aa 1) Cran 11 A A

(e oJ o <Jo ]

J& 3 gana (5 sl /%\x“@j‘olﬁéJé

A 038 st Up 515565 5 CASuB) S S g SV (301

Al oda (5 gt e Al giisa

d> g Y iolasde




------

FAAS = B & =N P

AIN SHAMS UNIVERSITY
Faculty of Pharmacy

Department of Pharmaceutics and Industrial Pharmacy

Development and Optimization of Liquid Crystalline
Nanostructures for Enhanced Ocular Delivery

A Thesis submitted by

Mohamed Ahmed Emad Abdellatif Elgendy

Assistant Lecturer at Department of Pharmaceutics and Pharmaceutical Technology
Faculty of Pharmacy, Future University in Egypt

for partial fulfillment of the requirements for
The Degree of Doctor of Philosophy
in Pharmaceutical Sciences

(Pharmaceutical Technology)

Under the supervision of

Prof. Dr. Nahed Daoud Prof. Dr. Mona Ibrahim Abdul
Mortada Tawab Elassal

Professor of Pharmaceutics and Industrial Pharmacy Professor of Pharmaceutics and Pharmaceutical
Faculty of Pharmacy Technology
Ain Shams University Faculty of Pharmacy, Future University in Egypt

Prof. Dr. Rania Aziz Helmy Dr. Mai Mansour Soliman
Ishak

Professor of Pharmaceutics and Industrial Pharmacy Lecturer of Pharmaceutics and Industrial Pharmacy
Faculty of Pharmacy Faculty of Pharmacy
Ain Shams University Ain Shams University

Department of Pharmaceutics and Industrial Pharmacy
Faculty of Pharmacy
Ain Shams University
2022



Approval Sheet

“Development and Optimization of Liquid Crystalline
Nanostructures for Enhanced Ocular Delivery”

A thesis submitted by
Mohamed Ahmed Emad Abdellatif Elgendy
for partial fulfillment of the requirements for
The Degree of Doctor of Philosophy
in Pharmaceutical Sciences (Pharmaceutics)

Approved by:

Prof. Dr. Nahed Daoud Mortada

(Committee in charge)

Date:



Development and Optimization of
Liquid Crystalline Nanostructures for
Enhanced Ocular Delivery



Acknowledgment

First and foremost, thanks to Allah for helping me to fulfil this work.

| would like to express my heartily appreciation and sincere gratitude to Prof.
Dr. Nahed Daoud Mortada, Professor of Pharmaceutics and Industrial Pharmacy,
Faculty of Pharmacy, Ain shams University, to whom | am greatly indebted for her
unlimited help, instructive supervision, continuous advice and valuable guidance
throughout my work which enabled me to have this work completed.

| wish to express my deep and sincere gratitude to Prof. Dr. Rania Aziz
Ishak, Professor of Pharmaceutics and Industrial Pharmacy, Faculty of Pharmacy,
Ain shams University, for his unlimited advice, fruitful supervision, patience,
generous help and his great efforts he devoted toward completion of this thesis.

| am grateful to Dr. Mai Mansour Soliman, Lecturer of Pharmaceutics and
Industrial Pharmacy, Faculty of Pharmacy, Ain shams University, for her fruitful
and instructive supervision, continuous advice, valuable guidance, afforded help and
support during the course of the thesis.

| would like to thank Prof. Dr. Mona Alassal, Professor of Pharmaceutics
and Pharmaceutical Technology, Faculty of Pharmacy, Future University in Egypt,
for her support.

| am sincerely grateful to all members of my beloved family, especially my
wife, son, parents, Parents in law, sisters, brothers, and the rest of my family for their
honest prayers, unlimited help and encouragement.

| am profoundly grateful to all the staff members of the Pharmaceutics &
Pharmaceutical Technology Department, Faculty of Pharmacy, Future University

and my colleagues who have sincerely encouraged and helped me.



List of Contents

List of ADDIreviations .........cccoiiiiii e VII
LISt OF TADIES ..o s Xl
LIS OF FIQUIES .. X1V
ADSTFACT. ...t XIX
General INTrOAUCTION ........c.oiiiiiiie e ere s 1
SYolo] o Lo YA/ ] o -SSR 19

Chapter I: Preparation and Optimization of Penetration Enhancer Enriched

Liquid Crystalline Nano Structures

8 oo [T 1 o o S SOTSPRTSPR 20
1. EXPErimeNntal ... 30
0 RV F- U] -1 USSP 30
1.2, EQUIPMENT: .ottt et 31
2 \V/ =1 4 g ToTo (o] [T V2RSSO USRS 32
2.1.  Preparation of liquid crystalline nanostructures (LCNS).........c.c.ccoeu... 32
2.2.  Characterization of the prepared formulations...............ccccceeeiivveinnennen, 32

2.2.1. Determination of particle size (PS), polydispersity index (PDI) and zeta

POLENTIAL (ZP) 1.t 32
2.2.2. Morphological examination using high resolution-transmission electron
MICrOSCOPY (HR-TEM) ..o s 34
2.2.3. Crystallinity STUAIES........ccooiiieeciece e 34
2.2.4. Ocular tOXICITY TESTING......coviiieieiieie e 34



2.2.5. Tracking the selected fluorescently labeled formulations into the rabbits’
cornea using confocal laser scanning microscopy (CLSM)........cccocevevvenee 37
2.2.6. Effect of storage on the physical stability of the selected liquid crystalline
NANOSTIUCTUIES (LCNS) ...iiiiiiicciec ettt 38
2.2.7. Lyophilization of the selected liquid crystalline nanostructures (LCNSs)....38

3. ReSUILS anNd DISCUSSION ... ..coeeeeeeeeeee e 39

3.1.  Penetration enhancer enriched liquid crystalline nanostructures (LCNSs)

..................................................................................... 39

3.2.  Characterization of the prepared nano-diSpersions.............cccccecvevveenne. 39
3.2.1. Particle size (PS) and Polydispersity index (PDI)......ccccccoeveviiviieeniennnnn 40
3.2.2. Zeta POtential (ZP) ......ccveieee et 45
3.2.3. Morphological examination using high resolution-transmission electron
MICrOSCOPY (HR-TEM)..cuiiiiieiie et 47

3.2.4. Crystallinity STUAIES........ccoveiieiic e 51
3.2.5. Ocular tOXICItY TESTING.....cccuveiereeiieiie e e e enes 55
3.2 5. L. HET- CAM ES...ocuiiiiiecie ettt sttt 55
3.2.5.2.Rabbit eye draize test..........ooiiriiii i 59
3.2.5.3.Histopathological examination................c.coeiiiiiiiiiiiiiiie e, 61
3.2.6. Confocal laser scanning microscopy (CLSM) examination........................ 65
3.2.7. Effect of storage on the stability of selected LCNS.........ccccccevivivveivennene 70
3.2.8. Effect of lyophilization .........ccoovveiiiiiieiiieece e 72
(©0] 0 10] 1157 o] o 3PS 75

Chapter I1: Preparation and Characterization of Optimized Travoprost loaded

Liquid Crystalline Nano Structures

T 1 o To [6Te3 1 T0] o I 77



1. EXPErimMENtal ... 84

S O V. F- U =T - | USRS 84
1.2, ANIMAIS .o 84
1.3, EQUIPMENT ..ottt 84
PN \Y/ =1 4 g To T (o] [0 |V 2RSSO POPTRPR 86
2.1.  Preparation of plain liquid crystalline nanostructures.............c.c.cc....... 86
2.1.1. Preliminary StUAIES ......c.coviiiieee e 86
2.1.2. EXperimental deSigN .......cccooveiieiieiie et 86

2.2. Preparation of TRAVO-loaded optimized liquid crystalline

YA DS U UL S .ot e ettt e ettt e e e et e et et e e et e e e e et e e eae e e e eeeaeeesreenerennsenneeenns 87

0 Quantitative analysis of Travoprost using high performance liquid

Chromatography ... 88

0  Construction of Travoprost calibration curve using high performance

liquid chromatography ... 88

2.3. Characterization of the prepared Travoprost loaded optimized liquid

crystalling NANOSTFUCTUIES.........cccueiiueiieecee e 89
2.3.1. Particle size, polydispersity and zeta potential.............cccccoeeveiiiiiie e, 89
2.3.2. Determination of Travoprost entrapment efficiency (EE%) ..........cccccueeneee. 89
2.3.3. Morphological examination using HR-TEM............cccccooiviiiveiic e, 89
2.3.4. X-ray powder diffraction (XRPD).......ccceiiiiiieiiiniie e 89

2.4. Ex vivo corneal permeation study of Travoprost loaded liquid

crystalling NANOSTIUCTUIES.........cccvoiviieii e 90
2.4.1. Mathematical modeling of ocular permeation Kinetics ...........ccccvcvviirnnnn 91
2.4.2. Determination of permeation Parameters ..........ccovvererieeresreeseereeseeseesnenns 92



2.5.  Physical stability study of travoprost loaded liquid crystalline

AN DS U CTUE S . et e ettt ettt e et e e et e e e e e e e e e e e e e e eaereeareesaresareenarennsenneeenns 92

2.6.  Sterilization of travoprost loaded liquid crystalline nanostructures by

GammMa IFFAAIALIONS .....ocvveviiie e 93
0  Confirmatory sterility test of gamma irradiated formulae ...................... 93
2.7.  Statistical analySiS.........cccoiiiiiiiiice e 93
3. ReSUItS @aNd DiISCUSSION......cccuiiiieiieeiieiie st e e seesreesee et sree e eae e sreennes 95
3.1, Preliminary STUIES .......ooov e 95
3.1.1. Effect of lPId tYPe ..o 95
3.1.2. Effect of stabilizer type......ccoveveeie i 98
3.1.3. Effect of stabilizer amMOUNt...........cccooviiiiiniiiieseee e 101
3.2,  Experimental deSign .........ccceoiiiiiiiic i 104
1307 N Y (oo (= o ot aT=T - L1 o] ISR 107
3.2.2. MOdel dIagNOSLICS ......ecivieiiieiie ittt 107
3.2.3. DAt @NalYSIS .....ceiveeiieiiieiie et 111
3.2.4. Model validation and optimization............ccccceeveevieiie s, 120
3.3.  Travoprost loaded optimized liquid crystalline nanostructures......... 127

3.4. Quantitative analysis of Travoprost using high performance liquid

chromatography ..o 127

3.5.  Characterization of Travoprost loaded liquid crystalline nanostructures

.................................................................................... 130
3.5.1. Particle size, polydispersity index and zeta potential results .................... 130
3.5.2. Entrapment efficiency % data...........ccoooereiiiiiiiniiee s 131
3.5.3. Morphological examination using TEM.........c.ccccevvviieieiinneiiene e 133



3.5.4. X-ray powder diffraction (XRPD)........ccccevviiiiiieiieiie e, 135

3.6.  Exvivo corneal penetration study of Travoprost loaded optimized liquid

crystalline nanostructures using excised rabbit cornea....................... 136
3.6.1. Mathematical modeling of ex vivo permeation profiles..................c......... 141
3.6.2. Determination of permeation parameters .........ccccovvevenieereeneeseesee s, 144

3.7.  Physical stability of the selected Travoprost loaded liquid crystalline

NMANOSEEUCTUL S ...ttt et e et e e e et e e e e e e e e e eeeneeeeneeeennneeees 146

3.8. Gamma irradiation of the selected Travoprost loaded liquid crystalline

NMANOSTEUCTUL S ...ttt e ettt e e e et et e e e e ee e e e s eeneeeeeennneees 148
3.8.1. SEEMIILY TS . .eeiieiie e 148
(@] (o 111 [0] o S 150

Chapter I11: In-vivo Ocular Evaluation of Optimized Travoprost loaded Liquid

Crystalline Nano Structures

INEFOAUCTION ... bbb 152
1. EXPEriMENTAl ...coooiiiice e 156
1.1, MALETIAIS ..o e 156
1.2, ANIMAIS i e 156
1.3, EQUIPMENT ..o 156
2. MEthOAOIOQY ....ccvviiieceec s 158

2.1.  Invivo ocular evaluation of the optimized Travoprost liquid crystalline

NANOSTIUCTULIES. ....eeiiiiiieiie et 158
2.1.1. Pharmacodynamic study in rabbitS..........ccccceeieriiiiniiinieniese e 158
2.1.2. Pharmacokinetic study in rabbitS...........ccccooiiiiiiii 159
2.2.  Ocular tolerability.........ccooiiiiiiiiie e 161



2.3.  Histopathological examination ............ccccoceviiieiie e 162
3. Results and diSCUSSION ........cccveiiiiiiiie e 163

3.1.  In-vivo ocular evaluation of the optimized Travoprost liquid crystalline

NANOSTIUCTUTES......eiiiiieieie ettt be e nn e nnne e 163
3.1.1. PharmacodynamicC STUAY .........cccverieririiniieiieesiee e see s 163
3.1.2 Quantitative analysis of Travoprost using LC-MS/MS..............ccccevuenenn. 170
3.1.3. PharmacoKiNetiC STUAY ........cccvriierieiie e 173
3.1.4. Ocular tolerability .........cceeeii i 177
3.1.5. Histopathology examinations ............ccccceiieiieeieesic e 179
(@70] 0101 11 1] [0] SRS 184
GeNeral CoONCIUSION.........oiiiiiiee e e 186
FULUNE PEISPECTIVE ..ottt 187
SUMIMAEY ..ttt ettt e e st e e st e et e e be e e bt e e nbaeennbeeanbeeannes 188
RETEIEINCES ...t ettt sre b ane s 197
@) O@ALAI e et e st e e e e areas 1

Vi



List of Abbreviations

AH Adqueous humor

BAC Benzalkonium chloride

BBB Blood brain barrier

BQ Bedaquiline

BQLC BQ-loaded cubosome

CAM Chorioallantoic membrane

CDs Cyclodextrins

CLSM Confocal laser scanning microscope
CPP Critical packing parameter

cryo-TEM Cryo-transmission electron microscopy
CXB Celecoxib

Cys A cyclosporin A

DADLE [D-Ala2, D-Leu5] enkephalin

DEX Dexamethasone

DLS Dynamic light scattering

DSC Differential scanning calorimetry

EE Entrapment efficiency

EGFR Epidermal growth factor receptor

EPR Enhanced permeability and retention
FB Flurbiprofen

Fl Finasteride

FP Prostaglandin F receptor

GL-HCI Glucosamine hydrochloride

GMO Glyceryl monooleate

GRAS Generally regarded as safe

h hour

HET-CAM Hen's egg test-chorioallantoic membrane test
HIl Inverse hexagonal mesophase

HPLC High performance liquid chromatography

VI




HR-TEM High resolution transmission electron microscope
Im3m Primitive cubic mesophases

I0P Intraocular pressure

IPMS Infinite periodic minimum surface
Jss Steady state flux

KGy Kilo gray

Kp permeability coefficient

KZ Ketoconazole

L3 Sponge phase

LC-MS-MS | Liquid chromatography—mass spectrometry- mass spectrometry
LCNs Liquid crystalline nanostructures
LDA Laser Doppler Anemometry

LLC Lyotropic liquid crystals

MCT Medium-chain triglycerides

min minute

MO Monoolein

MRI Magnetic resonance imaging
NAD Nicotinamide Adenine Dinucleotide
NFX Norfloxacin

NPs Nanoparticles

NS Nano-sponge

NSCLC Non-small cell lung cancer

Or Oregano oil

P407 Poloxamer 407

PA Peak area

PBS Phosphate buffer saline

PD Pharmacodynamics

PDI Polydispersity index

PEG Polyethylene glycol

PEO Polyethylene oxide

PEs Penetration enhancers

VI




PET Positron emission tomography

PFD Pirfenidone

PG Prostaglandin

PK Pharmacokinetics

Pn3m Double diamond cubic mesophases

PpIX Photosensitizer protoporphyrin IX

PPO Polypropylene oxide

PS Particle size

PTX paclitaxel

PYT Phytantriol

Qll Inverse bicontinuous cubic mesophase

RhoB Lissamine rhodamine

RI Irritation index

RPE retinal pigment epithelium

rpm Round per minute

RSM Response surface methodology

SAA Surfactant

SAXS Small-angle x-ray scattering

SIM Simvastatin

SIM-CB Simvastatin loaded cubosomes

SNEDDS Self-nanoemulsifying drug delivery systems
SPECT Single photo emission computed tomography
STZ Sertaconazole nitrate

TET Tetrandrine

™ Timolol Maleate

TPGS D-a-Tocopherol polyethylene glycol 1000 succinate
TRAVO Travoprost

'II_'(RSQQ/O Travoprost loaded liquid crystalline nanostructures
VAN Vancomycin

XRPD X-ray powder diffraction




ZP

Zeta potential

um

Micrometer




