA from CsA nanoparticles; CoQ10 from
CoQ10 nanoparticles and CsA and CoQ10 from co-entrapped nanoparticles. All
values represented as mean+S.D. (n=3).
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Figure 4.8 Stability of CsA and CoQI10 in 5% Labrasol® solution (In pH 7.4
Phosphate buffer). All values represented as mean+5.D. (n=3).
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In an attempt to gain additional insights into the release phenomenon, a
qualitative computer model of the co-entrapment of two drugs inside a
polymer nanoparticle was investigated (Ankola et al., 2010). The entropic
elasticity of the polymer chains through interactions between cross-link sites
and the entropy, and enthalpy, of mixing was captured using Flory-Huggins
theory and the Cahn-Hilliard equation was used to diffuse the entrapped
drugs (Flory, 1953; Cahn and Hilliard, 1958; Buxton, and Clarke, 2007).

The interaction between the polymer and release medium is characterised by
a chi-parameter of Arirv =3.6 (PLGA-water). The entrapment of two drugs,
labeled here drugs A and B, is simulated. Drug A has chemical properties
similar to the polymer, with drug B considered to be similar to the release
medium. The chi-parameter between drug A and the polymer is zero, and
between drug A and the release medium is Argw. Conversely, the chi-
parameter between drug B and the polymer is Arrv), and between drug B
and the release medium is zero. The effects of varying the interaction
between drug A and drug B is considered. Logically, the chi-parameter
between drugs A and B, Aas, might be expected to be equal to Arrw,
considering drug A is similar to the polymer matrix and drug B is similar to
the release medium. The release pattern of drug A and drug B were
predicted from single loaded particles and co-entrapped particles.

Figure 4.9 shows the single loaded release for drug A (solid black line) and
for drug B (dashed black line). As expected the more lipophilic drug B,
similar to CoQ10, has a slow release rate while the more hydrophilic drug A,
similar to CsA is released relatively quickly. The release pattern from co-
entrapped particles is also considered. Drug A is associated with the solid
lines, and drug B with the dashed lines, while the chi-parameter between the

two drugs was taken to be Arry (red lines), 0 (green lines) and — Arry (blue
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lines). The red lines, therefore, indicate the situation when the two drugs
dislike each other and the co-entrapment results in the drugs pushing each
other out of the particle. In this case, both release patterns indicate that the
drugs are released faster than in the single loaded particles. Next, we
consider the case when the chi-parameter between the two drugs is zero. In
this case, the two drugs are compatible and the more hydrophilic drug A is
not pushed out of the particle by drug B. However, the release of drug A in
to the surrounding release medium encourages an increase in the release of
drug B, as now the surrounding fluid contains both the release medium
(which dislikes the lipophilic drug B) and drug A (which, here, is compatible
with drug B). In order to observe qualitatively similar results to what was
observed experimentally (Figure 4.7) it was necessary to consider a negative
chi-parameter. The blue lines show the release pattern from a simulation
were both drugs are attracted to each other. Here, drug A is both pushed out
of the nanoparticle through its interaction with the polymer and, essentially,
pulled inwards by its attraction to drug B. This results in a significant
decrease in drug release. It should be noted, however, that the current model
does not include the effects of polymer degradation and the comparisons
between simulations and experiments were qualitative. The simulations
indicate that there may be an attraction between CsA and CoQ10 which

improves their co-entrapment inside a polymer nanoparticle.
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4.3.4 Pharmacokinetic and tissue distribution studies

Some drugs have been found to alter the pharmacokinetic profile of CsA.
The effect of mibefradil (calcium antagonist) on pharmacokinetic profile of
Sandimmune® was investigated (Spoendlin et al., 1998). Administration of
Mibefradil led to significant increase in blood CsA concentrations, which was
due to inhibition of CYP3A4, the enzyme responsible for CsA metabolism.
Similarly, several CYP3A4 inhibitors like ketoconazole (Gomez et al., 1995)
have been able to increase CsA blood levels. Moreover several highly
lipophilic molecules like probucol have been found to reduce CsA blood
levels by reducing the solubility of CsA in aqueous gastrointestinal fluid
(Jiko et al., 2002).

Considering the above, effect of CoQ10 on Neoral®s blood profile was
investigated by administration of CoQ10 suspension after 15 min of Neoral®
administration. Figure 4.10 represents the pharmacokinetic profile of Neoral®
and Neoral® with CoQ10 co-administration. As observed from the
pharmacokinetic profile and derived parameters (Table 4.5) and tissue
concentrations after 72 h (Table 4.6), administration of CoQ10 suspension
had no effect on the blood and tissue CsA concentration produced by
Neoral® hence no pharmacokinetic interaction between the two molecules
was observed in the given experiment.

The effect of co-entrapping CsA with CoQ10 in PLGA nanoparticles on
biodistribution pattern of CsA was investigated. As observed from in vitro
studies, co-entrapment of CsA with CoQ10 led to a decrease in rate of CsA
release, however on in vivo profiling, no difference in CsA blood and tissue
concentration were observed (Figure 4.10, Table 4.5 and 4.6). No change in
AUC, Tmaxy, Cmax and tissue concentration was observed, which was very

different to what was observed in vitro. Several factors can contribute to this
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discrepancy in the release profiles in vitro and in vivo conditions. Of the
several factors, the ability of release medium to provide conditions similar to
in vivo environment is of prime importance. The release medium used was
5% Labrasol® solution based on its ability to solubilise CoQ10 and CsA. On
the other hand, the release of drug in vitro is primarily based on diffusion
from polymer matrix and polymer degradation, however in body several
factors could be of greater consequences like, particle uptake, distribution
and clearance. In addition to the above, analytical methods for estimating
drug is significant factor as most methods estimate the drug in body as a
whole rather than determining the free drug and not the one entrapped in

nanoparticles.
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Figure 4.10 Effect of CoQ1l0 co-administration on Neoral® and co-entrapped
nanoparticle blood profile. Neoral® (15 mg/Kg) was administered first followed by
CoQ10 suspension (75 mg/Kg) after 15 min. The co-loaded nanoparticles (30% CsA
and 70% CoQ10 loading) were administered at 30 mg/Kg of CsA which corresponds
to 75 mg/Kg of CoQ10. All values represented as mean+S.E.M. (n=3).
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Table 4.5 Effect of co-administration of CoQ1l0 on pharmacokinetic
parameters of CsA

CSA COQlO AUCO-72 Cmax
Groups Tmax (h)
(mg/Kg) (mg/Kg) (ng.h/ml) (ng/ml)

Neoral® 15 - 29046+1437  1328+120 2
Neoral®+CoQ10 15 75 30994+2449 1229472 2
CsA NPs 30 - 51763+3812  1101+143 12
Co-entrapped NPs 30 75 50763+1411 1062+44 12

All values represented as mean+S.E.M. (n=3).

Table 4.6 Effect of CoQ10 co-administration on tissue concentration of CsA

ug/g of tissue
Tissue
Co-entrapped
Neoral® Neoral®+CoQ10 CsA NPs
NPs

Brain 3.4+0.7 2.6+0.7 2.8+1.0 2.4+0.9

Heart 5.0+0.8 5.7+0.9 8.1£2 11.3£2.2

Lung 5.3+0.7 6.3+1.4 11.3+1.8 10.2+1.1
Kidney 9.9+1.6 10.7+1.3 20.3+2.8 17.1+1.4
Spleen 6.9+1.8 8.2+1.4 14.9+1.6 15.4+1.1

Liver 10.7+1.3 13.1£1.1 15.5+1.1 17.1+1.4
Intestine 6.8+0.8 6.3+0.4 7.7+2.4 10.8+1.2

Neoral® (15 mg/Kg) was administered first followed by CoQ10 suspension (75
mg/Kg) after 15 min. The co-entrapped nanoparticles (30% CsA and 70% CoQ10
loading) were administered at 30 mg/Kg of CsA which corresponds to 75 mg/Kg of
CoQ10. All values represented as mean+S.E.M. (n=3).
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4.3.5 Chronic nephrotoxicity study

The data presented in Chapter 3 of this thesis clearly indicates the potential
of nanoparticulate approach in minimising the drug associated toxicity with
further scope for improvements. Attempts were made to co-entrap an
antioxidant along with CsA in the nanoparticles anticipating positive
benefits.

Co-administration of CoQ10 along with Neoral® or as co-entrapped in PLGA
nanoparticles had no effect on CsA mediated nephrotoxicity. BUN, PC and
glomerular damage index for Neoral® co-administered with CoQ10 were
34.48+1.76 mg/dL, 2.11+0.12 mg/dL and 0.7701+0.0156 while for co-entrapped
nanoparticles they were 28.72+1.29 mg/dL, 1.18+0.12 mg/dL and 0.7838+0.006,
respectively. Figure 4.11 represents percent change in nephrotoxicity of
Neoral® co-administered with CoQ10 suspension and co-entrapped particles
in comparison to simple Neoral® and CsA nanoparticles respectively. The
BUN, PC and glomerular damage index were similar to simple Neoral® and
CsA nanoparticles groups as reported in chapter 3, CoQ10 did not offer any

benefits in reducing the toxic effects of CsA.
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Figure 4.11 Percent change in nephrotoxicity of Neoral® co-administered with
CoQ10 suspension and co-entrapped nanoparticles in comparison to simple Neoral®
and CsA nanoparticles, respectively. From observed values, co-administration of
CoQ10 as suspension or as co-entrapped in PLGA nanoparticles was not able to
reduce CsA mediated toxicity. All values represented are mean+S.E.M. (n=6).
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Plasma (Figure 4.12) and tissue (Figure 4.13) levels of CsA were determined
during 30 day chronic nephrotoxicity study. They were similar to those
obtained with simple Neoral® and CsA nanoparticles as shown in chapter 3;
further signifying that biodistribution pattern of CsA was unaffected by co-
administration of CoQ10. The plasma CoQ10 levels were higher for
nanoparticles group to that observed for suspension group, nevertheless
offered no benefit (Figure 4.14).

In the literature various attempts have been made to reduce CsA associated
nephrotoxicity by antioxidant therapy. Hydroxytyrosol, an antioxidant
found in olive oil was investigated for attenuation of CsA toxicity. On i.p.
administration at 20 mg/Kg, hydroxytyrosol prevented CsA mediated
oxidative stress with partial reversal of structural changes (Capasso et al.,
2008). Similarly several antioxidants like ellagic acid and EGCG have been
found to prevent CsA mediated nephrotoxicity (Sonaje et al., 2007; Italia et al.,
2008). However, CoQ10 administration was not able to prevent CsA
mediated nephrotoxicity.

Treatment with CsA in the form of Neoral® is associated with nephrotoxicity
and by nanoparticulate approach the CsA associated nephrotoxicity was
reduced significantly however, the nanoparticulate formulation was not able
to eliminate the nephrotoxicity entirely (Chapter 3) and possibility of
developing a completely nephrotoxicity free formulation existed.
Considering the fact that antioxidant supplementation was found to
completely reverse the nephrotoxic effects of CsA in the chronic rat model
(Sonaje et al., 2007, Italia et al., 2008) we thought about engineering co-
entrapped antioxidant-CsA nanoparticles to leverage the benefits of the
combination. We hypothesized that co-entrapped CsA-CoQ10 nanoparticles

will have multi-faceted advantages. The nanoparticles will improve the oral
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bioavailability of CsA and CoQ10, the co-entrapped CoQ10 will significantly
lower/eradicate CsA mediated nephropathy and finally the cremophor® EL
free formulations would allow exploitation of CsA’s complete potential in
treatment of diseases like arthritis where CoQ10 would also provide
synergistic effects. Therefore, the primary goal was to develop a co-
entrapped product that can load both CsA and CoQ10 simultaneously
leading to improved oral bioavailability followed by pharmacokinetic and
nephrotoxicity studies in rats demonstrating the improved product profile.
Using PLGA as polymer matrix and DMAB as stabiliser, CsA-CoQ10 co-
loaded nanoparticles were optimised for surfactant concentration, external
phase volume, size reduction method and drug loading. The prepared
nanoparticles were able to load different dose range of CsA and CoQ10,
demonstrating the potential of PLGA matrix in co-entrapping two high
molecular weight hydrophobic compounds (Ankola et al., 2010). On in vitro
release, CsA was released at a slower rate in co-entrapped nanoparticles than
simple CsA loaded nanoparticles due to increase in the lipophilicity of the
PLGA matrix due to the presence of CoQ10. However, CoQ10 was released
very slowly, irrespective of the formulation type. The slow release of CoQ10
than CsA could be due its high lipophilicity, making it difficult to partition in
aqueous medium based on the logP value of CoQ10 which is 9.9 and is very
high compared to CsA with logP of 2.92 and was further supported by the
computer stimulation of release profiles (Ankola et al., 2010). On nephrotoxic
evaluation of co-entrapped nanoparticles, CoQ1l0 was not able to
demonstrate any reduction in nephrotoxicity. The failure of CoQ10 in
preventing against CsA mediated nephrotoxicity could be due to several
reasons. Of them, the inability of CoQ10 to act against the CsA mediated free

radicals could be an important reason and requires further investigations.

105



However, CoQ10 was found to prevent cisplatin (Sayed-Ahmed et al., 1999)
and gentamicin (Upanganlawar et al., 2006) induced free radical damage. The
CoQ10 dose administered to prevent cisplatin and gentamicin induced
toxicity were 10 mg/Kg i.p. and 125 mg/Kg orally, respectively. In our
present investigation we used a dose of 75 mg/Kg which is significantly
lower than that used for prevention of cisplatin induced nephrotoxicity and
may have resulted in lower plasma CoQ10 concentrations than those
achieved by 10 mg/Kg i.p. dose. 75 mg/Kg of CoQ10 was used in our study as
loading of CoQ10 beyond that was not possible in presence of CsA.
Considering the above facts, low dose of CoQ10 could have resulted in
failure of the therapy. Additionally, administration of CoQ10 in suspension
form and as nanoparticulate formulation would have resulted in low oral
bioavailability. The suspension form would have demonstrated low oral
bioavailability due to the inherent low solubility and permeability of CoQ10
(Chopra et al., 1998), while administrating CoQ10 in nanoparticles would
have resulted in lower plasma levels due to elimination of PLGA
nanoparticles from the body by macrophages before complete release of
CoQ10 from the nanoparticles (Moghimi et al., 2001). However, several
studies have demonstrated an increase in CoQ10 efficacy when entrapped in
DMAB stabilised PLGA nanoparticles (Ankola et al., 2009; Ratnam et al.,
2009). CoQ10 loaded PLGA nanoparticles were efficacious than the
conventional suspension form and commercial liposomal formulation (Liqg-
Q-Sorb®) in treatment of hypertension (Ankola et al., 2009). Similarly, CoQ10
loaded PLGA nanoparticles were more potent that suspension form in
treatment of hyperlipidemia (Ratnam et al., 2009) and diabetes (Ratnam ef al.,
2008) in rats.
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In spite of the lack of beneficial effect of CoQ10 in reducing CsA mediated
nephrotoxicity, the co-entrapped nanoparticles may represent a potent
formulation in treatment of arthritis, where CoQ10 has been demonstrated to
be effective in preventing the free radical mediated pathophysiology of the
disease (Bauerova et al., 2005), leading to synergistic effects with CsA. On the
other hand, administration of CsA to patients results in hypertension (Taler
et al., 1999) which can be prevented by CoQ10 loaded in PLGA nanoparticles
(Ankola et al., 2009). Additionally, renal transplant patients suffer from
hyperlipidemia (Tse et al., 2004) and CoQ10’s potential in preventing

hyperlipidemia (Ratnam et al., 2009) can be exploited in such patients.

4.4 Conclusions

The current investigation demonstrates a successful development of co-
entrapped nanoparticulate formulation of two high molecular weight
molecules CsA and CoQ10. Several parameters like surfactant concentration,
external phase volume, droplet size reduction method and drug loading
governed the nanoparticles characteristics. Presence of CoQ10 in the system
affected the entrapment and in vitro release behavior of CsA. However, co-

entrapped CoQ10 was not able to ameliorate CsA mediated nephrotoxicity.
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Figure 4.12 Blood CsA levels on co-administration of CoQ10 during the chronic
nephrotoxicity study. All values represented are mean+S.E.M. (n=3).
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Figure 4.14 Plasma CoQ10 concentrations after 30 days chronic nephrotoxicity
study. CoQ10 suspension (75 mg/Kg) was administered after 15 min of Neoral®. The
co-entrapped nanoparticles (30% CsA and 70% CoQ10 loading) were administered
equivalent 75 mg/Kg CoQ10. All values represented as mean+S.E.M. (n=3).
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5. ROLE OF POLYMER ARCHITECTURE ON CICLOSPORIN RELEASE
5.1 Introduction

In recent years, the synthesis of new biodegradable polymers to fulfill unmet
needs in healthcare has attained significant interest. Several families of
polymers like polyesters, polyurethanes, polyanhydrides, polyamides,
poly(amino acids) and polyorthoesters have found interesting applications in
catering of medical needs (Schwendeman et al., 1997; Middleton and Tipton,
2001; Kim et al., 2009). Over the years the focus has shifted towards designing
and synthesising biodegradable polymers with tailored properties for
specific applications by several approaches which includes developing novel
synthetic polymers with unique chemistries to increase the diversity of
polymer structure and versatility, designing stimuli sensitive polymer
structures and adopting combinatorial and computational approaches in
biomaterial design (Nair and Laurencin, 2007; Bajpai et al., 2008).

Polymers have found wide applications in drug delivery due to their ability
to control and sustain drug release, which has provided an opportunity for
improving the potential and reliability of drugs. Among various
biodegradable polymers, polyester family which includes PLA, PGA and
their copolymer PLGA have been widely explored (Anderson and Shive
1997; Bala et al., 2004; Mohamed and Van der Walle, 2008). Over the years
many investigations have attempted to functionalise the polyesters to
improve their flexibility in terms of entrapping different molecules to modify
release. The pegylated polyesters have attracted great deal of attention for
their stealth properties as well as their use for loading more hydrophilic
drugs (Gref et al., 1994; Verrechia et al., 1995; Ruan and Feng, 2003; Cerbai et
al., 2008).
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From the foregoing discussion it is clear that PLGA nanoparticles were
successful in reducing the nephrotoxicity associated with CsA (Chapter 3)
even at 2 times higher dose, required to achieve a Cmax similar to commercial
formulation Neoral®. The Cmax of any drug from PLGA nanoparticles can be a
function of hydrophobicity/molecular weight/copolymer composition of the
polymer (Mittal et al., 2007). Therefore, we attempted to synthesise a versatile
polymer architecture that is more hydrophilic than native PLGA, as well as
offer possibility to functionalise and match Neoral®s Cmax at a similar or
lower dose, as a first step towards meeting clinical requirements.

Many investigators have also tried to enhance the applicability of polyesters
by incorporating functional groups into polymer backbone. Many different
copolymers of polyesters with different pendant reactive moieties such as
carboxyl (Barrera et al., 1993; Gimenez et al., 2001; Cerbai et al., 2008) and
amino (Zhao et al., 2005) groups have been synthesised. Carboxylated
polymers have provided several advantages in designing delivery systems
due to versatile nature of carboxyl (COOH) groups. The COOH groups have
been explored for various applications from enhancing protein entrapment in
nanoparticulate system (Blanco and Alonso, 1997) to utilising its reactivity
for polymer drug conjugation (Khandare and Minko, 2006). Recently, a
carboxyl-functionalised PLGA-b-PEG copolymer was synthesised by direct
conjugation of PLGA-COOH with NH>-PEG-COOH to generate PLGA-b—
PEG-COOH. Nanoparticles prepared using the above functionalised
polymer were conjugated to the A10 RNA aptamer (Apt) that binds to the
prostate specific membrane antigen (PSMA). The surface modification with
the A10 PSMA Apt significantly enhanced delivery of nanoparticles to
tumors (Chenga et al., 2007). The negatively ionisable carboxyl functional

group has also found to be potential in increasing the calcification properties
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of biomaterials (Miyazaki et al., 2003). In addition to the functional benefits of
COQW, it also aids in faster polymer degradation. The free COOH groups
have been found to hasten the hydrolytic degradation rates of polyesters
(Tracy et al., 1999; Lee et al., 2001; Yu and Zhuo, 2003), hence facilitate in
faster drug release, in the present case CsA, to achieve desired blood
concentrations.

In spite of several advantages of carboxylated polymers, mostly the
modifications have been confined to end groups in polymer chain, and not
much is known on the introduction of side chain carboxyl groups. Therefore,
the present investigation was aimed at the synthesis, characterisation and
nanoparticulate application of carboxylated (ABA). type multiblock
copolymers of PLA and PEG for CsA delivery. These new materials are
anticipated to have combination of biodegradability, anti-opsonising and

bioadhesive properties. Figure 5.1 represents the architecture of proposed

polymer.
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PEG block = P|A block @ Aromatic linker

Figure 5.1 Schematic representation of the polymer with side chain carboxylic
groups
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5.2 Materials and methods

5.2.1 Materials

Toluene (Carlo Erba) was refluxed for 8 h over Na-K alloy under dry
nitrogen atmosphere and then distilled, collecting the fraction having b. p.
110 °C. Triethylamine (TEA) (Aldrich) was refluxed for 4 h over CaH: under
dry nitrogen atmosphere and then distilled collecting the fraction having b.
p- 89-90 °C. All other solvents were used as received. Stannous (II) octoate
(SnOctz, Aldrich) was used as received. PEG 400 and PEG 1000 (Aldrich)
were dried by azeotropic distillation with anhydrous toluene under dry
nitrogen atmosphere and used immediately. L-Lactide and D,L-lactide were

purchased from Aldrich and used as received.

5.2.2 Prepolymer synthesis

Lactide—ethylene glycol-lactide, triblock copolymers were prepared by ring
opening polymerisation. Four different prepolymers were synthesised by
varying the lactide content and PEG and data relevant to their composition
are reported in Table 5.1 whereas synthesis of pL14 is described in detail as
follows. A solution of L-lactide (10 g, 70 mmol), dried PEG 400 (2.0 g, 5.0
mmol) and 0.1% (w/w) stannous octoate (10 ml, 30 mmol) in 20 ml of dry
toluene was heated at reflux for 24 h under dry nitrogen atmosphere. A small
sample (0.25 ml) was withdrawn from the reaction mixture, dried under
vacuum and characterised by nuclear magnetic resonance (NMR) and size
exclusion chromatography (SEC). NMR analysis indicated that lactide
conversion was 98%. The polymer solution was directly used for chain

extension.
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5.2.3 Chain extension

Chain extension of lactide—ethylene glycol-lactide triblock copolymers was
performed using pyromellitic dianhydride (PMDA). Data relevant to the
different experiments are reported in Table 5.2 whereas synthesis of EL14 is
described in detail as follows. TEA (1.4 ml, 10 mmol) and PMDA (1.1 g, 5.0
mmol; 1:2:1 copolymer:amine:dianhydride molar ratio) were introduced into
the flask containing the pL14 polymer solution under dry nitrogen
atmosphere. The mixture was heated at 110 °C for 1 h under stirring, and
then toluene was removed under vacuum. The dried polymer was dissolved
in dichloromethane, washed with cold 0.5 N HCl and water and then
precipitated from dichloromethane solution into diethyl ether. The
precipitate was collected by filtration and dried under vacuum to yield 10.8 g
(82%) of colorless polymeric product. The polymer was further purified by
precipitation from acetone in 5% NaHCOs, washing with water and dried

under vacuum.

5.2.4 Size exclusion chromatography

SEC analyses were carried out in chloroform by using a Jasco PU-1580 HPLC
pump equipped with two 300 x 7.5 mm PL Mixed-D columns and Jasco 830—
RI refractive index detector. Monodispersed polystyrene (Polysciences Inc.)

samples were used as calibration standards.

5.2.5 Proton nuclear magnetic resonance analysis
'H-NMR spectra were recorded on 5-10% sample solution at room
temperature in CDCls (Deuterated chloroform, Sigma) using a Varian Gemini

200 spectrometer and tetramethylsilane (TMS) as internal standard.
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5.2.6 Thermal analysis

5.2.6.1 Thermo-gravimetric analysis

Thermo-gravimetric analysis (TGA) analyses were performed under nitrogen
atmosphere in the 25-600 °C range at 10 °C/min scanning rate on 10-20 mg
polymer samples by a Mettler TG 50 instrument. Onset decomposition

temperatures (Td) were evaluated at 5% weight loss.

5.2.6.2 Differential scanning calorimetry

Differential scanning calorimetry (DSC) analyses were performed on 8-12 mg
samples at 10 °C/min scanning rate using a Mettler DSC 30. Glass transition
temperatures were measured at the inflection point of the thermograms
relevant to the second heating cycle. In order to promote crystallisation,
samples were either annealed at 85 °C for 2.5 h or cooled down from 160 °C

at —0.2 °C/min. Indium and gallium were used as calibration standards.

5.2.7 Polarised optical microscopy

Polarised optical microscopy (POM) analyses were performed by a Reichert-
Jung Polivar microscope equipped with polarisers, digital camera, Mettler
FP52 hot plate and Mettler FP5 temperature controller. Polymer films cast
from 10% dichloromethane solution were heated to 160 °C and then cooled at

-0.2 °C/ min to room temperature and then observed under polarised light.

5.2.8 In vitro degradation

The in vitro degradation behavior of polymers was studied in phosphate
buffers saline (PBS), pH 7.4 at 37 °C (D’Souza and DeLuca, 2006). 150 mg of
polymer powder was dispersed in 10 ml of PBS into test tubes that were

vortexed for 20 min. At fixed time intervals the test tubes were vortexed for
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10 min, 200 ul of samples were withdrawn, vacuum dried and analysed by

SEC.

5.2.9 Preparation of blank nanoparticles and pH titration

The polymer (25 mg) was dissolved in 5 ml of acetone by stirring at 1000 rpm
for 30 min. The resulting solution was then added drop wise by a syringe to
20 ml of water under magnetic stirring at 1000 rpm. The preparation was left
under stirring at 1000 rpm for 6 h leading to complete evaporation of
acetone. The particle size, size distribution and zeta potential were measured
on all preparations.

The effect of pH on size and zeta potential of blank nanoparticles was
studied. The pH of nanoparticle suspension (5 ml) was adjusted to 1 by
addition of 1 N HCl and the suspension was titrated to pH 7.5 with 0.1 N

NaOH. The zeta potential was measured at 1+0.5 pH increments at 25 °C.

5.2.10 CsA loaded nanoparticles

Emulsion-diffusion-evaporation technique was used to prepare CsA loaded
EL14 nanoparticles as described in section 3.2.2. The effect of drug loading on
particle characteristics was studied at 10, 20 and 30 %w/w of polymer load
and compared with CsA loaded PLGA nanoparticles.

The particle size and zeta potential measurements were carried out as
described in section 3.2.2.1 and the entrapment efficiency was determined as

described in section 3.2.2.2.
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5.2.11 In vitro drug release studies
The in vitro release study was performed as described in section 4.2.4. The
release of CsA from the EL14 nanoparticles with 20% drug payload was

compared with that of native PLGA nanoparticles.

5.2.12 Pharmacokinetic and tissue distribution studies
The pharmacokinetics and tissue distribution studies were carried out as
described in section 3.2.3. EL14 nanoparticles with 20% drug payload were

used in the study and compared to that of PLGA and Neoral®.

5.3 Results and discussion

5.3.1 Prepolymer synthesis

Linear ABA triblocks copolymers (also referred to as pre—polymers in the
following sections) were easily prepared by reaction of lactide with PEG diol
in the presence of stannous octoate (SnOctz) as catalyst (Table 5.1). This
catalyst was chosen because of its high efficiency in promoting the ring
opening polymerisation of lactide, and its approval for biomedical
applications by FDA due to its low toxicity (Wong and Mooney, 1997). Pre-
polymer samples are named “p” followed by L or DL according to the
starting lactide configuration and by two digits indicating the molecular
weight of PLA and PEG segments, respectively (4, 5 and 1 correspond to 400,
500 and 1000 Da) based on their theoretical compositions computed from the
feed mixtures. Four different pre—polymers were synthesised by varying
PLA and PEG chain lengths and by using D,L-lactide and L-lactide. The
average molecular weight of triblocks copolymers determined by both SEC

analysis and NMR characterisation generally resulted slightly higher than

that computed from the composition of the feed mixture. Very likely, this
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finding must be attributed to experimental errors. In all cases, the

polydispersity index (PDI = Mw/Mn) was in the 1.2-1.3 range.

5.3.2 Chain extension

A few studies have been carried out to convert hydroxyl-terminated triblock
copolymers into multiblock copolymers by reaction with diisocyanates and
dichlorophosphates (Mao et al., 1999; Signori et al., 2004). However, these
techniques do not provide side—chain functional groups. On the other hand,
the molecular weight of recycled poly(ethylene terephthalate) can be
extended by reaction with pyromellitic dianhydride (Awaja et al., 2004). By
following a similar approach, (ABA). polymers containing periodically
spaced side—chain carboxyl groups were obtained by chain extension of ABA
pre—polymers with PMDA in the presence of TEA as catalyst (Figure 5.2).
Extended polymer samples are named by replacing the “p” prefix of the
corresponding pre—polymers with “E”. Preliminary experiments indicated
that only a limited increase of the molecular weight was achieved in the
presence of either TEA (Run E54T) or SnOct: (Run E54S), whereas a synergic
effect was observed when both TEA and SnOCt: were present in the reaction
mixture (Table 5.2). The dependence of the extent of chain extension on both
catalysts can be explained by assuming that lactide polymerisation gives the
tin alkoxide of the triblock copolymer. Ring opening of the anhydride then
occurs via coordination of the polymeric alkoxide to one of the anhydride
carbonyl groups followed by the ring opening. TEA could help by activating
the anhydride bonds and/or by removing the octanoic acid formed by
reaction of SnOct: with moisture present in reagents. On an average, the
molecular weight of the final polymers was about 6-7 times that of the

corresponding pre-polymer. From the adopted pre-polymer/PMDA molar
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ratio, one could expect much larger polymer molecular weight. On the other
hand, errors made in determining the actual pre—polymer content and
composition in the reaction mixture can easily lead to pre-
polymer/anhydride ratios different from unity and hence in reduced chain

extension.
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Figure 5.2 Synthetic procedure adopted for the preparation of multiblock
copolymers of PLA and PEG containing periodic side—chain carboxyl groups.
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Table 5.1 Preparation of ABA-type PLA-PEG-PLA block copolymers

PEG diol Lactide Conversion Polymer
Run® M. (mmol) Type (mmol) (%) Mn® M Mnd PDI¢
pDL54 400 10 D,L 70 >98 1400 1430 1150 1.24
pL54 400 10 L 70 >98 1400 1470 1220 1.30
PL51 1000 10 L 70 >98 2000 2100 1900 1.23
pL14 400 10 L 140 >98 2400 2990 3210 1.21

AIn the presence of 0.1% (w/w) of SnOctz, for 24 h at reflux. ®» Computed from the
feed composition. by NMR. ¢by SEC.

Table 5.2 Preparation of carboxylated chain—extended (ABA). polymers by
reaction of pre—polymers with PMDA in the presence of TEA and/or SnOct>

Pre—polymer Polymer

Run® | Sample Mx° PDI® Catalyst Yield (%)  Mn? PDI?

E54T | pDL54 1150 1.24 TEA 47 4900 2.32

E54S | pDL54 1150 1.24 SnOct2 36 1900 1.84
EDL54 | pDL54 1150 1.24 | TEA/SnOct2 71 8700 2.02

EL54 pL54 1220 1.30 | TEA/SnOct2 76 7500 2.16

EL51 pL51 1900 1.23 | TEA/SnOct2 67 12800 3.21

EL14 pL14 3210 1.21 | TEA/SnOct: 82 16300 3.01

@ At 110 °C for 1 h; polymer/PMDA molar ratio = 1, TEA/PMDA molar ratio = 2;
SnOct2 0.1% (w/w). by SEC.
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5.3.3 Proton nuclear magnetic resonance analysis

The 'H-NMR spectra of polymers presented peaks at 1.44 and 5.18 ppm
attributable to PLA methyl and methyne protons and at 3.48 ppm due to
PEG methylenes. The signal at 3.3 was assigned to water moisture in the
deuterated solvent. The peaks at 3.58 and 4.18 ppm were attributed to PEG
methylenes linked to hydroxyl end groups and to PLA units (junctions),
respectively. In addition to these signals, the 'H-NMR spectra of chain
extended polymers presented one peak at 535 due to PLA methynes
esterified by PMDA (Figure 5.3). Three further small peaks were detected at
7.9, 8.0 and 8.1 ppm, attributable to aromatic protons of pyromellitic diesters.
In particular, the peak at 8.0 ppm was assigned to the more symmetric
transoid isomer whereas signals at 7.9 and 8.1 ppm were assigned to the cisoid
isomer that contains two non—equivalent aromatic protons H and H" (Figure
5.4). In agreement, the three peaks moved at 8.02, 7.62 and 7.17 ppm when
the polymer samples were neutralised with NaHCOs because of the
inductive effect of negatively charged carboxylate groups. Chemical shift
evaluation by additive group contributions confirmed the above
assignments. Within the limits of experimental errors, the three aromatic
proton peaks have 1:2:1 relative intensities, thus suggesting that there is no
significant preference for the formation of the transoid isomer with respect to
the more crowded cisoid one. The integrated intensity of the different signals
allowed for determining the polymer composition. In all cases, the
PMDA/pre—polymer molar ratio resulted close to 0.95. In agreement with
SEC analysis, these data indicates that most but not all polymer chains are
terminated by one pyromellitic residue. Accordingly, each extended polymer
chain contained about 6-7 PMDA molecules, that is, 14-16 free carboxylic

groups.
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Figure 5.3 'H NMR spectrum of EL14 polymer sample. The inset presents the
aromatic proton region of the polymer after precipitation in 0.5 N HCl (bottom) and
in 5% NaHCO:s (top).

OR H OR
O O  cisoid
> 0 O isomer
H
O 0O OH

OH H
ROH
O
OR H OH
O H (0]
O O  transoid
O isomer
H H R

Figure 5.4 Schematic representation of polymer chain extension by reaction of the
pre—polymer with PMDA.
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5.3.4 Thermal analysis

All polymers and pre—polymers were characterised by TGA and DSC. TGA
curves highlighted the occurrence of two decomposition steps. The
temperatures at the onset (Ton), at the inflection points of the first and second
decomposition step (Tar and Ta2), the corresponding weight losses (Aw1 and
Awn), and the weight residue at 600 °C (WRe0) are summarised in Table 5.3.
The pre—polymers were found to be appreciably less heat stable than the final
polymers. Ton, T and Ta2 of the extended polymers were about 100, 50 and
10 °C higher than those of the corresponding pre-polymers, repectively. The
weight losses observed for the two decomposition steps closely correspond
to the polymer weight content of lactic acid and ethylene glycol units.
Moreover, Tai and Ta are in the same range as the decomposition
temperatures of PLA and PEG, respectively (D’Antone et al., 2001).
Accordingly, these two steps can be attributed mainly to the degradation of
PLA and PEG blocks. No decomposition step clearly attributable to the
thermal degradation of pyromellitic units was detected very likely because of
their rather low content in the polymer and/or peak overlap (Tapmpa = 329 °C).
In all cases, DSC analysis evidenced the presence of only one glass transition
in the temperature range between —100 and 160 °C (Figure 5.5, curve a). On
increasing the PLA weight content from 50 to 83%, the Tg of pre—polymers
and polymers increased from -34.6 to 16.2 °C and from -9.2 to 43.7 °C,
respectively (Table 5.3), in agreement with the larger stiffness and higher Tg
(59.1 °C) of PLA blocks (Pan et al. 2008).

As indicated, the Tg of the extended polymers was about 30-50 °C higher
than that of the corresponding pre—polymers because of both the increased
molecular weight and the stiffness of the aromatic chain extender. As

expected, both the polymer (EDL54) and pre—polymer (pDL54) containing
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racemic PLA blocks did not present any first order transition attributable to
polymer crystallisation or melting. The DSC of all other polymer samples
also did not display transitions due to polymer crystallisation or melting, in
spite of the presence of stereoregular L-lactic acid sequences. Such behavior
might be attributed to poly(L-lactic acid) (PLLA) block length that is too
short and/or to the crystallisation rate that is too low to allow for the
formation of a crystalline phase under the adopted experimental conditions,
because of some sort of confinement at the nanometer scale (Delpouve et al.,
2008).

To support this hypothesis, the sample EL14 containing the longest
stereoregular PLLA blocks and the shortest PEG sequences was heated at 160
°C on a hot stage optical microscope and then cooled down at room
temperature at 0.2 °C/min. Optical observation of the sample under cross—
polarisers clearly highlighted the presence of typical concentric fringed
spherulites (Figure 5.6a). Atomic force microscopy (Figure 5.6b) showed the
presence of overlapping spherulites of about 25 pum in diameter and 1700 nm

in height.
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Table 5.3 Thermal analysis of the investigated pre—polymers and polymers

DSC TGA®
PLA
Ty ACp Ton Tai Awt Teze  Aw2  WReoo

block
Polymer (wt-%) (°C) (J/gK) | O (O (%) O (%) (%)
pDL54 71 -21.1 0.55 | 169 303 71 395 28 1
EDL54 71 26.1 0.42 | 281 347 69 408 28 3
pL54 71 -10.8 0.48 | 193 295 70 394 28 2
EL54 71 27.2 0.47 | 279 341 69 410 28 3
pL14 83 16.2 0.28 | 232 296 80 357 18 2
EL14 83 43.7 0.47 | 287 344 82 407 16 2
pL51 50 -34.6 0.99 | 200 296 52 420 44 4
EL51 50 -9.2 0.61 | 294 340 48 418 49 3

“ Ton is the onset decomposition temperature, evaluated as 5% weight loss; Ta1 and
T4z are the temperatures at the inflection point of the first and second decomposition
steps; Aw1 and Aw: are the weight losses of the first and second decomposition
steps; WRew is the mass residue at 600 °C.
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Figure 5.5 DSC thermograms of EL14 polymer sample: a) second heating scan; b)
after annealing at 85 °C; c) after cooling from 160 to 25 °C at —0.2 °C/min.
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Figure 5.6 Polarised optical microscopy image (a) and AFM topography (b) of EL14
polymer sample cooled from 160 to 25 °C at 0.2 °C/min.
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A similar pattern was also observed when a cold EL14 sample was annealed
at 85 °C for 2.5 h. It has been reported that PLLA and PLLA segments form
ring-banded spherulites in miscible blends and block copolymers. The
formation of banded spherulites is attributed to the lamellar twisting along
the radial growth direction (Xu et al., 2004). It seems therefore reasonable to
conclude that the PEG chains are trapped into PLLA spherulites and disturb
the regular orientation of crystalline PLLA lamellae.

DSC analysis of the annealed sample showed the occurrence of three
overlapping broad melting peaks at 100, 112 and 122 °C with overall AHm =
3.3 J/g (Figure 5.5, curve b). On the other hand, the slowly cooled sample
presented a broad melting peak at 122 °C with a shoulder at about 110 °C
having overall AHm = 6.3 J/g (Figure 5.5, curve c). This result indicates that
more regular crystals are formed when the crystallisation process occurs at
higher temperature. In any case, the recorded AHm values were about twenty
and ten times lower than that of high molecular weight PLLA, whereas the
observed melting temperatures are about 40-50 °C lower (Pan et al., 2009).
We have to stress, however, that none of the other L-lactic acid polymers and
pre—polymers displayed the presence of a crystalline phase, confirming that
the formation of polymer crystals is controlled by both chain length and
content of PLLA blocks.

5.3.5 In vitro degradation

The in vitro degradation of EDL54 and EL54 polymer samples containing
D,L-lactic acid and L-lactic acid blocks, respectively was investigated in pH
7.4 PBS at 37 °C. The polymers were found to degrade rather quickly, the
molecular weight of the PEG segment being reached within about 16 days of

degradation (Figure 5.7). The degradation of EL54 and EDL54 followed first
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order kinetics with rate constant k 5.4 x 10 and 7.6 x 10 s7, respectively.
Unsurprisingly, both polymers have almost the same degradation rate, very
likely because the stereoregular EL54 was in an amorphous state.
However, close inspection of SEC traces (Figure 5.8) shows that most of the
molecular weight distributions are made by three overlapping peaks roughly
corresponding to the molecular weights of the starting extended polymer,
the corresponding pre—polymer and the PEG block.
Apparently, the polymer is initially split into ABA blocks because of the easy
hydrolysis of pyromellitic ester bonds. Then, ABA blocks are further split
into PLA and PEG segments, in accordance with the easier hydrolysis of the
ester bond at PLA-PEG junctions as compared to intra chain PLA ester
bonds (Hu and Liu, 1994). The hydrolytic degradation was modeled
according to two coupled first order kinetics having rate constants k1 and k:
as sketched below:

A-bptc
To verify this hypothesis, each of the SEC curves was decomposed into three
Gaussian components, whose relative area was plotted against time (Figure
5.9) and fitted according to the proposed model. In spite of experimental
errors (estimated to be about 10%) and the oversimplified model, the fit is
acceptable indicating that the polymer hydrolytic degradation mainly occurs
according to the indicated two consecutive steps with similar rate constants

ki and k2 of about 2.9 x 10¢ and 2.7 x 10-¢ s! for both EL54 and EDL54.
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Figure 5.7 Plot of molecular weight vs. time observed during the in wvitro
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Figure 5.8 SEC traces recorded during the in vitro degradation of EL54.
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Figure 5.9 Kinetic plot of individual components of SEC curves recorded at different
times during the in vitro degradation of EL54. A similar plot was also observed for
EDL54.
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5.3.6 Preparation of blank nanoparticles and pH titration

Nanoparticle suspensions were prepared by nanoprecipitation method (Fessi
et al., 1989). The procedure (also known as solvent displacement method) is
better suited for the preparation of nanoparticles loaded with proteic drugs
because it does not imply the use of either stabilisers or denaturalizing
chlorinated solvents (Chiellini et al., 2001). Nanoprecipitation was carried out
by slowly adding a diluted acetone solution of the polymer into 5-fold excess
of water under magnetic stirring. Interestingly, the polymer containing PEG
1000 blocks (EL51) afforded nanoparticles of about 126 nm, whereas the
polymers containing PEG 400 blocks gave nanoparticles of about 50-60 nm
(Table 5.4). Within the limits of the narrow range of investigated
compositions, the reported behavior suggested that in nanoprecipitation, the
particle size was mostly ruled by the length of hydrophilic PEG blocks and
was practically independent of the length of PLA segments. This effect can be
tentatively attributed to the extent of polymer swelling in water and hence to
the PEG content. It is also possible that the polymer hydrophilicity somehow
interferes with the interphase mixing that is responsible for particle
formation according to the proposed nanoprecipitation mechanism.

The solid residues obtained by centrifugation of nanoparticle suspensions at
10,000 rpm for 5 min were analysed by AFM. Topographic images clearly
show the presence of spheroidal nanoparticles having a rather narrow size
distribution (Figure 5.10) close to that determined by dynamic light
scattering. Moreover, a close up image indicates that the nanoparticle surface
is smooth and homogeneous at the nanometer level thus ruling out that

nanoparticles are formed by aggregation of smaller particles.
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Figure 5.10 AFM topographic images of the pellet obtained by centrifugation at
10,000 rpm for 5 min of nanoparticles prepared by nanoprecipitation of EL14

polymer sample.
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The effect of pH on size and zeta potential was investigated by pH titration
of the carboxylated nanoparticles prepared by nanoprecipitation (Figure
5.11). Addition of HCl to bring the suspension to pH 1 caused the particle
size to increase from about 60 to 700 nm and the zeta potential from about -
70 to +2.5 mV. Increasing the pH by addition of NaOH led to a reduction of
particle size and to a sharp decrease of the zeta potential. This phenomenon
can be explained by considering that at low pH the carboxyl groups are
unionized (COOH) with low absolute zeta potential: attenuation of the
protective ionic double layer leads to particle aggregation. As the pH
increases, the carboxyl groups ionize (COO") giving rise to an increase of zeta
potential and hence to the electrostatic repulsion of particles leading to
smaller nanoparticles. However, the aggregation process is not fully
reversible most likely because of adhesion among swollen nanoparticles. In
agreement, the particle size decreased from 700 nm to 200 nm and the zeta
potential changed from +2.5 to —17.5 mV as the pH increased from 1 to 5. A
further increase of the pH above 5 did not cause any significant change of
both particle size and zeta potential. This experiment reveals the possibility

of designing particles of varying size as a function of the suspension pH.

134



Table 5.4 Characteristics of nanoparticles prepared by nanoprecipitation

Size zpP
Polymer PDI
(nm) (mV)
EL51 126+38 0.29+0.08 —44+1
EL14 63+5 0.27+0.09 -51+11
EL54 53+2 0.19+0.01 —-64+10
EDL54 56+3 0.26+0.13 —67+9

The ZP was measured in the 2.5-3.3 pH range. All values represented as mean+S.D.
(n=3).
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Figure 5.11 Effect of pH on particle size and zeta potential of the carboxylated
nanoparticles. All values represented as mean+S.D. (n=3).
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5.3.7 CsA loaded nanoparticles

A careful consideration of the polymer and drug properties is needed to
optimise drug entrapped nanoparticles as the surfactant and solvent nature
can significantly influence the particle characteristics that include size and
drug encapsulation. Considering the fact that EL14 had highest MW, it was
utilised for nanoparticle preparation. The method previously optimised for
PLGA-CsA nanoparticles was adapted with appropriate minor modifications
for preparation of EL14 nanoparticles. For PLGA nanoparticles ethyl acetate
was the oil phase, however for EL14, ethyl acetate: dichloromethane (4:1) was
used for the preparation as small amount of dichloromethane was required
for complete dissolution of EL14.

The EL14 and PLGA nanoparticles were prepared by loading different
concentrations of CsA (10-30% w/w of polymer weight). A slight increase in
particle size from 107 to 119 nm was observed with increase in drug payload
from 10-30% (Table 5.5) whereas a significant increase in the entrapment
efficiency from 20 to 62% was observed for PLGA. On the other hand, EL14
nanoparticulates did not show any increase in the size however the CsA
entrapment decreased. At 10 % loading, EL14 nanoparticles were able to
entrap higher amounts of CsA as compared to PLGA. These high
entrapments at 10% payload may be due to several possibilities, of which one
of the factors could be ionic interaction of CsA with the carboxyl groups
present in the side chain of EL14. On the other hand the commercial PLGA
has only terminal carboxyl end groups therefore, role of ionic interaction
may be negligible as compared to EL14 which would have about 12-16 free
carboxyl groups in polymer side chain. Other possibility could be due to

better orientation of CsA in the matrix of EL14 than PLGA.
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With increasing the load to 30% w/w of polymer, the % entrapment of CsA
decreased for EL14 nanoparticles, however an increase was observed for
PLGA nanoparticles. The decrease in % entrapment for EL14 could be due to
several factors. The lower % entrapment for EL14 could be due to the
limitation of the matrix itself owing to its lower molecular weight (16,400)
compared to that of PLGA (~40,000). Other reason could be faster saturation
of EL14, more hydrophilic matrix to hold highly hydrophobic molecule CsA
in comparison to more hydrophobic PLGA. The entrapment of CsA which
depends upon the concentration of DMAB can be lowered to increase the
CsA entrapment as low entrapment would result in higher polymer
administration at desired CsA dose. The nanoparticles prepared using both
the polymers were of low PDI (0.08-0.16). The zeta potential was in the range
of 71-78 mV for PLGA and 45-59 mV for EL14 nanoparticles at pH 4.1+0.5.
The low PDI and high zeta potential indicates the high stability of both the
nanoparticulate formulation

In literature, besides PLGA several other polymers have also been explored
for preparing CsA loaded nanoparticles. Copolymer of PLA-PEG has been
used to prepare CsA loaded NPs (Gref et al., 2001). Hyaluronic acid coated
PCL particles have been explored for delivery of CsA into the cornea (Yenice
et al., 2008). In addition to polymers for specific molecules, several polymers
for broader drug delivery and biomedical applications have also been
synthesized. Several functional polyesters with pendant hydroxyl groups or
tailored side chain have been developed (Cerbai et al., 2008). Amphiphilic
diblock and triblock block copolymers consisting of alternating PEG and PCL
segments were synthesised (Signori et al., 2005). EL14 also represents a new
class of polymer that can effectively entrap CsA, in the form of

nanoparticulates in the current circumstances. As 20% loading resulted in
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nanoparticles with similar entrapment of CsA in PLGA and EL14

nanoparticles, it was used for in vitro and in vivo evaluation.

Table 5.5 Characteristics of CsA entrapped nanoparticles

PLGA EL14
% Size Amt. Size Amt.
EE EE
Loading | (nm) Entrapped (nm) Entrapped
10 107+7 20+2 1.0+0.1 136+7 5111 2.5+0.6
20 108+7 46+4 4.6+0.4 139+7 47+3 4.7+0.3
30 119+5 62+4 9.3+0.6 138+4 43+3 6.4+0.5

ZP was measured at pH 4.1+0.5 and was in the range of 71-78 mV for PLGA and 45-
59 mV for EL14 nanoparticles. PDI of particles was in the range of 0.08-0.16. All
values represented as mean+S.D. (n=3).
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5.3.8 In vitro drug release studies

The in vitro release of drugs from polymeric nanoparticles is mediated by
diffusion-cum-degradation process and the recorded release profiles for 20%
drug loaded particles are shown in Figure 5.12. A 53% release was recorded
at 48 h for EL14 and corresponding to that PLGA recorded 25%. After 48 h,
EL14 nanoparticles released about ~7% of drug daily and about 90% by 9%
day whereas PLGA nanoparticles released 86% drug by 18" day with ~4%
daily release. Several factors could govern the faster release of CsA from
EL14 nanoparticles. The hydrophilic nature and low molecular weight of
EL14 could have contributed to faster release of CsA from EL14
nanoparticles. Other reasons may also include large amount of surface bound
drug on EL14 nanoparticles and faster degradation of the EL14.

The release profile of CsA from both the nanoparticulate formulations were
modeled for different release mechanisms mainly; zero order (Najib and
Suleiman, 1985), first order (Desai et al., 1966), Higuchi’s square root plot
(Higuchi, 1963), Hixson— Crowell cube root plot (Hixson and Crowell, 1931)
and Peppas-Korsmeyer power plot (Korsmeyer et al., 1983) (Table 5.6). CsA
release from EL14 and PLGA nanoparticles could have followed either
Higuchi’s model (diffusive) or first order release based on higher correlation
coefficient (R) and lower sum of squared errors (¥?). No conclusive
differences between Higuchi’s model (diffusive) or first order release were
found particularly if experimental errors (5-10%) were taken into account.
However, if data for less than 85% release are considered, the release of CsA
from EL14 nanoparticles fits exceptionally well with the Higuchi model. To
further confirm, fitting to Peppas-Korsemeyer gave diffusional coefficient (1)
= 0.47 for EL14 nanoparticles (n < 0.5, Fickian diffusion), indicating a

diffusive release mechanism. The somewhat larger n = 0.685 was observed
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for PLGA nanoparticles indicating a small deviation from the diffusive
model, suggesting that diffusion is accompanied by erosion (n > 0.5, non-
Fickian diffusion). The difference between the two polymers can be
attributed to: hydration of hydrophilic EL14 nanoparticles which facilitates
drug diffusion; limited diffusion inside rather hydrophobic PLGA
nanoparticles and hence a diffusion/erosion mechanism. The faster but
controlled release from EL14 nanoparticles would help in achieving higher

CsA blood levels in comparison to PLGA but at a controlled Cmax.
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Figure 5.12 In vitro release pattern of CsA from EL14 and PLGA nanoparticles. All
values represented as mean+S.D. (n=3).
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Table 5.6 In vitro release data fit to models

Kinetic PLGA EL14
Equation Parameters?
Model NPs NPs?
R 0.972 0.914
Zero order Q =kt x2 1590 1516
ko 5.78 9.72
0.988
R 0.997
(0.999)
1/2 260
Higuchi Q; =kut % 155
(11.9)
34.5
ku 21.5
(37.0)
R 0.994 0.990
First order InQ, =1InQ, —k;t x> 105.1 62.1
k1 0.0912 0.388
s ~1/3 R 0.800 0.733
Hixon- o ¢ = kHCt
x> 44565 43164
Crowell U3 _ o3 _ k. t
t 0 HC ktic 0.165 0.337
Q gD R 0.994 0.993
~t _ t
Peppas- Q N 1 187.8 200.8
Korsmeyer In Q = In onPK +nln krx 0.170 0.366
n 0.685 0.470

2Q: is the amount of drug released at time t; Qo is the initial amount of the drug in

the formulation; n is the diffusional coefficient; ko, k1, ku, krc, and krx are the release
rate constants for zero-order, first-order, Higuchi, Hixson-Crowell, and Peppas-

Korsmeyer
Korsmeyer

squared errors. *Values in parentheses refers to release values lower than 85%.

rate equations respectively. n-diffusional coefficient in Peppas-
rate equations; R is the correlation coefficient and %2 is the sum of
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5.3.9 Pharmacokinetic and tissue distribution studies

Pharmacokinetics and tissue distribution studies are noteworthy in
assessment of a delivery system as they provide valuable information about
the safety and efficacy of the formulations and also help in estimating clinical
doses. Comparison of nanoparticulate formulation with currently marketed
formulation of CsA would provide additional information on therapeutic
implications of the new formulations. Considering the above, the
pharmacokinetic profile of EL14 and PLGA nanoparticles of CsA were
compared with currently marketed CsA formulation Neoral®. The blood
CsA levels with time for Neoral®, EL14 and PLGA nanoparticles on oral
administration at 15 mg/Kg are shown in Figure 5.13 and the derived
pharmacokinetics parameters in Table 5.7.

Entrapment of CsA into EL14 and PLGA nanoparticles resulted in the
sustained release of the drug in comparison to the Neoral® which is a micro-
emulsion based formulation. The Tmax for Neoral® was 2 h while that for EL14
and PLGA nanoparticles were 12 and 24 h, respectively. The Cmax of the
formulations varied widely, depending upon the ability of the formulation to
sustain the CsA release. Cmax were 1328, 1006 and 682 ng/ml for Neoral®,
EL14 and PLGA nanoparticles, respectively. Neoral® resulted in a quick
absorption profile while PLGA nanoparticles sustained the release of CsA
longer than EL14 nanoparticles. By 72 h after administration, EL14 and
PLGA nanoparticles had similar blood levels. The relative bioavailability of
EL14 and PLGA nanoparticles were 126 and 120% respectively in
comparison to Neoral® and 105 for EL14 nanoparticles in comparison to

PLGA nanoparticles.
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Figure 5.13 Comparative in vivo plasma concentration vs. time profiles of CsA
administered orally as Neoral®, CsA nanoparticles of EL14 and PLGA at 15 mg/Kg.
All values reported are mean+S.E.M. (n=3).

Table 5.7 Pharmacokinetic parameters

Tmax Relative Relative
Groups AUCo72 Cmax(ng/ml)
(h) Bioavailability* Bioavailability**

Neoral® 29046+1437  1328+120 2 100 -
PLGA  34854+2157 682466 24 120 100
EL14 36616+2843  1006+119 12 126 105

*In relative to Neoral®, **In relative to PLGA. All data represented as mean+S.E.M.
(n=3).
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After 72 h on oral administration, the animals were sacrificed and tissue
concentration determined to have an insight on biodistribution (Table 5.8).
For Neoral® the concentrations for all the organs, except brain were lower
than PLGA and EL14 nanoparticles. For brain, Neoral® had highest CsA
concentration followed by EL14 and PLGA nanoparticles respectively, which
may be due the fact that free CsA penetrated blood brain barrier more easily
than that entrapped in polymeric particles. When both the nanoparticulate
formulations were compared with each other, EL14 nanoparticles produced
higher CsA tissue levels at lower blood CsA levels than PLGA nanoparticles.
This may be due to the ability of EL14 nanoparticles to distribute more in
tissues as observed by higher tissue distribution coefficient (Kp) as depicted
in Table 5.9. From the observed kinetic and tissue profile it was clear that the
nature of polymer matrix played a key role in determining the performance
of given delivery system. EL14 in comparison to PLGA generated a kinetic
profile which is much closer to Neoral®.

This report illustrates the synthesis and systematic characterisation of
carboxylated (ABA). type multiblock copolymers of lactic acid (A) and
ethylene glycol (B) and its application in nanoparticulate delivery of CsA.
The synthesis involved ring opening polymerisation of lactide initiated by
PEG diol, followed by chain extension with PMDA leading to incorporation
of 12-16 free carboxylic acid groups in the polymer matrix. The polymers
were found to be degradable and well suited for the preparation of
nanoparticle suspensions and in oral delivery of CsA.

The carboxyl functionalisation of the polymer could be beneficial for drug
delivery applications. Recently, the ability of particles exposing different
surface functional groups such as, phenyl, carboxyl, amine, dialkyl

phosphonate, ester, and hydroxyl groups to adhere to live malignant cells
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was investigated (McNamee et al., 2007). Carboxyl groups showed the
highest adhesion to B16F10 cells. The high adhesion of carboxyl groups to
malignant cell was due to vander Waals attraction, hydrogen bonding, and
significant chemical binding, due to reactions between the carboxylic acid
and the hydroxyl group of integrins and glycoproteins which are over
expressed on the cancer cell surface (McNamee et al., 2007). Taking into
account the above results, the prepared carboxylated polymers when
processed into nanoparticulates would offer the adhesiveness required for
attachment to cancerous cells and would present a new polymer for loading
chemotherapeutic agents. In addition to stronger adhesion of the delivery
system to cancerous cells, the side—chain carboxyl groups can be exploited
for binding targeting molecules like A10 RNA aptamer which binds to the
prostate specific membrane antigen (Chenga et al., 2007) and for linking drug
molecules (Khandare and Minko, 2006). Furthermore, the ionic interaction
between the carboxylated polymer and proteins would lead to better
entrapment of proteins (Blanco and Alonso, 1997). Due to higher acidic
nature of the polymer due to the presence of carboxyl groups, the basic drugs
would solubilise more in the polymer (Tatavarti et al., 2004) and result in
higher entrapment. Finally, the ability of the synthesised polymers to form
nanoparticles would also offer advantages of nano-drug delivery making
them promising materials for biomedical applications.

The synthesised polymer when explored for oral delivery of CsA,
demonstrated controlled delivery of CsA compared to Neoral® and PLGA
nanoparticles with higher bioavailability. In the literature several studies
have demonstrated the correlation of CsA concentrations to the incidence of
side effects. The toxicities are found to depend on Cmax and the AUC of the

drug. In a recent study in pediatrics with stable renal transplant it was found
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that hypertrichosis was related to AUC, whereas the tremors were more
related to Cmax of CsA (David-Neto ef al., 2000). Similar facts have also been
established in acute nephrotoxicity caused by CsA where decrease in
glomerular filtration rate was closely related to the Cmax and not AUC (Perico
et al., 1992). It was further suggested that hypertrichosis and tremor can be
prevented by maintaining the AUCo4 <4200 ng/ml per h and Cmax< 900 ng/ml
respectively (David-Neto et al., 2000). In circumstances to the above, EL14
nanoparticles could be a preferred formulation for CsA delivery as observed
Cmax was in the desired range, unlike Neoral® which exceeded the limit
significantly by ~400 ng/ml. The current commercial formulation of CsA
experiences erratic bioavailability due to its extensive metabolism in the gut,
making it difficult to predict trough levels (Lindholm and Kahan, 1993). The
better bioavailability of CsA in the form of EL14 nanoparticles could be due
the protective role of PEG present in the polymer chain which has been
found to have protective effects on proteins and peptides in gastric fluids
(Tobio et al., 2000). The decreased gut-wall metabolism would allow better
therapeutic monitoring of CsA. Compared to PLGA nanoparticles, EL14
nanoparticles achieved the desired Cmax at half the dose. This dose reduction
may provide significant increase in cost benefits ratio as result of less amount
of CsA required, hence cheaper formulation with lower toxicity resulting in
better therapeutics with increased patient compliance.

CsA is a substrate and inhibitor of P-gp and can modulate and reverse
multidrug resistance and improve chemotherapy. However, its use is limited
due to its low binding efficiency which necessitates the use of high dose,
hence resulting in toxicity (Tan et al., 2000). In view of this, CsA loaded EL14
nanoparticles would be an attractive strategy to derive maximum beneficial

effects of CsA due to the possibility of adhesion of carboxylated
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nanoparticles to cancerous cells leading to increased binding (McNamee et
al., 2007) and requirement of low dose of CsA as a result of improved oral
bioavailability.

In general, CsA with its ability in treatment of wide variety of disease is an
interesting molecule of medical research today. The current developed
nanoparticulates unlocks the advancement in drug delivery technology that
would result in better management of transplants patients and treatment of
autoimmune disorders, with simultaneous reduction in the associated

adverse effects of CsA.

5.4 Conclusions

The current report illustrates the synthesis and nanoparticulate applications
of multiblock copolymers containing periodically spaced side—chain carboxyl
groups. The carboxylated EL14 nanoparticles were able to successfully
deliver CsA at a comparable profile to that achieved by Neoral®, particularly

Cmax. This is essentially a step close to clinical needs.
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Table 5.8 Tissue concentration of CsA at 72 h on oral administration.

ug/g of tissue
Tissue
Neoral® PLGA EL14
Blood 0.04+0.01 0.22+0.04 0.17+0.02
Brain 3.4+0.7 1.9+0.2 2.7+1.1
Heart 5.0£0.8 6.4+1.5 6.8+0.8
Lung 5.3+0.7 8.9+3.6 10.7+0.6
Kidney 9.9£1.6 14.0+1.3 15.3+1.5
Spleen 6.9+1.8 9.3+2.1 10.8+1.2
Liver 10.7+1.3 11.7+0.8 16.4+1.1
Intestine 6.8+0.8 7.5+1.5 7.7+1.2

All data represented as mean+S.E.M. (n=3).
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Table 5.9 Tissue distribution coefficient

Ky
Tissue
PLGA EL14
Blood 1 1
Brain 9 16
Heart 29 41
Lung 40 64
Kidney 64 91
Spleen 42 64
Liver 53 98
Intestine 34 46
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6. SUMMARY AND FUTURE WORK

6.1 Summary

The results presented in this work testify the potential of polymeric
nanoparticles for oral delivery of CsA. CsA loaded PLGA nanoparticles
were prepared at different loading ratios and were investigated for their
pharmacokinetic behaviour. Dose dependent pharmacokinetic evaluation of
CsA loaded PLGA nanoparticles demonstrated an increase in the Cmax and
AUCo-72, however with decreased relative bioavailability with increasing the
dose from 15 to 45 mg/Kg. With increasing the loading from 10 to 30%, an
increase in Cmax and AUCo7 was observed with corresponding increase in
relative bioavailability. Nanoparticulate formulations of CsA demonstrated
higher tissue concentrations than those observed by Neoral® except for brain
at an equal dose. The nanoparticulate formulation of CsA (30% loading at 30
mg/Kg), which demonstrated similar Cmax to Neoral®, were found to be
significantly less nephrotoxic than the Neoral®.

Antioxidant adjuvant CoQ10 was explored further to reduce the
nephrotoxicity. CoQ10 co-entrapped PLGA nanoparticles were successfully
prepared using emulsion-diffusion-evaporation method using DMAB as a
stabiliser. Comprehensive characterisation of the co-entrapped nanoparticles
revealed that the surfactant concentration, external phase volume, droplet
size reduction method and drug loading concentration can all influence the
characteristics of co-loaded nanoparticles. The semi-quantitative solubility
study demonstrated a strong influence of CoQ10 on CsA entrapment which
was thought to be due to increase in the lipophilicity of the overall system.
The in vitro dissolution profile indicated the influence of CoQ10 on CsA
release to that of individual nanoparticles of CsA, however this effect was

not observed in vivo. The co-entrapped CoQ10 does not seem to have any
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additional affect on the nephrotoxicity behaviour in comparison to that of
native CsA nanoparticles, suggesting the inability of CoQ10 to ameliorate the
nephrotoxicity at the given dose or CoQ1l0 is as such ineffective in
scavenging such free radical mediated toxicity.

New polymer architecture was explored to modify the release of CsA from
nanoparticles to reduce its dose and match the blood profile of Neoral®.
Multiblock copolymers containing periodically spaced side—chain carboxyl
groups were synthesised successfully by a two-step synthesis involving the
preparation of ABA triblock pre-polymers of lactic acid (A block) and
ethylene glycol (B block) followed by chain extension to (ABA)» multiblock
copolymers by reaction with PMDA. The synthesised polymers were
thoroughly characterised by NMR, TGA and DSC. Chain extension resulted
in the incorporation of free carboxylic groups in polymer backbone and in a
six fold increase of molecular weight. The polymers were found to be fast
degrading in water following first order kinetics. The carboxylated
nanoparticles of EL14 were successfully able to entrap CsA. On in vitro
release, EL14 nanoparticles released CsA faster compared to native PLGA
nanoparticles. On in vivo evaluation, the EL14 nanoparticles were
successfully able to deliver CsA via oral route at a controlled rate,
demonstrating a higher Cmax, a faster Tmax and enhanced tissue levels to that
of PLGA particles; however the overall bioavailability of the nanoparticulates
were similar and higher than Neoral®.

The developed PLGA and EL14 nanoparticulate formulations of CsA will
provide a safer and more effective alternative to Neoral® which would
enhance the quality of patient life and permit the use of CsA in the treatment
of a wide variety of immune disorders and would be an attractive

proposition for pharmaceutical companies.
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The current project explores the possibility of delivering CsA orally using
polymeric nanoparticles. For the transport of polymeric nanocarriers across
the GIT, the paracellular and the transcellular routes have been suggested
(Florence, 2004; des Rieux et al., 2006). The paracellular route for nanoparticle
translocation is very limited because of the very small surface area of the
intercellular spaces and due to tightness of the intercellular junctions (pore
diameter 3-10 A) (Jung et al., 2000). However, using cationic polymers such as
chitosan, the paracellular transport of drugs can be increased (Schipper et al.,
1997) through ionic interactions between the polymer and the cell membrane
which results in opening of tight junctions (van der Lubben et al., 2001).
Transcellular transport of nanoparticles takes place through the receptor
mediated and the adsorptive endocytosis. Receptor mediated transport is
based on the principle of ligand binding to receptors on cell surface to initiate
endocytotic uptake while adsorptive endocytosis is based on simple physical
adsorption of nanoparticles onto cell surface. The transcellular uptake of
polymeric nanoparticles has been shown to occur through two types of
intestinal cells, the enterocytes and the M cells. Most studies show that
majority of the nanoparticles are taken up by M cells, however, it constitutes
only a small ratio of GIT surface area and the uptake process is found to be
saturable in nature (Jani ef al., 1990; Desai et al., 1996, Shakweh et al., 2004;
Florence, 2005; des Rieux et al., 2006).

The extent of uptake of nanoparticles from GIT has been demonstrated to be
small and varied. It was demonstrated that particles in the range of 50-100
nm were observed to an extent of 30% (Jani et al., 1990). However, the uptake
represented the amount of polystyrene particles absorbed and adsorbed from
rat mucosa (Florence, 1997). Desai et al., studies the effect of size on uptake of

PLGA nanoparticles in Caco-2 cells. The uptake efficiency at 100 ug/ml
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concentration of 100 nm particles was 41% while 1 um and 10 pm
demonstrated 15 and 6% uptake efficiency, respectively (Desai et al., 1997).
On administration of radio labelled polymethyl methacrylate nanoparticles,
the total concentration of the nanoparticles in the body was 1% of the dose at
2 h and total uptake remained very low (< 10% at 130 nm particle size)
(Araujo, et al., 1990). Similarly, low uptake of 1.9-2.3% of PLGA nanoparticles
of 133 nm in size was observed after 1 h of oral administration in mice (Le
Ray et al., 1994).

However, most of the studies assessing the transport of nanoparticles across
the intestinal wall were performed using Caco-2 cells or in animals and
relevance of these transport models to predict their behavior in human is an
ongoing debate, as clinical studies are very much missing (Florence, 2005;
des Rieux ef al., 2006; Florence 2007).

However, considering the above facts, it seems only a small proportion of
administered nanoparticles can reach systemic circulation. Additionally,
once taken up, the nanoparticles are countered with macrophages which
results in their rapid clearance from systemic circulation (Moghimi et al.,
2001). However, in the present dissertation, large quantities of CsA was
delivered to systemic circulation by polymeric nanoparticles. At 15 mg/Kg
dose of CsA, PLGA and EL14 nanoparticles demonstrated higher
bioavailability than commercial formulation Neroal® with prolonged in vivo
release, indicating towards the possibility of different mechanism(s) involved
in delivery of CsA to systemic circulation by DMAB stabilised nanoparticles.

Considering the fact that cationic polymers can open the tight junctions (Jung
et al, 2000), the DMAB stabilised cationic nanoparticles on oral
administration can modify the membrane permeability, resulting in opening

of the tight junctions and translocation of nanoparticles, hence delivering
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CsA to systemic circulation. However, the ability of DMAB stabilised
nanoparticles to affect tight junctions requires additional investigations.
Additionally, the cationic nanoparticles/polymers have been found to
demonstrate mucoadhesive properties (Schipper et al., 1997; Jung et al., 2000).
In view of this, DMAB stabilised nanoparticles can attach to the mucus,
resulting in increased uptake by intestinal enterocytes. Furthermore, the
attachment of DMAB stabilised nanoparticles to mucus may improve the
intestinal residence time and can release CsA, causing an increased local CsA
concentration at the site of absorption (Haas and Lehr, 2002; Bernkop-
Schnurch et al., 2003). Besides mucoadhesive property of DMAB, its P-gp
inhibiting nature should be explored as it may help in reducing the high
variability in CsA absorption (Lown et al., 1992; Fricker et al., 1996).

Recently it was reported that DMAB modified nanoparticles penetrated the
endothelial cells better with enhanced uptake compared to other cationic
surfactants and PVA. The higher penetration and uptake was facilitated by
interactions of the di-chains of the cationic DMAB with cell membrane,
signifying the role of surface charge and molecular structure of the surfactant
in uptake of nanoparticles across the cell membrane (Peetla and
Labhasetwar, 2009) and could be one of the mechanism involved in higher
uptake of DMAB stabilised PLGA nanoparticles.

During nanoparticle preparation it was observed that CsA’s solubility was
dependent upon the DMAB concentration in aqueous phase (Italia et al.,
2007; Ankola et al., 2010) which may be due to micellar solubilisation of CsA
by DMAB. On administration of the nanoparticles orally, DMAB bound to
the surface of PLGA nanoparticles may help further in solubilising CsA in
the GIT and hence improving the oral absorption. However, the amount of

DMAB bound to PLGA nanoparticles was < 20 uM (Bhardwaj et al., 2009)
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which is significantly lower than the critical micellar concentration of DMAB
which is ~2.5 mM (Fontana et al., 2003), hence a very negligible effect of
DMAB'’s role in solubilising the CsA in GIT may be predicted but requires
further investigations.

Overall, the mechanisms involved in delivery of drugs to systemic
circulation by DMAB stabilised nanoparticles remains far from explored and

requires further investigation based on the above hypothesized mechanisms.
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6.2 Future perspectives

The current report establishes the role of polymeric nanoparticles in oral
delivery of CsA. The polymeric nanoparticles were prepared by emulsion
diffusion evaporation method. However, the method suffers from several
limitations ~ which  prevent its successful implementation for
commercialisation. The limitation of method includes inability to load high
dose of drugs into the nanoparticles along with low batch size. Additionally,
the method results in nanoparticles with a size distribution of 50-500 nm,
which is considerably large. Use of high pressure homogenisation should be
explored to obtain narrow size distribution of nanoparticles with high drug
loading and large batch size (Kwon et al., 2002; Kharb et al., 2006). Further
limiting the scale-up of nanoparticles is absence of an efficient purification
method. Centrifugation has been routinely used in purification of
nanoparticles but is burdensome in nature and less efficient. Therefore, an
efficient purification system is required for separation of free drug and
impurities. Several methods like dialysis and gel filtration have been
investigated but with limited success for large-scale productivity.
Ultrafiltration should be explored for particle purification for its swiftness
and high particle recovery along with its ability to handle large volume (Tsao
et al., 2009).

Apart from technological limitations in producing large quantities of
nanoparticles, the nanoparticulate technology suffers from the limitations of
bioanalytical methods in determining the bioavailable drug in body. Most
methods determine the free drug as well as the drug entrapped in
nanoparticles, making it difficult to predict the
pharmacokinetic/pharmacodynamic correlation of the formulation (Zhao et

al., 2009). Currently, ultrafiltration, micro-dialysis, ultracentrifugation and
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gel chromatography have been exploited to determine the free and bound
drug in blood or plasma but have been found to be less efficient due to very
limited amount of plasma/blood available for drug determination along with
their expansive and time consuming nature (Zhang and Musson, 2006; Wang
et al., 2008). Recently, a simple and efficient liquid-liquid extraction method
was developed and validated for determination of non-encapsulated
hydrophobic pyrene in plasma (Zhao et al., 2009) and should be explored
further to estimate free CsA.

Additionally, determination of the extent of nanoparticle uptake from GIT is
critical to the success of the technology. Biodistribution experiments are
important in determining localisation pattern of nanoparticles and in
estimating the amount of nanoparticle uptake. Tissue distribution studies can
be performed by tagging the nanoparticles with radiolabels, contrast agents
or dyes that would allow the detection of nanoparticle/polymer
concentration within the tissues over time and moreover help in estimating
the free drug and bound drug in the body. Radio-labelling of PLGA
nanoparticles can be done by either entrapping/coupling a radio-active
material like I (Panagi et al., 2001; Hau and Sun, 2006). The effect of dose on
biodistribution of PLGA nanoparticles was studied by entrapping *I bound
to cholesterylaniline (Panagi et al., 2001). The technique can be easily tailored
to study biodistribution pattern of DMAB stabilised PLGA nanoparticles. C
radio-labelling technique can be utilised to study the biodistribution and in
vivo degradation behaviour of PLGA nanoparticles but “C radio-labelling
technique is expansive and associated with high radiation pollution and I
remains the preferred technique (Hau and Sun, 2008). Recently Technetium-

99m (*mTc) radionuclide has been preferred due to its ideal physical
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properties in studying in vivo uptake and behaviour of PLGA nanoparticles
(Stevanovic et al., 2009).

Another common technique to study and quantify the biodistribution pattern
of polymeric nanoparticles is to entrap a fluorophore or fluorophore-labelled
drug derivative or use a flurophore-labelled polymer and consequently
image the system using fluorescence microscopy. Several fluorescence probes
like 6-coumarin (Panyam et al., 2003) and rhodamine (Betancourt et al., 2009)
have been widely investigated. However, the fluorescent technique has been
associated with low contrast, high background noise, photo-bleaching and
confounding fluorescence from animal tissues. Recently, a new technique
based on Raman spectroscopy has been investigated. The technique was
used to study the intra-cellular distribution and degradation behavior of
PLGA nanoparticles (Cherneko, et al., 2009).

A great deal has been said about the effect of size on nanoparticle uptake
from GIT. However, most studies demonstrating the effect of size has been
performed using Z-average obtained from dynamic light scattering
technique rather than taking into the account the size distribution curve.
Similar studies were also performed in the current work; however effect of
size distribution should be carefully investigated. Using the above particle
tracking techniques, detailed investigation about effect of particle size on
kinetics of uptake and their biodistribution, retention and excretion should
be performed.

Additionally, one of the major hurdles in nanoparticulate delivery is their
rapid elimination from the body by macrophages of liver and spleen
(Moghimi et al., 2001; Owens and Peppas, 2006). However, using DMAB as
stabiliser, prolonged drug concentrations were observed. This prolonged

circulation could be due to the ability of DMAB stabilised nanoparticles to
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avoid interaction with opsonin proteins and escaping phagocytic uptake
however, requires mechanistic understanding of its role. The plasma protein
adsorption on DMAB stabilised nanoparticles in rat and human blood can be
studied using 2-D PAGE analysis and MALDI-TOF MS and rate of protein
adsorption can be studied using Protein Lab-on-chip® technology as it is
highly specific and rapid in nature (Kim et al., 2007). Several techniques have
been investigated to study the uptake of nanoparticles by macrophages. The
macrophagocytic uptake of DMAB stabilised polymeric nanoparticles can be
studied in vitro using human monocytes or monocytes derived macrophages
and quantification of their uptake by fluorescence-based flow cytometry
(Nahrendorf et al., 2008; Bouno et al., 2009).

The biocompatibility and biodegradability are important prerequisites for
polymers used in drug delivery. The newly synthesised carboxylated
polymers should be screened for biocompatibility and biodegradability.
Lactate dehydrogenase (LDH) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Bhardwaj et al., 2009) should be
performed to determine biocompatibility of the polymers. The carboxylated
polymers are synthesized using aromatic dianhydride, which has limited
information about its toxicity. Possibility of carrying out the chain extension
using aliphatic dianhydride should be investigated because of their better in
vivo degradability (Muller et al., 2001).

In addition to the above, the future work should focus on nephrotoxic
screening of CsA loaded EL14 nanoparticles. The nephrotoxic study of CsA
loaded EL14 nanoparticles would provide additional information on role of
polymeric nanoparticles and their ability to reduce CsA nephrotoxicity.
Further, the PLGA and EL14 nanoparticles can be evaluated in various

transplant and disease models to get an insight of their therapeutic potential
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in preventing graft rejection and treatment of autoimmune disorders. A
systematic regulatory toxicology screening should be carried out.

The effect of CoQ10 dose should be investigated and other antioxidants that
can have dual function of minimising the hypertension as well as
nephrotoxicity (Ankola et al., 2007; Sonaje et al., 2007; Italia et al., 2009) should
be screened for co-encapsulation. Eventually, stability testing of the most
successful formulations need to be carried out according to the regulatory

requirements setting the ground for clinical trials.
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