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OZET

ORAL KULLANIM iGiN TASARLANAN POLIMERIK VE
SIKLODEKSTRIN NANOKAPSULLERiIN FORMULASYONU VE
ANTIKANSER ETKINLIGiNiN BELIRLENMESI

Hale UNAL
Doktora , Nanoteknoloji ve Nanotip Anabilim Dali
Tez Danismani: Prof. Dr. Erem BILENSOY

Aralik, 2014, 149 sayfa

Bu tezin amaci oral kemoterapide kullaniimak Uzere farkh ylzey yuklerine sahip
antikanser ila¢g yUkli polimerik veya siklodekstrin nanokapsil formulasyonlari
gelistirmek ve hazirlanan nanokapsdulleri in vitro ve in vivo agidan degerlendirmektir.
Model ila¢ olarak segilen Kamptotesin (CPT) birgok kanser trtinde ylksek etkiye sahip
bir antikanser ajan olmasina ragmen sudaki disuk ¢o6zunurligu ve stabilite sorunu
nedeniyle tedavide etkin bir sekilde kullanilamamaktadir. Kamptotesinin bu sorunlari
nanoteknolojik yaklasimlarla ¢oézulmeye calisiimistir. Bu alanda membran tipi ilag
tasiyici sistemler olan nanokapsdullerin ilag tasiyici sistemler olarak kullaniimasi
disunudlmis ve bu sistemlerin yapisal avantajlari sebebiyle CPT’in stabilitesinin

saglanarak etkin ve glvenilir formulasyonlarinin gelistiriimesi amaclanmistir.

Tezin ilk asamasinda CPT yukli nanokapsul formulasyonlari amfifilik siklodekstrinler
(CD) ve polikaprolaktan (PCL) kullanilarak hazirlanmistir. Katyonik yizey yulkine
sahip formulasyonlarin eldesi icin pozitif yuklu bir polimer olan Kitosan (CS) kaplama
materyali olarak kullanilmigtir. CPT yukli anyonik ve katyonik nanokapsuller
nanogoktirme yontemi ile hazirlanmis ve formuilasyon paramatreleri incelenerek 6n
formllasyon calismalari sonucu optimum formdilasyonlar secilmistir. Hazirlanan
partiktller ortalama partikll buyUkligu, polidispersite indeksi ve zeta potansiyel
degerleri acisindan in vitro karakterize edilmistir. ilag yikli nanokapsiller yizey
Ozelliklerinin incelenmesi ve morfolojik analizleri igin Taramali Elektron Mikroskopu

(SEM) ile goruntulenmistir. Nanokapstillere yuklenen CPT miktarinin belirlenmesi



valide edilmis bir HPLC yontemi ile gergeklestirilmistir. CPT’ in nanokapsdullerden in
vitro salimi diyaliz membran metodu ile sink kosullarda belirlenmigtir. CPT’in tagiyici
sisteme enkapsulle edilmesinin stabilitesi Uzerine etkilerini arastirmak icin valide
edilmis bir HPLC metodu kullaniimistir. Bununla birlikte, oral uygulanan tasiyici
sistemlerin gastrointestinal (Gl) kanal boyunca stabilitelerinin incelenmesi, simile

edilmis gastrik sivida (SGF) ve simule edilmis intestinal sivida (SIF) gergeklestirilmigtir.

Tezin ikinci asamasinda oncelikle oral absorpsiyon icin énemli bir basamak olan
mukusun nanopartikiillerle etkilesim calismalari gergeklestirilmistir. italya’da Napoli
Federico Il Universitesinde gerceklestirilien calismalarda ilk olarak misin-partikuil
etkilesimi turbidimetrik analizle aydinlatilmistir. Ayrica nanokapsullerin  mukusla
etkilesimi mukus varliginda ve yoklugunda partiktl bayUklugu, polidispersite indeksi ve
zeta potansiyel de@erleri agisindan karsilastirmali olarak incelenmistir. Ardindan CPT
yukli nanokapsullerin yapay mukustan gegisi incelenip ilacin yapay mukustan gegisi

kantitatif olarak belirlenmigtir.

Nanokapsiullerin etkinlik, givenilirlik ve permeabilite 6zellikleri farkli hiicre hatlarinda
calisilarak aydinlatiimaya calisiimistir. Bos nanokapsdllerin sitotoksisitesi ile ilgili
¢alisma L929 hicre hattinda gergeklestirilmistir. CPT yUklU nanokapsdullerin antikanser
etkinligi ise MCF-7 hucre hattinda CPT c¢ozeltisi ile karsilastirmali olarak
gerceklestiriimistir. Bununla birlikte yapay mukus modeli ile mukustan penetrasyonu
incelenen nanokapsullerin, Caco-2 hlcre hattindan permeabilitesi CPT ¢ozeltisi ile
karsilastiriimali olarak hesaplanmigtir. Son olarak floresan madde (Nil Kirmizisi) yuklG
nanokapsullerin intestinal absorpsiyonu in vivo hayvan modelinde ¢alisiimistir. Oral
uygulama sonrasi disi farelerde yapilan intestinal alim ¢alismalari ile nanokapsdllerie

yukli molekulin in vivo ortamda mide-barsak kanalindan alimi hesaplanmistir.

Yapilan c¢alismalar sonucunda CPT vyukli anyonik ve katyonik nanokapsul
formUlasyonlari 180-220 nm arasinda ortalama partikil buydklugunde, dusuk
polidispersite indeksine sahip ve istenilen yluzey yukunde elde edilmigtir. CPT’in
yuksek oranda nanokapsullere enkapsule edilebildigi ve nanokapstllerden 48 saat
surresince kontrollii bir sekilde salindigi gézlenmistir. ilacin nanokapstil formiilasyonlari
sayesinde hidrolitik stabilitesinin saglandigi valide edilen HPLC yontemi ile
gosterilmistir. Gastrointestinal kanal boyunca degiskenlik gdsteren farkli pH kosullarini

taklit edilen simule sivilar, nanokapsullerin fiziksel ve kimyasal stabilitesinde partikil



buyudklugu, PDI ve yuzey yuku acgisindan belirgin degisiklige neden olmamistir.
italya’da gergeklestirilen tirbidimetri calismalari sonucu hazirlanan nanokapstillerin
mausinle etkilesimini dogrulanmigtir. Buna ek olarak musin varliginda partikullerin ¢api,
polidispersitesi ve zeta potansiye degerlerinde meydana gelene degismeler de musin-
partikul iliskisini desteklemektedir. CPT’in yapay mukozadan penetrasyonu kaplama
materyali CS sayesinde katyonik nanokapsduller ile anlamli dlglide artmistir. (p<0.05).
Caco-2 hucre hattindan yapilan permeabilite ¢alismalart CPT’in  intestinal
permeabilitesinin nanokapsullere enkapsile edilmesi ile ¢ozelti haline gére 3 kat
artirdigini gostermistir. L929 hucre hattinda gergeklestirilen guvenirlik caligmalari bos
nanokapstillerin uygulanan konsantrasyonlarda sitotoksik olmadigini kanitlamistir. ilag
yukli nanokapsullerin MCF-7 hlcre hattinda antikanser etkinligi serbest ilaca gore
anlamli dlclide artmistir (p<0.05). in vivo hayvan deneylerinden elde edilen verilere
gore tez kapsaminda hazirlanan nanokapsillere yukli etkin maddenin barsaktan
yuksek oranda alindigi ve katyonik nanokapstuillerin ilacin Gl kanaldan hicresel alimini

artirdigi gézlenmistir.

Tez kapsaminda gergeklestirilen in vitro ve in vivo ¢alismalarin sonuglari géz dnlne
alindiginda nanokapsullerin, ¢ozunurlik ve stabilite sorunlari nedeniyle tedavide etkin
bir sekilde kullanilamayan CPT ‘in ¢oézunurligunu artirmada, stabilitesinin saglanip
ilacin intestinal permeabilitesinin artirilmasinda Umit verici bir nanoteknolojik yaklasim
olarak kullanilabilecegi ongorulmektedir. Elde edilen veriler ayni zamanda oral
kemoterapide yeni ve etkili bir tedavi yonteminin gerceklesebilecegini

disundurmektedir.

Bu tez calismasi, literatirde nanopartikuler tasiyici sistemler agisindan rapor edilmis
fazla sayida galismasi bulunmayan antikanser ilag Kamptotesinin, oral kemoterapide
guvenli ve etkili bir gsekilde kullanilabilmesine yonelik olarak siklodekstrin ve
polikaprolaktan nanokapstillerle formuile edilmesi ve in vitro ve in vivo olarak
degerlendiriimesi agisindan yeni bir c¢alismadir. Yine bu tez kapsaminda oral
uygulanan negatif ve pozitif yikli CD nanokapstller karsilastirmali olarak ilk kez

incelenmigtir.

Anahtar Kelimeler: kamptotesin, kitosan, mukozal nanopartikuller, nanokapsul, oral

kemoterapi, permeabilite, polikaprolakton, siklodekstrinler
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The objective of this thesis was to design and in vitro-in vivo evaluate oral
nanocapsules prepared from amphiphilic cyclodextrins (CD) or poly-e-caprolactone
(PCL) with anionic or cationic surface charge for the effective oral delivery of an
anticancer agent, Camptothecin (CPT). CPT loaded anionic and cationic nanocapsules
coated with Chitosan (CS) were prepared by nanoprecipitation method and
characterized in terms of mean particle size, polydispersity index and zeta potential.
Morphological analysis of nanocapsules was performed by Scanning Electron
Microscope (SEM). The percentage of CPT incorporated in nanocapsules was
measured by a previously validated HPLC method. In vitro release of CPT from
nanocapsules was evaluated using dialysis method under sink conditions. To
determine the protective effect and drug stability provided by nanocapsules, all the
formulations were incubated in simulated gastric fluid (SGF) and simulated intestinal
fluid (SIF). Furthermore, CPT stability when incorporated in nanocapsules was
determined with a validated HPLC method in phosphate buffer solutions (PBS) with
different pH values of 1.2, 6.8 and 7.4 representing the pH range of the GI tract. In
order to investigate mucin-particle interactions, measurement of mucoadhesive
tendency of CPT loaded nanocapsules was realized by turbidimetric method. The
interaction between mucin and particles were also evaluated in terms of mean particle
size, polydispersity index and zeta potential values in the presence of mucin or not.
Penetration of nanocapsules through an artificial mucus model was performed

according to an artificial mucus model. Cytotoxicity of blank nanocapsules were

iv



investigated in L929 cell line. The permeability of CPT in solution form and bound to
nanocapsule formulations were demonstrated across Caco-2 cell line. Anticancer
efficacy of CPT loaded nanocapsules was determined against MCF-7 cell line in
comparison to CPT solution. Finally, the intestinal uptake of nanocapsules was

evaluated in vivo, in a mouse model with oral gavage in female CD1 mice.

Both anionic and cationic CPT loaded CD and PCL nanocapsules were in the range of
180 to 220nm with a narrow size distribution and desired zeta potential values. CPT
loaded nanocapsules were found to be stable in simulated gastrointestinal media.
Turbidimetric measurements confirmed the interaction between nanoparticles and
mucin. Penetration of CPT through an artificial mucus gel layer was higher when
incorporated in CD nanocapsules than PCL nanocapsules, coating with cationic
polymer Chitosan further increased penetration. Permeation of CPT across Caco-2 cell
line was found to be higher when incorporated in nanocapsules than CPT solution in
DMSO. In vivo animal studies confirmed that the intestinal uptake of nanocapsules was
significantly higher with cationic nanocapsules. Both in vitro and in vivo results
suggested that CPT loaded positively charged CD nanocapsules might be an attractive
and promising treatment to improve the stability and bioavailability of anticancer drug
camptothecin and create a new platform for oral chemotherapy.

Keywords: camptothecin, chitosan, cyclodextrins, mucosal nanoparticles,

nanocapsules, oral chemotherapy, permeability, polycaprolactone



ACKNOWLEDGEMENTS

| would like to express my deepest and sincere gratitude to my thesis advisor, Prof. Dr.
Erem Bilensoy, for her unending patience, enlightening guidance and inspiring
instruction to the successful completion of this study. She always encouraged me to
do my best and her belief in me kept me focused during those difficult times. She is
not only provided farseeing guidance but also gave me warm and sincere support.

My sincere thanks to Prof Dr. Levent Oner and Prof Dr. Emir Baki Denkbas for their
invaluable contributions. It was truly an honor to receive their insights and inspiring
instructions into this project. | also thank Prof. Dr. Sema Calis and Assoc. Prof. Zeynep
Safak Teksin for their contributions to my thesis.

| also thank Assoc. Prof. Fabiana Quaglia from University of Naples who welcomed
me in her group. | would like to thank her for the important collaboration and great
opportunity with valuable guidance and discussions during my stay in Italy.

| would like to thank my lovely friends, Gamze Isik and Cem Varan, for all the good
times, their encouragement and support. | also thank Demet Dagkin and Nazli Erdogar
for her ideas and insight to my study. My special thanks to all the proffessors and my
colleagues in the Division of Pharmaceutical Technology for creating a pleasant
atmosphere during these years.

A special gratitude and love goes to my family for their unfailing support, absolute belief
in my abilities and for their abiding love. | want to express my deepest love and thanks
to my love, Berkin, for his support and endless patience with full of encouragement. |
also thank my cousins Duygu, Sibel and Hulya for always being there for me.

My sincere thanks go to my fantastic friends Ivana d’Angelo, Giovanni Caiazza,
Claudia Conte, Ovidio Catanzano, Sara Maiolino, Erica Pagano, Raffaele Piscitelli,
Vittorio Loffredo, and Ester Pagano from University of Naples. They made everyday
life and research less hard and difficult during my stay in Italy.

Finally, | also would like to thank all my proffessors from my undergraduate Ayhan
Yilmaz, Nilgiin Arik Secken, Emine Erdem and Umit Erdogan who encouraged me to
study for doctorate.

Vi



(@ Y74 = I [
AB S T R A T .t \Y
ACKNOWLEDGEMENT ...ttt et e e eanns Vi
N D X . . e e Vil
INDEX OF TABLES. ... e Xi
INDEX OF FIGURES. ... .o e Xiv
SYMBOLS AND ABBREVIATIONS. ... XViii
1. INTRODUCTION ..ciiiiiiiiiiiiiiiiiiiiiiiet ettt ettt e ettt e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 1
2. GENERAL INFORMATION L..uuiiiiiiiiiiiiiiiiiuiuiinietseinseiesnennsnsesssnnsssnsnssssensnsnnennnnnnnes 3
2.1. Oral ChEMOLNEIAPY ......uuuuuiiiiiiiiiiiiiiiiii bbb eeeenee 3
2.1.1. Advantages & Challenges in Oral Chemotherapy ...........ccccccvvviiiiiiieeeeeennnn, 4
2.1.1.1. Effect of Physicochemical properties of drugs ..........cceeeevvvviiiiiiiieeeeeeeeenns 5
2.1.1.2. Physiological barriers: Role of mucus in the gastrointestinal tract............. 7
2.1.1.3. BioChemICaAl DAITIEIS ... ..uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiii bbb nnnnnne 9
2.2. Nanoparticulate drug delivery SYStemMS ......ccooeeeiiiiiiiiiiiii e 11
2.2.1. NANOCAPSUIES ...ttt 14
2.2.1.1. Nanocapsule Preparation MethodsS............ccoovvviiiiiiiii i 16
2.2.1.2. Characterization of NanoCapSUIES .........ccceeiiiiiiiiiiii e, 22
2.2.2. Nanopatrticles in Oral Chemotherapy.............uueeeeuriuiiiiiiiiiiiiiiiiiiiiiiiiieens 23
2.2.2.1. Overcoming Multiple DArriers .............uuuuuiiiiiiiiiiiiiiiiies 25
pZRC T O 2 1] ) (0 11 1= T o | o PO USPPPPPPPPNS 37
2.3.1. Structure and Physicochemical Properties ............cccccuvuiiiiiiiiiiiiiiiiiiiiiiinnns 37
2.3.2. Mechanism Of ACHON ......ouueiiiie e e e e e e e e e e eeaees 39
2.3.3. Novel approaches for Camptothecin.............ccoovvviiiiiiiiiieiiieece e, 40
2.4, CYCIOURXIIINS ...ttt 41
2.4.1. Structure and Physicochemical Properties ...........cccccuvvviiiiiiiiiiiiiiiiiiiiiiiniens 41
2.4.2. AMpPhiphilic CYCIOEXIINS.......i i e 44
2.4.3 Applications of Cyclodextrins in Drug Delivery Systems...........ccccccvvvvvvnnnnns 47
2.5. POlY-£-CaprolactONe ...........uuuuuiiiiiiiiiiiiiiiiiiiiiii bbb 50
2.5.1. Physicochemical Properties.........ccooiiiuiiiiiiiiii e 50
2.5.2. Applications in Drug Delivery SYStEMS ...........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnns 51
pZ2 T O o1 (o 1> T o SRR 52
2.6.1. Chemical Structure and Physicochemical Properties ..........cccccoevevviiiniennnns 52

Vi



2.6.2. Applications in Drug Delivery SYStEMS ........ccoovviiiiiiiiiiiiieeeeeeiie e 54

3. MATERIALS AND METHODS ... .o 56
TNt O |V = 1T = | PP RUSRPPPPRRN 56
L. L EQUIPIMENTS ..o 56
3.2, L. CREMICAIS ... 57
3.2.2. Biological MaterialS.........coooieieieeeeeeeeeeeeeeee e 58
3.2 . MELNOM. ... e aeane 59
3.2.1. In vitro Quantification of Camptothecin and HPLC Method Validation........ 59
3.2.1.1. Analytical Method Validation...........ccooooeiiieiiiiee 59
3.2.1.1.1. Construction of Calibration CUIVe ............coeeuuiiiiiiiieiieeeiiiiee e 59
3.2.0. 0.2, LINBAIILY ..vvuuie ettt e e e e et e e e e e e e e e et a e e e e eeeaane 60
Tt G TR 2 Yoo U | = [0 YT P PP PP PPPPPPPPPPPT 61
Tt 0t O S o o 13 o] o USRS 61
3.2.0.0.5. SENSILIVILY ..uuiieeeieeeeeei et e e e e e e e e aaanas 62
3.2, 1. 1.6, SPECIITY: oo 62
3.2.2. Pre-Formulation STUGIES ......cooeii i e e e e e e eeenees 62
3.2.2.1. Optimization of polymer concentration and polymer molecular weight .... 63
3.2.2.2. Optimization of 0il CONCENTratioN .........cooveeeiie e 63
3.2.2.3. Optimization of organic phase to agueous phase volume ratio ............... 64
3.2.2.4. Optimization of surfactant concentration..................ccceevrvvviiiiiiiieeeeeeeeenns 64
3.2.3. Formulation of anionic and cationic CPT loaded nanocapsules ................. 65
3.2.4. Physicochemical characterization of Nanocapsules .............cccooeeveiiiinneen. 66
3.2.4.1. Patrticle Size DisStriDULION .......ccoooeiieiieieeee e 66
3.2.4.2. Zeta POIENTIAL ......cceeeeeiiiiie e e e e e eanees 66
3.2.4.3. Imaging of NanOCaPSUIES ........ccooiieiiieeeeeee e 66
3.2.4.4. Encapsulation Efficiency of Nanocapsules ...............ccccvvviiiiiiiiieeeeceeennn, 66
3.2.4.5. In vitro release studies of Camptothecin from Nanocapsules.................. 67
3.2.4.6. Stability studies for CPT in various media ..........cccooeeeevveeiiiiiiiniieeeeeeeeeanns 67
3.2.4.7. Physical Stability of Nanocapsules in Simulated Gastrointestinal Fluids . 68
3.2.4.8. Interaction Studies With MUCUS ..........cooiiiiiiiiiiiii e 69
3.2.4.9. Artificial MUCUS STUAIES......cceeeiiieeeiiiiiie e e e et e e e e e e eeeeees 70
3.2.5.Cell CUTUIE STUAIES ....ceeeiiiiiie e eeeeees 73
3.2.5. 1. CYLOtOXICIEY ASSAY ... ciiiutinieeiiiiiie e ettt e e ettt e e et e e e e e e e e e e e e e e e eeaaans 73
3.2.5.2. Anticancer EffiCACY .......coooveiiiieeee e 73
3.2.5.3. Permeability through Caco-2 cell monolayer ..........cccccooooviiiiieiiiiiiceennnnn, 74
3.2.6. IN VIVO STUAIES ...ttt e e e e e eeenees 75
3.2.6.1. Construction of Calibration Curve for Nile Red ...........ccccvvvviiiiiiiiiiiiieeenns 76

Vii



3.2.6.2. Preparation of Nile Red loaded Nanocapsules ............ccccvvvvviiniiniiiieennns 76

3.2.6.3. ANMAIS ... 77
3.2.6.4. ReCovery EXPErMENT ......ccooiiiieeeeeeee e 77
3.2.6.5. Nanoparticle Uptake StUAIES .........ccoooeeeiiieeeeeeeeeeeee e 79
3.2.7. StatistiCal ANAIYSIS ......cevviiiiii e e e e e 80
4. RESULTS AND DISCUSSION ...ttt 81
4.1. In vitro Quantification of Camptothecin and HPLC Method Validation............ 81
4.1.1. Construction of Calibration CUIVe ... 81
A.1.2. LINCAITLY .o 83
A.1.3. ACCUIBICY ..ttt e et e e e ettt e e e e e e e e e e e nn s 83
404, PrECISION ..o 85
4.1.5. SENSITIVITY oo 89
4.1.6. SPECITICILY .eeeeeeeeeee e 89
4.2. Pre-formulation StUAIES........ccooeeiiiii i 91

4.2.1. Optimization of polymer concentration and the polymer molecular weight . 92

4.2.2. Optimization of oil concentration.............ooooei i 94
4.2.3. Optimization of organic phase to aqueous phase volume ratio .................. 95
4.2.4. Optimization of surfactant concentration..............cccceeeeeiieeeeeee 96
4.3. Formulation of anionic and cationic CPT loaded nanocapsules .................... 97
4.4. Physicochemical characterization of Nanocapsule formulations .................. 97
4.4.1. Mean partiCle Size ... 97
AL~ = W 0] =] 01 - | S 98
4.4.3. Imaging of NanOCAPSUIES ...........uvveiiiieieieeeeece e 100
4.4.4 Encapsulation Efficiency of Nanocapsules ..........cccoovii 101
4.4.5. In vitro release studies of Camptothecin from Nanocapsules................... 101
4.4.6. Stability studies for CPT in various media .............ccoovvvvviiiiiiiee e, 103
4.4.7. Physical Stability of Nanocapsules in Simulated Gastrointestinal Fluids .. 107
4.4.8. Interaction With MUCUS .........cooviiiiiiiie e 109
4.4.9. Artificial MUCUS STUAIES.......coiiiiiiiiiiiiie e 112
4.5. Cell CURUIE STUGIES .....vveiie e 115
4.5.1. CYLOXICILY @SSAY ...ceeeeeieeeeeeeee e 115
4.5.2. Anticancer EffiCaCY ........uoii i 116
4.5.3. Caco-2 cell monolayer permeability assay .........ccccoevvvivieviiiiiieeciice e, 117
A.6. IN VIVO STUAIES ...ttt e e e e s e e e e e e e e aenan s 119
4.6.1. Construction of Calibration Curve for Nile Red ............cooiiiiiiiiiiiiiiiiiinn. 120
4.6.2. Preparation of Nile Red loaded Nanocapsules.............cccovviiviiiiiiiieeeennnnn. 121
4.6.3. ReCOVery EXPErMENT ....ccoee i 122



4.6.4. Nanoparticle Uptake STtUAIES ..........iiiiiiiiiiiiiiiii e 123

5. CONCLUSION . ...cuiiiii e 125
REFERENCES ... e 127
CURRICULUM VITAE ..ot 147
ANNEXES ..o 149



INDEX OF TABLES

Table 2.1. Benefits and needs of oral therapy from the perspectives of patients,

healthcare professionals and fUNAErS ... e, 4

Table 2.2. List of nanotechnology based oral formulations in pharmaceutical market

AN N ClINICAI A . .o e 24

Table 2.3. Examples of non-targeted nanosystems in clinical use for anticancer

Table 2.4. Marketed pharmaceutical products contain cyclodextrins as excipient.48
Table 3.1. Summary of formulation parameters and variables for pre-formulation

studies based onthe literature. ..o e 63

Table 4.1. Linear regression data from HPLC analysis for Lactone and Carboxylate

FOIMIS OF P T ..t 82
Table 4.2.Accuracy data for Lactone form of CPT ..o 84
Table 4.3. Accuracy data for Carboxylate form of CPT.............ccooiiiiiiiiins. 84
Table 4.4. Data of repeatability for lactone form of CPT..............ccoiiiiiiini . 85
Table 4.5. Data of repeatability for carboxylate form of CPT....................ccoil. 86
Table 4.6. Data of intermediate precision for lactone form of CPT..................... 87
Table 4.7. Data of intermediate precision for carboxylate form of CPT................ 87
Table 4.8. Data of reproducibility for lactone form of CPT................oooiiiiini. 88
Table 4.9. Data of reproducibility for carboxylate form of CPT.......................... 88

Table 4.10.Effect of polymer concentration on particle size and PDI of CD
nanocapsules. Data represents the mean resultstSD values of three different
DAL CNES. .. e 92
Table 4.11.Effect of polymer concentration on particle size and PDI of PCL

nanocapsules. Data represents the mean resultstSD values of three different

Xi



Table 4.12. Effect of polymer MW on particle size and PDI of PCL nanocapsules.

Data represents the mean results£SD values of three different batches............. 93

Table 4.13. Effect of oil concentration on particle size and PDI of CD nanocapsules.
Data represents the mean resultstSD values of three different
DAL CNES. ... e 95

Table 4.14. Effect of oil concentration on particle size and PDI of PCL nanocapsules.
Data represents the mean results£SD values of three different batches............ 95
Table 4.15. Effect of organic to aqueous phase ratio (O/A) on CD nanocapsules’
particle size and PDI. Data represents the mean results£SD values of three different
DAL CNES. ...t 96
Table 4.16. Effect of organic to aqueous phase ratio (O/A) on PCL nanocapsules’
particle size and PDI. Data represents the mean results£SD values of three different
DAICNES. . . 96
Table 4.17. Effect of surfactant concentration on PCL nanocapsules’ particle size

and PDI. Data represents the mean resultstSD values of three different batches.97

Table 4.18. Mean diameter and Polydispersity index (PDI) of CPT loaded
nanocapsule formulations. Data represents the mean results+SD values of three
different DatCNeS. ... ..o 98
Table 4.19. Associated drug (%) and Entrapment efficiency (%) of CPT loaded

nanocapsules. Data represents the mean resultstSD values of three different

DAtCNES. ... e, 101
Table 4.20. CPT lactone form quantity (%) of different nanocapsule formulations
AIEr A8 ... 104

Table 4.21. Stability of various CPT loaded nanocapsules in SGF; Simulated Gastric

Fluid and SIF; Simulated Intestinal Fluid. Data represents the mean results +SD

Table 4.22. Mean particle size, PDI and zeta potential values of formulations in the
presence of mucin or not. Data represents the mean results +SD (n=3)............. 111
Table 4.23. Mean particle size of nanocapsules in the presence of mucin or not.

Data represent the mean results +SD values of three different batches............. 112

Table 4.24. Linear regression data from Spectroflorometric analysis for CPT.....112

Xii



Table 4.25. Linear regression data obtained from Spectroflorophotomer analysis for
NIlE RO, ottt 120
Table 4.26. Mean diameter, Polydispersity index (PDI), Zeta potential (mV) and
Entrapment efficiency (%) of NR loaded nanocapsules. Data represents the mean

results + SD values of three differentbatches............cooo . 121

Table 4.27. Recovery (%) of NR upon direct administration on different intestine

segments and stomach.............o 122

Xiii



INDEX OF FIGURES

Figure 2.1. Multipler barriers limiting oral chemotherapy.........cccccccovviiiiiiiei i, 5
Figure 2.2. Biopharmaceutical Classification System (BCS)............ccccovviiiinnnn. 6
Figure 2.3. The human Gl tract with pH range chart..................co, 7
Figure 2.4. First Pass Hepatic Metabolism................ccooiiiiiiii e, 10
Figure 2.5. Schematic representation of nanospheres and nanocapsules............ 15
Figure 2.6. Formation of Nanocapsules via nanoprecipitation method................. 17
Figure 2.7. Gibbs-Marangoni Effect........ ..o, 18
Figure 2.8. Preparation of nanocapsules via emulsion-diffusion method............. 19
Figure 2.9. Preparation of nanocapsules with double-emulsification method......... 20

Figure 2.10. Preparation of nanocapsules with emulsion coacervation method.....21
Figure 2.11. Nanoparticles for overcoming multiple barriers............................. 25
Figure 2.1.2. Benefits of nanoparticles in oral chemotherapy............................ 26

Figure 2.13. Mucin-particle interactions via; A) electrostatic forces and B) disulfide
DO, e e 31

Figure 2.14. Schematic illustrating the fate of mucus-penetrating particles and

conventional mucoadhesive particles administered to a mucosal surface........... 33

Figure 2.15. Schematic representation of transepithelial intestinal pathways: a)
transcellular active transport, b) transcellular passive transport, c) paracellular

L7 0157 T o P 34

Figure 2.16. Mechanism of opening tight junctions by nanoparticles and transporting
of their encapsulated drug (using duodenum as an example). A) Nanoparticles
adhere to the mucus of the intestinal tract. B) Nanoparticles begin to infiltrate into
the mucus C) The infiltrated nanoparticles permeate while openining the tight

junctions through the opened paracellular pathway........................l. 35

Figure 2.17. Chemical Structure of Camptothecin.............c.cccoviiiiiiiiennn. 38

Xiv



Figure 2.18. Chemical structure of camptothecin (CPT) ; an active lactone form at

pH below 5 and an inactive carboxylate form at basic pH................................ 39
Figure 2.19. Chemical structures of a-CDs, B-CDs and y-CDs......................... 42
Figure 2.20. Schematic representation of the CD cone shape.......................... 42
Figure 2.21. Non-ionic Amphiphilic cyclodextrins derivatives............................ 45
Figure 2.22. Chemical Structure of Poly-E-caprolactone.......................oooonill 51
Figure 2.23. Chemical Structure of Chitosan...............cccooiiiiiiiiiien 53
Figure 3.1. Formation of nanocapsules via nanoprecipitation method................. 65
Figure 3.2. Schematic representation of artificial mucus experiment................... 71

Figure 3.3. Visual representation of the preparation of artificial mucus dispersion.71

Figure 3.4. Images of experimental apparatus for penetration through artificial

Figure 3.6. Representation of in vivo Gl uptake experiment: Image for the instestinal

SEgMENTS Of MICE... .. 78

Figure 3.7. Schematic representation of nanoparticle uptake experiment........... 80

Figure 4.1. HPLC Chromatogram of active Lactone form of CPT (Retention time

S 0 1 0112 ) T PP 81
Figure 4.2. HPLC Chromatogram of inactive Carboxylate form of CPT. (Retention
LM 7.2 TN e 81

Figure 4.3. Calibration Curve of Lactone form of CPT and regression equation....82

Figure 4.4. Calibration Curve of Carboxylate form of CPT and regression

B QUL ON. . e 83
Figure 4.5. HPLC chromatogram of the formulation excipient (CS).................... 90
Figure 4.6. HPLC chromatogram of the formulation excipient (CD) ................... 90
Figure 4.7. HPLC chromatogram of the formulation excipient (DMSO)............... 90
Figure 4.8. HPLC chromatogram of the formulation excipient (PCL).................. 91

XV



Figure 4.9. Zeta Potential values of CPT loaded PCL, CS-PCL, CD and CS-CD
nanocapsules. Data represents the mean resultstSD values of three different
DALCNES. ... e 99

Figure 4.10. Scanning electron microphotographs of PCL, CS-PCL, CD and CS-
CD NANOCAPSUIES. ...t 100
Figure 4.11. In vitro release profiles of CPT from anionic and cationic nanocapsules
in pH 1.2 PBS for 4 h. Data represents the mean results £+ SD values of three
different DatChes. ... ..o 102
Figure 4.12. In vitro release profiles of CPT from anionic and cationic nanocapsules
in pH 7.4 PBS for 48 h. Data represents the mean results + SD values of three
different DALCNES. .. ..o 103
Figure 4.13. Lactone % of CPT in PCL nanocapsules and solution form at pH 7.4

Data represents the mean results £SD (N=3) ......oooiiiiiiiiiii e, 105

Figure 4.14. Lactone % of CPT in CS-PCL nanocapsules and in solution form at pH

pH 7.4. Data represents the mean results £SD (N=3) ........cocoiiiiiiiiiiininn 105

Figure 4.15. Lactone % of CPT in CD nanocapsules and in solution form at pH 7.4

Data represents the mean results 2SD (N=3) ..o, 106

Figure 4.16. Lactone % of CPT in CS-CD nanocapsules and in solution form at pH
7.4. Data represents the mean results £SD (n=3)7.4 .......cccooiiiiiiie e 106
Figure 4.17. Absorbance (ABS) at 650 nm of PCL formulations either in water or in
mucin dispersion as a function of time. Data represents the mean results +SD
(L) TP 110
Figure 4.18. Absorbance (ABS) at 650 nm of CD formulations either in water or in

mucin dispersion as a function of time. Data represents the mean results +SD

S ) 110
Figure 4.19. Calibration Curve and regression equation from Spectroflorometric
ASSAY TOF CP T .t 113

Figure 4.20. Amount of CPT penetrated through a mucus covered gelatin layer from
different nanocapsule formulations after 24 h. Data represent the mean results £ SD

values of three different batChes. ..., 114

XVi



Figure 4.21. Cell viability of blank CD and CS-CD nanocapsules against L929 cell
line after 48 h incubation. Data represents the mean results +SD (n=3) (5 x10°
CellS/L00 PL per Well) . ... 116

Figure 4.22. Viability of MCF-7 cells treated with CPT loaded CD and CD
nanocapsules in comparison with CPT in solution form (DMSO). Data represents
the mean results +SD (n=3). (1x10* cells/100 yL perwell)...............cooeevenenen... 117
Figure 4.23. Apparent permeability coefficient (Paap) of different CPT formulations:
CPT in DMSO solution, CPT loaded CD and CS-CD nanocapsules. Data represents
the mean results £SD (N=3)......oe i 118

Figure 4.24. Calibration Curve and regression equation from Spectroflorometer
analysis for Nile Red. ... 121
Figure 4.25. Percentage uptake of CD nanocapsules and CS-CD nanocapsules in

mice stomach and intestine segments. Values are in mean + SD (n=3)............ 123

XVii



SYMBOLS AND ABBREVIATIONS

Symbols
¥ micro
a alpha
B beta
Y gamma
A wavelength
Abbreviations
a CD Alpha cyclodextrin
B CD Beta cyclodextrin
y CD Gamma cyclodextrin
Aem Emission wavelength
Aex Excitation wavelength
Mg Microgram
I Microliter
9-AC 9-Amino-20(S)-Camptotesin
9-NC 9-Nitro-20(S)-Camptothecin
ABS Absorbance rate
ART Artemisinin
BCS Biopharmaceutical Classification System
CD Cyclodextrin
CPT Camptothecin
CPT-11 Irinotecan
CS Chitosan
Cv Coefficient of variation
CXB Celecoxib
DD Degree of deacetylation
DLS Dynamic light scattering
DMEM Dulbecco's modification of Eagle's medium
DMF Dimethylformamid

XViii



DMSO
DTPA
EMA
FAE
FBS
FDA
FPHM
Gl

HBSS
HEPES
HPLC
IUPAC

LbL
LOD
LOQ
MDR
mg
min
MRP
MTT
mV
MW
NaOH
NC
nm
NNI
NP
NR
oD
PBS
PCL

Dimethylsulfoxide

Diethylene triamine pentaacetic acid
European Medicines Agency

Follicle Associated Epithelium

Fetal bovine serum

Food and Drug Administration

First pass hepatic metabolism
Gastrointestinal tract

Hour

Hank’s balanced salt solution
n-(2-hydroxyethyl) piperazine-n-(2-ethanesulfonic acid)
High performance liquid chromatography
International Union of Pure and Applied Chemistry
Intravenous

layer-by-layer

Limit of detection

Limit of quantification

Multidrug resistance

Milligram

Minute

Multidrug resistant associated protein
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
Millivolt

Molecular weight

Sodium hydroxide

Nanocapsule

Nanometer

National Nanotechnology Initiative
Nanoparticle

Nile red

Optical densities

Phosphate buffer saline

Poly-g-caprolactone

XiX



PDI
PEG
P-gp
PLA
PLGA
PP
RZ
rpm
SD
SEM
SGF
SIF
TEAA
TEER
TEM

P

Polydispersity index
Poly(ethylene glycol)
P-glycoprotein

Poly(lactide)
Poly(lactide-co-glicolide)

Peyer's patches

Correlation coefficient

Route per minute

Standard deviation

Scanning electron microscopy
Simulated gastric fluid

Simulated intestinal fluid
Triethylamine acetate buffer
Transepithelial electric resistance
Transmission electron microscopy
Volume

Zeta potential

XX



1. INTRODUCTION

Cancer is one of the major fatal diseases in the world and causes abnormal growth
of cells spreading to surrounding tissues in the body. Although in cancer therapy,
intravenous route is more common than other administration routes, it is thought
that with recent advances oral chemotherapy will be the breakthrough step in future
chemotherapy. From the patient’s viewpoint, oral route allows for painless self-
medication and thus it is considered the most convenient route. Besides, it reduces
reimbursement load in the health budget also, since it does not require therapy in
medical centres. By means of oral administration, it is possible to prevent the initial
rapid increase and subsequent decay of drug concentration in blood that occurs via
intravenous route. However most anticancer drugs are not good candidates for oral
delivery owing to their low absorption in the gastrointestinal tract (Gl) and as a result
exhibit low oral bioavailability. In order to develop an effective oral chemotherapy,
bioavailability of anticancer drugs should be improved. On the other hand most
anticancer drugs are not good candidates for oral delivery and Camptothecin, which

was used in this thesis, is cited as a prime example.

Camptothecin (CPT) is a very effective anticancer agent against a wide spectrum of
cancers, however, its poor agueous solubility and pH-dependent stability problems
result in diminishing of clinical efficacy for the drug. Therefore formulation
approaches should be considered with the aim to design novel drug delivery
systems able to improve the aqueous solubility and to protect this drug from
hydrolysis in pH 7.4 in order to obtain an effective in vivo administration of CPT for

cancer therapy.

Nanoparticles are promising systems in this field to facilitate oral delivery of
anticancer drugs. In recent years, nanoparticles as oral drug delivery vehicles
provide numerous advantages over conventional approaches in oncology.
Nanoparticles are defined as submicron colloidal systems that include both
nanospheres and nanocapsules. Nanocapsules are especially beneficial for oral
administration of anticancer drugs e.g CPT, since nanocapsules can enhance the
poor agueous solubility owing to the oily liquid core, improve the stability of drugs

and prolong residence time in Gl tract due to the polymeric wall and enhance



permeability of drugs by taking the advantages of both small size of nanoparticles
and mucoadhesive properties of polymers as coating materials.

Poly-e-caprolactone (PCL) is one of the most frequently used commercial
biodegradable polyesters in drug delivery applications. Due to its higher resistance
to chemical hydrolysis and lack of toxicity, PCL and its derivatives are well suited
for application in colloidal drug delivery.This polymer has been approved by the US
FDA and known to be hydrophobic, semi-crystalline, non-toxic, biodegradable and

biocompatible.

Cyclodextrins (CDs) are natural polymers produced from enzymatic degradation of
starch. The most common advantages of CDs in the pharmaceutical field are to
enhance the stability, solubility, and bioavailability of drug molecules. Amphiphilic
CDs are derivatives of natural cyclodextrins which are chemically obtained and
modified on the primary and/or secondary face. CDs have mainly been used as
complexing agents to increase the agueous solubility of poorly soluble drugs and
modify release profiles and accordingly to increase their bioavailability and stability.
Besides, CDs act as a permeability enhancer upon oral administration which plays

an important role for drugs suffering from low intestinal permeability.

The aim of this study was to design and evaluate comparatively oral PCL and CD
nanocapsules of positive or negative surface charge, intended for the oral delivery
of anticancer agent CPT in order to maintain drug stability in the body and to improve

its eventual bioavailability.



2. GENERAL INFORMATION

2.1. Oral Chemotherapy

Oral route is the most preferred route for administration of therapeutics. It has been
reported that most patients prefer oral to intravenous administration [1]. In drug
delivery market, the largest sector is the oral pharmaceutical products and there is
no sign that it is decelerating in the near future [2]. Oral route offers an attractive
and convenient route of drug administration. AlImost 60% of prescriptions is made
up of oral formulations of total global pharmaceutical sales [3]. The oral route
presents several advantages in many aspects that make it the most preferred route
of drug administration. From the patient’s viewpoint, oral route allows for painless
self-medication, less stressful due to fewer hospital visits and compared to
parenteral delivery, it reduces cost, increases patient compliance, allows flexible
and controlled dosing schedule and have a low risk of systemic infections [1, 4]. It
is also cheaper to produce because it does not need to be manufactured under

sterile conditions resulting in cost saving in terms of time and labour as well.

Historically, chemotherapy has been administered mainly intravenously (i.v) [5]. The
intravenous route is the most direct one and leads to immediate and complete
bioavailability and therefore, accurate dosing. However, this route could be
hazardous, due to the risk of the high concentration of the drug which is destined to
normal tissues. Besides, i.v. chemotherapy regimens are designed to deliver the
maximal tolerated dose of cytotoxic agent to kill cancer cells in a short period of
therapy followed by a period of several weeks without administration [6]. However,
it is generally believed that long-term exposure to drug at modest concentrations
would be more beneficial than a pulsed supply of the drug at higher concentrations
[7]. Since 1990s, the oral chemotherapy has been an interesting alternative to the
I.v. therapy and is expected to be more common in the near future [5, 6]. Currently
molecules designed for oral chemotherapy builds up at least 25% of all new
antineoplastic drugs in development [5, 8, 9]. Several agents that are already proven
to be effective in a range of tumour types (e.g. capecitabine, erlotinib, gefitinib,
imatinib, lapatinib, lenalidomide, sunitinib, sorafenib) and many others in
development (e.g. vatalanib, satraplatin) are or will be available only as oral

formulations [9].



2.1.1. Advantages & Challenges in Oral Chemotherapy

Oral chemotherapy is a key step for “therapy at home”. The patient becomes the
real actor of the therapy and this home-based therapy makes the patients feel less
sick helping them to face their illness better and as a result provides better patient
compliance together with the improvement of patient’s quality of life [1, 6, 10].
Generally, health-care professionals are consistent with the idea that patients dislike
injections, thus they are more likely to prescribe oral treatments [11] since oral

chemotherapy may reduce anxiety in patients who are worried about injections [9].

Since anticancer drugs have narrow therapeutic windows, correct administration is
crucial for both efficacy and safety. Oral dosage forms have become more important
in therapy by means of reduced dosing frequency, improving both efficacy and
safety thereupon [11]. Oral administration of anticancer drugs can maintain a
sustained concentration of the drug providing prolonged systemic exposure with
less fluctuation which may lead to decreased side effects as well as lower toxicity
and improved therapeutic efficacy [7, 12]. From an economical point of view, oral
therapy potentially offers considerable financial savings compared with intravenous
therapy since it limits the cost of hospitalization and the infusion equipment supplies.
Benefits of oral chemotherapy are summarized in Table 2.1. by means of patients,

healthcare professionals and healthcare funders [6, 9].

Table 2.1. Benefits and needs of oral therapy from the perspectives of patients,

healthcare professionals and funders [6, 9]

Patients Healthcare Healthcare funders

professionals

Benefits | No needles Tailored/flexible Cost savings
dosing
Reduce clinic time Staffing savings Staffing savings
Needs Efffective education Efficacy equivalent to Reimbursement reform in
i.v. options some countries
Simple schedule High and predictable
bioavailabiltiy

Despite the advantages of oral chemotherapy, orally administered drugs face many

difficulties during oral absorption owing to their physicochemical properties and



biobarriers. According to the statistics, more than 60% of all anticancer drugs are
available for clinical therapy in oral dosage form, however very few of them are
actually put into use in clinic owing to limited oral bioavailability. As shown in Figure
2.1., multiple barriers that limit the effectiveness of oral chemotherapy can be

divided into three main groups: [13, 14]

1) pyhicochemical properties of drugs,

2) physiological barriers in Gastrointestinal (Gl) tract and
3) biochemical barriers in Gl tract

The pyhsicochemical properties of anticancer agents can be counted as the innate
limiting factors wheras physiological and biochemical factors as external.

Multiple barriers

| |
Physicochemical Physiological barriers Elaele el el e
properties of drugs N : : * Metabolic enzymes
B . Intestinal Mucosa Barrier o
Solubility * pH variation

R . *Gastrointestinal Clearance
Permeability * Efflux transporters

Figure 2.1. Multipler barriers limiting oral chemotherapy.
2.1.1.1. Effect of Physicochemical properties of drugs

Pharmaceutical scientists have mainly focused on ways to improve the
bioavailability of therapeutic agents for an efficient oral drug delivery. Oral
bioavailability is strongly affected by drug physicochemical properties and limited
oral absorption potential of anticancer drugs can be generally attributed to poor
solubility, limited permeability-limited or both [13]. Therefore solubility and
permeability are the two important parameters for oral bioavailability of anticancer

agents.

Biopharmaceutical Classification System (BCS) gives a definition for drugs in four
categories depending on their solubility and their permeability [1]. BCS class | drugs

(e.g. verapamil, diltiazem, metoprolol) with good solubility and high permeability can
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be easily absorbed in Gl tract. For BCS class Il drugs (e.g danazol, ketoconazole,
nifedipine) with low solubility and high permeability, solubility enhancement is
necessary whereas for Class Il drugs (e.g cimetidine, acyclovir, captopril) with high
solubility and poor permeability, permeability enhancement is the primary factor to
achieve effective oral delivery. For the Class IV drugs (e.g paclitaxel and docetaxel)
with poor solubility and poor permeability, both of the factors are limiting factors for
oral absorption and results in poor biovailability (Figure 2.2.). From this
classification, it can be seen that, except for class | drugs, all pharmaceuticals will
be faced with bioavailability issues due to their poor dissolution rate, their poor
permeability or both.

Therefore several strategies should be taken into account to overcome these
limitations [4]. For non-cytotoxic drugs the oral route is most commonly used,
however most of the anticancer drugs such as Taxoids (paclitaxel, docetaxel)
belong to the Class IV of BCS and have poor oral bioavailability (less than 10%) as
a result of poor solubility, low absorption rate in Gl tract and partially high affinity for
multidrug efflux pump P-glycoprotein (P-gp) leading to poor intestinal permeability
[15, 16]. Furthermore, >65% of anticancer drugs can be used as oral dosage form
but very few of them are actually used which could be attributed to the limited oral
bioavailability due to poor physicochemical properties and efflux mechanisms.
100 :
| |
¢ High solubility . * Low solubility
10~/ ® High permeability : e High permeability

i W

Permeability (1x10° cm pers)

1-{ e High solubility | e Low solubility
e Low permeability : e Low permeability
0.1 T T ; i I 1
1 10 100 250 1,000 10,000 100,000

Volume Required to Dissolve the Highest Dose (mL)

Figure 2.2. Biopharmaceutical Classification System (BCS) [16].



2.1.1.2. Physiological barriers: Role of mucus in the gastrointestinal tract

Gl tract is an extremely complicated system in terms of physical structure and
chemical constituents (Figure 2.3.). Physiologically Gl tract serve as a complex
environment taking charge in digesting and absorbing nutrients, water and vitamins
from food. Morever it is also designed as a barrier to prevent the entry of pathogens,
toxins and undigested molecules [17]. In other words, the Gl epithelia form a barrier
between the body system and the lumenal environment, which limits the entry of
potentially hostile substances, as well as therapeutic agents [18]. The human
intestinal epithelium is highly absorptive and is composed of villi that increase the
total absorptive surface area in the gastrointestinal (Gl) tract to 300—400 m?2,
Enterocytes (absorptive) and goblet cells (mucus secreting) cover the villi, which are
interspersed with Follicle Associated Epithelium (FAE). These lymphoid regions,
Peyer's patches, are covered with M cells specialized for antigen sampling. M cells
are significant for drug delivery, since they are relatively less protected by mucus

and have a high transcytotic capacity [19].

Saliva
6.5 -7.5 pH
up to 1 minute

Upper Stomach (fundie)
4.0 - 6.5 pH
30 -, 60 minutes

Lower Stomach
1.5 -4.0 pH
1 - 3 hours

Duodenum
7.0 - 8.5 pH
30 - 60 minutes

Small Intestine
4.0 - 7.0 pH
1 - 5 hours

Large Intestine
4.0 - 7.0 pH
10 hours - Several days

Figure 2.3. The human Gl tract with pH range chart [20].



For particulates to be absorbed, two barriers exist; the mucus gel layer and the
mucosa consecutively. Mucus is a viscoelastic gel layer serving to exclude
pathogens and other dangerous materials from the underlying cells allowing the
diffusion of only nutrients, proteins and essential molecules and prevents the tissue
from dehydration. Mucosal surfaces protect all major portals of our body such as
nose, lung, intestine, gall bladder, urinary bladder and reproductive tract.
Furthermore mucus sticks to most particles, preventing their penetration to the
epithelial surface [21-23] and therefore it is known to be the primary defense
mechanism of mucosal tissues in order to efficiently trap and remove nano- and

micro-sized objects, viruses and bacteria as well [24].

Mucus is mainly made up of water (95% w/w) and mucin (about 5% wi/v) as well as
small amounts of proteins, lipids, DNA and electrolytes [25, 26].These various
components work together to build up a heterogeneous environment for particulate
transport [27]. Mucins are large, highly glycosylated proteins secreted by the goblet
cells and responsible for the rheological properties of mucus and disulfide bonds
between non-glycosylated regions of the proteins in addition to numerous non-
covalent bonds constitute the highly entangled network of mucin fibers. These
crosslinked and entangled mucin fibers [27] are large molecules coated with
proteoglycans [26]. It is negatively charged due to the presence of sialic acid and

sulfated monosaccharides in the sugar chains.

Mucus pH exhibits a great variability depending on the mucosal surface which
means lung and nasal mucus are in general pH neutral and eye mucus is slightly
basic with pH ~ 7.8, whereas gastric mucus is exposed to a wide range of pH from
~1, ~2 to ~7 [27]. In addition to that, the thickness of the mucus also varies for
different mucosal surfaces and for different diseases since when an epithelium
undergoes malignant transformation, the mucin genes can undergo aberrant
expression causing reduced production of structually different and unexpected
mucin such as cervical cancer [28]. In the human Gl tract, the mucus layer is the
thickest in stomach and colon but exibits significant variation though depending on

digestive activity [19].

The viscosity of mucus affects the diffuson barrier and the viscoelastic properties of
Gl mucus are essential for its protective and defense effect and lubricating

properties as well. Consequently, mucus of the Gl-tract constitutes an important
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barrier to oral delivery of therapeutics and it is one of the many obstacles for
successful oral delivery and is acknowledged as a rate-limiting step to drug

absorption in general.
2.1.1.3. Biochemical barriers

The biochemical barrier is mainly composed of efflux transporters, drug metabolic
enyzmes and surfactants and variable pH along the Gl tract [13, 14]. One of the
major barriers is the wide pH range and harsh acidic environment of the Gl tract,

which includes the stomach and the intestines [29].

Upon oral administration materials encounter the physicochemical environment of
the Gl tract. The complex digestive system of the Gl tract is designed to absorb
many nutrients as possible in a safe, effective and selective way. However,
materials administered orally face the very harsh environment of stomach which is
strongly acidic [30]. The pH along the GI tract changes from acidic to alkaline
presenting a challenge for the stability of the drugs and integrity of drug loaded
carriers. [13]. The pH of the stomach ranges from 1.0 to 2.5 [31, 32], it rises to 6.6—
7.5 from the proximal end to the ileum of the small intestine, decreases to 6.4 at the
ceacum, and then rises again to 7.0 from the right to the left colon. Hence, this pH
variation in the Gl tract makes it difficult to maintain particle integrity throughout the
Gl tract and, therefore, stability of administered materials over a wide pH range is

necessary.[33]

Besides this pH variation, the contents of gastric fluids present an additional
obstacle for oral delivery due to abundance of enzymes. Specifically, the stomach
contains hydrochloric acid and pepsin, which degrade proteins wheras the
duodenum of the small intestine contains bile salts and degradative enzymes
including amylase, trypsin, and lipase [9], which degrade starch, proteins, and fats
respectively. The small intestine contains pancreatic juices comprising pancreatin,
trypsin, lipase, peptidases and maltase [29]. The GI tract presents a unique
microenvironment of enzymes and ionic strength, which impact both the chemical

and colloidal stability of administered particulates.

The gastro-intestinal metabolism, also referred as luminal metabolism is performed
by digestive enzymes secreted by pancreas such as amylase, lipase, and

peptidases and from the bacterial flora present especially in the lower part of the



gastrointestinal tract. The intracellular metabolism in the gut is principally carried out
by extrahepatic microsomal enzymes present within the cytoplasm on the
endoplasmic reticulum. Cytochrome P450 3A family, especially CYP 3A4, are
known as phase | metabolizing enzymes. Among all of the human CYP 450
homologues, CYP 3A4 plays an extremely important role overall metabolism of
drugs. They are present in the enterocytes which causes to the metabolism of the
drug substances at the gastrointestinal wall [34, 35]. Drug metabolizing enzymes in
the liver and gut mucosa are present to limit the systemic exposure of foreign
molecules that have been absorbed from the gastrointestinal tract. Any foreign
molecule that is absorbed from the G.I. lumen travels across G.l. mucosa, capillary
beds of small and large intestine, liver via portal circulation and is then transported
to the rest of the body organs. Only exception to this is the molecules that are
absorbed into the lymphatic system or distal rectum which effectively bypass the
liver [36]. Once the drug gets absorbed from the gastrointestinal tract, it enters into
the entero-hepatic portal vein and reaches to liver, where a fraction of absorbed
dose is metabolized, being referred as First Pass Hepatic Metabolism (FPHM). As

depicted in Figure 2.4.

Liver is the hub of various enzymes and is referred as “metabolic clearing house”.
This first pass metabolism is considered as major contributor for low oral

bioavailability of many drugs [14].

Drug

Portal vein

) sl Bloavallability

Metabolism

Gut wall

Metabolism

Figure 2.4. First Pass Hepatic Metabolism [37]
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One of the other key factors limiting the oral bioavailability is P-glycoprotein (P-gp)
efflux pump. Transmembrane efflux of drugs is defined as the expulsion of the drug
molecules across the cellular membrane from the cells via a clinically significant
systematic transportation system such as P-gp, breast cancer resistant protein
(BCRP), cytoplasmic transport, multidrug resistant associated protein (MRP)

assisted pathways, etc.

P-gp, encoded by the multidrug resistance-1 (MDR1) gene, localized in enterocytes,
is one of the significant efflux transporters leading to the excretion of drug back in
to the intestinal lumen [38]. It is extensively distributed in intestinal epithelia,
hepatocytes, kidneys, various glands and capillary endothelial cells comprising
blood-brain and blood—-testes barriers. This is a membrane associated protein
belonging to the superfamily of ATP binding cassette (ABC). It mainly operates at
three major locations, luminal (apical) membrane enterocytes: the drug is limited by
entering in the body; canalicular membrane of hepatocytes: increased elimination
into bile and urine; and, sensitive tissues such as brain, lymphocytes, testis, and
fetal circulation: limiting the drug penetration. Most of the anticancer drugs are the

substrates for P-gp efflux pump resulting in the limitation of oral delivery [14].

2.2. Nanoparticulate drug delivery systems

Nanotechnology derived from the Greek word “nano” meaning dwarf [39] is a key
step in drug delivery systems [31]. According to the NNI (National Nanotechnology
Initiative) definition, nanotechnology is science, engineering, and technology
managed at the nanoscale where unique, size dependent properties in
physicochemical phenomena enable novel applications (from 1 to 100 nanometers).
Similarly EMA (European Medicine Agency) gives the definitions for
nanotechnology as “the production and application of structures, devices and

systems by controlling the shape and size of materials at nanometre scale. “

At this size, the substance's physical, chemical and biological properties are

different from what they were at the micrometer and larger scales [40].
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Nanotechnology involves both:

1) The deliberate manipulation of matter by certain chemical and/or physical
processes (referred to as “bottom-up” production) to create materials with specific

properties that are not displayed in their larger forms.

2) The use of manufacturing processes such as milling or grinding (called “top-
down” production) to produce nanosized particles. These particles may or may not
have properties different from those of the bulk material from which they are

developed.

Nanotechnology is a multidisciplinary field and can be applied to almost all the other
science fields, such as chemistry, biology, physics, mathematics, engineering,
material science, pharmaceutical science etc. Nanotechnology focuses on the
understanding and control of matter at the nanoscale, including application with
specific top-down or bottom-up techniques and engineering of nanoscale materials,
systems and devices [41]. Furthermore, nanotechnology has enabled development
of entirely new materials and devices that can be exploited in each of these and
countless other applications.The idea of nanotechnology started with a talk entitled
“There’s Plenty of Room at the Bottom” by physicist Richard Feynman on December
29, 1959 [42].

Nanomedicine is an important area in nanotechnology which refers to highly specific
medical intervention at the molecular scale for diagnosis, prevention and treatment
of diseases [43]. The application of nanotechnology to discipline of medicine is
called, nanomedicine [44]. The term nanomedicine refers to any application of
nanomaterials for medical purposes ranging from therapeutic to diagnostic
applications [41]. The use of nanoscale materials for diagnosis, monitoring, control,
preventetion and treatment of disease [44]. Nanomedicine lies at the intersection of
many disciplines including biology, chemistry, physics, bioengineering,
pharmaceutical science and clinical medicine. Although the application of
nanotechnology to medicine appears to be a relatively recent trend, the basic
nanotechnology approaches for medical application date back several decades.
The first example of liposomes were described in 1965, the first long circulating

stealth polymeric nanoparticle was described in 1994 [45]; the first quantum dot
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bioconjugate was described in 1998 [46] and the first nanowire nanosenser dates
back to 2001.

Nanomedicine has the inevitable potential and capacity for both providing advanced
therapeutic options to patients, and anticipating commercial potential to
pharmaceutical industries. According to Business Cominication Company (BCC)
research market forecasting, the global nanomedicine market reached $63.8 billion
in 2010 and $72.8 billion in 2011. At this rate, it is expected to increase to $130.9
billion by 2016 [47]. The potential of nanomedicine that positively impacts healthcare
at many levels includes; detection of molecular changes responsible for disease
diagnosis and imaging, drug delivery and therapy and multi-functional systems for
combined therapeutic and diagnostic applications. Over the last decade, lots of
devices and systems at the nanoscale have been developed for the diagnosis,
imaging, and therapy of diseases. In the last decade nanotechnology and
nanofabrication have significantly impacted the field of drug delivery [39].

The applications of nanotechnology in various disciplines and specifically in
healthcare are becoming increasingly common and the process of replacing
traditional medicines has already begun. Thus, although efficient drug delivery is
one of the most prominent problems faced by the biotechnological and
pharmaceutical industries, nanotechnology can promote the innovative utilization of
the myriad existing drugs produced by these industries. The emergence of
nanotechnology is likely to have a significant impact on the drug-delivery sector and
nanoparticles (NPs) are at the leading edge, with many potential applications in

clinical medicine and research. [48]

Nanoparticulate drug delivery systems used in medicine are becoming increasingly
sophisticated. They are a large subject area of nanomedicine and include polymeric
nanoparticles, nanoshells, micelles, liposomes, dendrimers, nucleic acid based
nanoconstructs, magnetic nanoparticles, silicon oxide nanoparticles, and quantum
dots. In general nanoparticles are submicron sized, colloidal particles, with two or
more dimensions [49]. The unique properties of nanoparticles together with high
surface: volume ratio and the possibility of modulating their properties, make them

powerful tools in nanomedicine [50] .
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Although the definition of NNI for nanoparticles is in the range of 1-100nm, for most
pharmaceutical applications, nanoparticles are defined as having a size up to 1,000
nm [51].

Advantages of polymeric nanoparticles can be summarized below [52] :

v Increases the stability of any volatile pharmaceutical agents.

v A significant improvement over traditional treatments in terms of efficiency

and effectiveness.

v' A favorable blood half-life and physiological behavior with minimal off-target

effects.

v’ Effective clearance from the human organism, and minimal or no toxicity to

healthy tissues in living organisms.

v Easily and cheaply fabricated in large quantities by a multitude of methods
Nanoparticle-based drug delivery provides many advantages, such as enhancing
drug-therapeutic efficiency and pharmacological properties. For example,
nanoparticles improve the solubility of poorly water-soluble drugs, modify
pharmacokinetics, increase drug half-life by reducing immunogenicity, increase
specificity towards the target cell or tissue (therefore reducing side effects), improve
bioavailability, diminish drug metabolism and enable a more controllable release of

therapeutic agents [39, 53].
2.2.1. Nanocapsules

A great variety of nanoparticles have been presented in the literature with different
sizes, surface properties, with polymer coatings imparting negative, positive, or
neutral electrostatic charges; compositions, including lipids, polymers, carbon,
silicon and various metals; and shapes etc [54]. In recent years, biodegradable
polymeric nanoparticles have attracted considerable attention as potential drug
delivery devices in view of their applications of drugs to treat a particular disease
[55]. The polymeric nanoparticles which are prepared from biocompatible and
biodegradable polymers, can be named nanocapsules (reservoir-type nanodevices)
or nanospheres (matrix-type nanodevices) depending on their composition. The
difference between these forms lies in the morphology and structure of the particles
[55-57].
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Nanospheres are generally defined as matrix-type, solid, colloidal nanoparticles in
which drugs are dispersed, entrapped, encapsulated, chemically bounded or
adsorbed to the constituent polymer matrix [55] whereas, nanocapsules are
vesicular systems in which the drug is confined to a reservoir or within a cavity
consisting of an inner liquid core surrounded by a polymer membrane or coating as

represented schematically in Figure 2.5. [58, 59]

Encapsulated Drug
Oily or Aqueous Core
Polymer Matrix

Polymer Shell
Adsorbed Drug

Nanosphere Nanocapsule

Figure 2.5. Schematic presentation of nanospheres and nanocapsules

Nanocapsules can be defined as nano-vesicular systems that exhibit a typical core-
shell structure. In that case, an active substance is usually dissolved in the core but
can also be adsorbed at their surface [48]. There are two variations possible,
depending on the core and the structure of the surrounding polymer. Frequently, the
core is an oily liquid, the surrounding wall is a layer of polymer and the vesicle is
referred to as a nanocapsule. These systems have found utility in the encapsulation
and delivery of hydrophobic drugs. Alternatively, if the core of the vesicle is an
agueous phase and the surrounding coating is a polymer bilayer, the particle is

referred to as a polymersome. [58]

The presence of oil in the nanocapsules leads to a vesicular structure wheras its
absence in nanospheres provides a matrix-type structure of the polymeric chains
[57]. The nanocapsule core is composed of oil together with the lipophilic active
substance. The criteria for the selection of oil are; the absence of toxicity, highest
capacity to dissolve the drug and lack of risk of polymer degradation. Different
capric/caprylic triglyceride types are often used because of their wide range of

solubilization for active substances. Other oils such as benzyl benzoate, benzyl
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alcohol, oleic acid, ethyl oleate, argan oil, sunflower seed oil and soybean oil can be
also used for nanocapsule preparation [59].

Nanocapsules present the same advantages as mentioned above. Furthermore,
nanocapsules have some other advantages over nanospheres that can be counted
as high drug loading capacity, low polymer content, better protection against
degradation factors and reduction of tissue irritation [59]. Theoretically,
nanocapsules have a constant rate drug release due to the polymeric wall of the
particle (zero order drug release), whereas first order drug release is typically
observed with nanospheres. Nanocapsules require a lower amount of polymer for
each particle and as a consequence drug loading as percentage of polymer content
is higher [60]. A thicker and mechanically more resistant shell might be capable of
protection of encapsulated drugs presenting a higher stability when in contact with
biological fluids. Furthermore compared with liposomes, which are also
nanovesicular drug delivery systems, nanocapsules are robust and stable in both

liquid and powder forms.
2.2.1.1. Nanocapsule Preparation Methods

Polymers generally used for nanopatrticle preperation, can be of different origins and
can be classified as natural (arabic gum, gelatine), semi-synthetic (ethylcellulose,
hydroxyprophilmethylcellulose phthalate or more commonly synthetic (poly-e-
caprolactone (PCL), poly(lactide) (PLA) and poly(lactide-co-glicolide) (PLGA).
Synthetic polymers have higher purity and better reproducibility than natural
polymers [61]. Both lipophilic and hydrophilic surfactants can be used in the

preparation of nanocapsules.

Nanocapsules can be prepared by different preparation methods like
nanoprecipitation, = emulsion—diffusion,  double  emulsification, = emulsion-
coacervation and layer-by-layer. All these preparation techniques offer their
individual advantages and disadvantages for drug carrier systems as well [59].

Nanoprecipitation method

The nanoprecipitation method which is also called solvent displacement or
interfacial deposition was published for the first time by Fessi et al. in 1989. This
method is simple, rapid, economic, and requires low amounts of organic solvent

yielding small particle sizes with narraw polydispercity indices. Emulsification steps
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which are usually part of a nanoparticle preparation process, laborious processing
conditions or special laboratory ware are not required [62, 63]. This method
necessitates both solvent and non-solvent phases. Briefly the solvent phase
essentially consisting of a solution in a solvent or in a mixture of solvents (i.e.
ethanol, acetone, hexane, methylene chloride or dioxane) of a polymer (synthetic,
semi-synthetic or naturally occurring polymer), the active substance and oil (with or
without lipophilic surfactant). On the other hand, the non-solvent phase consisting
of a non-solvent or a mixture of non-solvents supplemented with one or more
hydrophilic surfactants. In most cases, the solvent and non-solvent phases are
called organic and aqueous phases, respectively. Generally, the solvent is an
organic medium, while the non-solvent is mainly water. With the nanoprecipitation

method, the nanocapsules are obtained as a colloidal suspension.

The choice of two solvents suitable for the nanoprecipitation was based on the
requirements of the method and on the physico-chemical characteristics of the
polymer. It is reported that within this method organic solvents must be able to
dissolve the polymer, must be miscible with non-solvent phases and have a low
boiling point to facilitate their elimination by evaporation [64]. In the
nanoprecipitation process, particle formation is spontaneous, due to the polymer

precipitation in the aqueous environment. (Figure 2.6.)
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Figure 2.6. Formation of nanocapsules via hanoprecipitation method.
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The Marangoni effect is considered to explain the process: Solvent flow, diffusion
and surface tension at the interface of the organic solvent and the agueous phase
cause turbulences, which form small droplets containing the polymer. When a liquid
with a high surface tension (aqueous phase) pulls more strongly on the surrounding
liquid than one with a low surface tension (organic phase solvent) this difference
between surface tensions causes interfacial turbulence (Figure 2.7.) [62].
Consequently, violent spreading is observed due to mutual miscibility between the
solvents, and the solvent flows away from regions of low surface tension and the
polymer tends to aggregate on the oil surface forming nanocapsules. According to
this explanation, nanocapsule formation is due to polymer aggregation in stabilized

emulsion droplets [64, 65].
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Figure 2.7. Gibbs-Marangoni Effect [62].
Emulsion-Diffusion Method

Preparation of nanocapsules by the emulsion—diffusion method was first proposed
by Quintanar-Guerrero et al. [66, 67]. The experimental procedure requires three
phases: Organic, aqueous and dilution. For preparation of nanocapsules using the

emulsion—diffusion method, the organic phase is emulsified under vigorous agitation
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in the aqueous phase. This technique is based on the initial formation of an O/W
emulsion containing an oil, polymer and a drug in the organic solvent, in an aqueous
solution of stabilizing agent. Finally the subsequent addition of water to the system
causes the diffusion of the solvent into the external phase, resulting in nanocapsule

formation. (Figure 2.8)

It has been shown that nanocapsule size is affected by the shear rate used in the
emulsification process, the chemical composition of the organic phase, the polymer

concentration, the oil-to-polymer ratio and the drop size of the primary emulsion [68].
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Figure 2.8. Preparation of nanocapsules via emulsion-diffusion method [59].
Double Emulsification Method

Double emulsions are complex heterodisperse systems called “emulsions of
emulsions”, in which the droplet of one dispersed liquid is further dispersed in
another liquid that can be classified into two major types: Water-oil-water emulsion
(w/o/w) and oil-water-oil (o/w/o) emulsion [61]. For preparation of nanocapsules, the
principle of double emulsion formation, specifically of the w/o/w type, is associated
with the principles of both nanoprecipitation and emulsion—diffusion methods. In this
case, in the primary w/o emulsion the oil is changed by an organic phase containing
a solvent that is totally or partially miscible in water, the film-formed polymer and a

w/o surfactant. Then the water containing a stabilizing agent is added to the system
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to obtain the water in organic in water emulsion. However in this step, particle
hardening is obtained through solvent diffusion and polymer precipitation. Water is
frequently added to the double emulsion in order to achieve full solvent diffusion.
Finally, the solvents are removed by evaporation or extraction by vacuum, leaving
hardened nanocapsules in an aqueous medium (Figure 2.9). As mentioned
previously, as an optional step, nanocapsule dispersion can be diluted before

extraction under vacuum to ensure full solvent diffusion [69].
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Figure 2.9. Preparation of nanocapsules with double-emulsification method. [59]
Emulsion- Coacervation Method

Nanocapsule formation by the emulsion-coacervation method uses the emulsion as
a template phase and the formation of a coacervate phase that causes polymer
precipitation from the continuous emulsion-phase to form a film on the template
forming the nanocapsule. The procedure involves the O/W emulsification of an
organic phase (oil, active substance) with an aqueous phase (water, polymer,
stabilizing agent) by mechanical stirring or ultrasound. Then, a simple coacervation
process is performed by using either electrolytes or a dehydration agent or by
temperature modification. Finally, the coacervation process is complemented with
additional crosslinked steps that make it possible to obtain a rigid nanocapsule shell
structure. (Figure 2.10.) Although electrolytes, dehydration and temperature

modification are frequently used to reduce polymer solvation, other factors such as
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changing pH and adding other materials that are incompatible with the polymer
solution can also be used [59].
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Figure 2.10. Preparation of nanocapsules with emulsion coacervation method [59].
Layer-by-layer

A layer-by-layer nanoassembly technique (LbL) is a widely used technique for the
fabrication of multilayered polymeric nanocapsules based on alternate adsorption
of oppositely charged materials mostly linear pollyelectrolytes, via electrostatic
interactions [70, 71]. This method requires a colloidal template onto which is
adsorbed a polymer layer either by incubation in the polymer solution, subsequently
washed, or by decreasing polymer solubility by drop-wise addition of a miscible
solvent. This procedure is then repeated with a second polymer and multiple
polymer layers are deposited, one after another. However there are some difficulties
for this method like formation of counterion aggregates, the separation of the
remaining free polyelectrolyte from the particles prior to the next deposition cycle.
In addition, another difficulty is the particle sizes obtained which are higher than
500nm. Although these particle sizes are at submicronic scale, they are obviously
larger than the size commonly accepted for nanocapsules. The other limitations can
be counted as the high number of assembly steps involved is quite complex and

time consuming [59].

21



2.2.1.2. Characterization of Nanocapsules

Characterization of a nanoparticulate system is essential for understanding and
prediction of the performance of the system in the body. Hence various techniques
are used to characterize nanocapsule and predict their ultimate fates in the body
[72]. Analytical methods such as electron microscopy, size measurements and zeta
potential determinations were included in the nanocapsule characterization. These
techniques allow efficient comparison across nanoparticles and facilitate the

nanocapsule optimization.
Size Measurements

Particle size and size distribution are the most important characteristics of
nanocapsules. They determine the in vivo distribution, biological fate, toxicity, and
targeting ability of these delivery systems. In addition, they can influence drug
loading, drug release. Currently, the fastest and most routine method of determining
nanocapsule size is by photon-correlation spectroscopy or dynamic light scattering
[73].

Dynamic light scattering (DLS) is commonly used for particle size determination.
DLS measures Brownian motion of nanoparticles in suspension and relates its
velocity, known as translational diffusion coefficient, to the size of nanoparticles
according to the Stokes—Einstein equation. The result is reported as a mean patrticle
size and homogenity of size distribution. The latter is expressed as polydispersity
index (PDI), a dimensionless parameter calculated from a cumulant analysis of the
DLS-measured intensity autocorrelation function. A PDI value from 0.1 to 0.25
indicates a narrow size distribution, and a PDI value greater than 0.5 indicates a
broad distribution [74].

Morphology of Nanocapsules

Conventional light microscopy is not suitable for nanocapsule characterization due
to its limited resolution, therefore electron microscopy provides an accurate
assessment of the size and shape of an nanocapsules. Techniques for the
characterization of nanoparticle size and morphology are scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The results
obtained by photon-correlation spectroscopy are usually verified by scanning or

transmission electronmicroscopy (SEM or TEM). Another imaging-based method is
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the particle tracking analysis includes dark field (confocal microscopy) or
fluorescence microscopy [75].

Surface Charge Measurements

Surface charge, expressed as zeta potential, critically influences the interaction of
nanocapsules with the environment. The zeta potential measurement depends on
the strength and valency of ions contained in the nanocapsule suspension. There
are two liquid layers surrounding a nanoparticle; strongly bound inner part (Stern
layer) and weakly bound outer layer. Zeta potential is commonly measured by laser
Doppler electrophoresis, which evaluates electrophoretic mobility of suspended
nanoparticles in the medium, thus measuring the potential at the boundary of the
outer layer. Generally, particles with zeta potential more positive than +15 mV or

more negative than —15 mV have colloidal stability [75].
2.2.2. Nanoparticles in Oral Chemotherapy

Nanotechnology has revolutionized the field of oral drug delivery research and over
the last decades nanotechnology based formulations have received great interest.
Table 2.2. enlists nanotechnology based oral formulations which are available in the
market and in clinical trials [76]. As seen from Table. In oral drug delivery among
various nano-structures, only nanosuspensions and spontaneously emulsifying
systems have succeeded in reaching pharmaceutical market. However it is
expected that there will be an accelerating expansion of the development of

nanotechnology based oral formulations in the near future.
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Table 2.2. List of nanotechnology based oral formulations in pharmaceutical market
and in clinical trials [76].

Product

Rapamune®

Megace ES®

Emend®
Tricor®

Triglide ®

Panzem NCD

Sandummine

Neoral®

Gengraf ®

Norvir®

Fortovase®

Drug

Sirolimus
Megestrol
acetate
Aprepitant
Fenofibrate
Fenofibrate
2-Methoxy

estradiol

Cyclosporine

Cyclosporine

Ritonavir

Saquinavir

Nanotechnology Dosage form

Nanosuspensions

Nanosuspensions

Nanosuspensions

Nanosuspensions

Nanosuspensions
Spontaneously
emulsifying
systems
Spontaneously
emulsifying
systems
Spontaneously
emulsifying
systems
Spontaneously
emulsifying
systems
Spontaneously
emulsifying

systems

Tablet

Nanosuspension

Capsule
Tablet

Tablet

Nanosuspension

Soft gelatin

capsule

Hard gelatin

capsule

Soft gelatin

capsule

Soft gelatin

capsule

Indication

Immuno-
suppressant
Treatment of
anorexia
Antiemetic
Antihyperlipidemic
agent
Antihyperlipidemic
Anti-angiogenic

effect

Immuno-

suppressant

Immuno-

suppressant

Anti-retroviral (anti-
HIV)

Anti-retroviral (anti-
HIV)

Taking account of traditional practices into cancer therapy, nanomedicine is not only

just one more tool but also a revolution in cancer chemotherapy. Treatment of

cancer can be achieved with “personalized medicine” and nanotechnology has this

potential as an effective strategy to facilitate oral delivery of anticancer drugs and

the oral nanoparticulate drug delivery systems show such distinct advantages that

they are able to bypass a series of biobarriers during oral absorption (Figure 2.11).

Nanoparticles also protect the entrapped drug from chemical and enzymatic
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degradation, prolong the systemic circulation time and control the release of drug in
blood. All of these benefits can contribute to reduction of dose and dosing frequency,

thereby reducing the side effects and improving the patient compliance.

Enzyme inhibition P-pg inhibition
Enteric protection Active targetingl
Stability 1 Permeability T _
Nanoscale Bioadhesion i

Solubility 1 Residence time 1
| Blood
’ . circulation
o ’ |
Hybnd I
nanocarriers

Low Poor Rapid Weak
solubility stability clearance permeability

Figure 2.11. Nanoparticles for overcoming multiple barriers [13].

Among its many advantages, nanopharmaceuticals may facilitate the oral
administration of drugs that are currently delivered only by injection. Nanomedicine
will drastically improve a patient’'s quality of life by early detection and/or more
efficient treatment with less drug-related side effects. Over all, expansion of these
nanopharmaceuticals will improve the practice of chemotherapy and clinical

outcomes in the coming years.
2.2.2.1. Overcoming multiple barriers

Nanoparticulate drug delivery systems as oral chemotherapy agents exhibit
numerous advantages from the pharmaceutical perspective over conventional
approaches. As it can be clearly seen from the Figure 2.12., nanotechnology holds
great potential as an effective strategy to facilitate oral delivery of
chemotherapeutical drugs falling under different classes (I-1V) of BCS [77].
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Figure 2.12. Benefits of nanoparticles in oral chemotherapy

Thus far, few nanotherapeutic (and diagnostic) materials have been approved by
the US Food and Drug Administration (FDA) for clinical use, although more are
currently in various stages of preclinical and clinical development. On the other
hand, only a few nanomedicines are approved by FDA for use in the treatment of
cancer in general and neither of them are for oral chemotherapy in particular (Table
2.3.) [41, 53].

As it was stated in section 1.1.1. orally administered drugs encounter many
difficulties during absorption process, including low solubility, poor chemical
stability, low permeability, harsh environment of Gl tract (variable pH values, short
residence time and abundant metabolic enzymes) and affinity to the drug efflux
pump P-glycoprotein (P-gp). Therefore, in addition to the enhancement of solubility/
dissolution rate, three main strategies should be taken into account to improve oral
bioavailability: 1) to enhance the stability of not only the incorporated molecule but
also nanocarriers; 2) to prolong the residence time in Gl tract and 3) to enhance the

permeability of the drug and carriers through epithelium [13].
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Table 2.3. Examples of non-targeted nanosystems in clinical use for anticancer

therapy. [41, 53]

PEGylated
liposomes

Albumin
nanoparticles
Non-PEGylated
liposomes
Non-PEGylated
liposomes

PEG-L-
asparaginase

Non-PEGylated
liposomes

PEGylated
liposomes

PEGylated
liposomes

PEG-poly(lactic
acid)

PGA-paclitaxel

HPMA

PEG-poly
(glutamic acid)

Non-PEGylated
liposomes

PEG-
cyclodextrin

PEGylated
liposomes

Doxorubicin

Paclitaxel
Doxorubicin

Daunorubicin

Asparagine
specific

enzyme

Vincristine

Doxorubicin

Cisplatin

Paclitaxel

Paclitaxel

DACH-Pt

Cisplatin

Cytarabine

Camptothecin

Irinotecan

Breast cancer,
ovarian cancer,
multiple
myeloma

Breast cancer
Breast cancer

Kaposi’s
sarcoma

Acute
lymphoblastic

leukemia

Non-Hodgkin’s
lymphoma

Liver cancer,
breast cancer

Ovarian cancer

Breast cancer,
lung cancer,
ovarian cancer
Lung cancer,
ovarian cancer

Ovarian cancer

Pancreatic
cancer

Leukemia

Non-small-cell
lung cancer

Glioma

Approved

Approved
Approved

Approved

Approved

Approved

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase |

HPMA: hydroxypropylmethacrylamide, DACH-Pt: diaminocyclohexane-platinum
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In terms of overcoming multiple barriers, nanoparticulate systems take the
advantages of improving drug solubility, drug stability and prolonging residence time

as well as improving diffusion through membranes which can be listed as follows:
Improving solubility of drugs

Poor aqueous solubility and intrinsic dissolution rate (mass of the drug dissolved per
time unit and area) are the major factors that influence oral delivery of many
anticancer drugs. If a drug is not getting dissolved then it becoms very difficult to
administer and hence shows poor bioavailability. Importance of solubity
enhancement is for the absorption of drug from the site of absorption. Poor water
soluble drug show poor bioavailability. Low aqueos solubility may account for
problems like high intra- and inter- subcet variability, lack of dose proportionality,

performance limitations, incomplete absorption, and poor bioavailability. [78]

For drug compounds trying to make their way from the lab to the market, poor
solubility is often challenging. It's one of the most common reasons for a drug
candidate to drop out of the development pipeline. The poor water solubility of the
drug may restrict intestinal absorption, leading to low bioavailability and
gastrointestinal side effects, which are common problems faced by most of the
anticancer drugs. In other words, poor solubility and/or low dissolution are the rate-

limiting steps for oral absorption and associated with poor oral bioavailabilty. [79].

A nanoparticle formulation approach has proven to be very useful for the
improvement of poorly soluble drugs (BCS Il and IV) in all stages of the drug
development. Since nanopatrticles have very high specific surface areas (i.e. surface
area-to-mass ratios), they can be an alternative for enhancing the dissolution rate
of poorly soluble drugs [80]. Large drug particles cannot adequately dissolve
resulting in the inability to be absorbed whereas nanometer drug particles are rapidly
dissolved during transit through the gut, thus maximizing absorption and improving
bioavailability. The increase in surface area leads to an increase in the dissolution
velocity according the Noyes- Whitney quation which describs the dissolution rate

of th drug in a diffusion- controlled process [81].

The ability to formulate poorly-water soluble molecules as nanometer sized particles
can have a dramatic effect on performance, such as enhancing bioavailability,

eliminating food effects and hence improving efficacy and safety. Enhanced
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dissolution rate and improvement in the solubility of a nanosized drug particle can
maximize absorption and thereby bioavailability of a poorly-water soluble drug
candidate. [81].

Liu et al [82] investigated the effect of nanoparticles on dissolution and bioavailability
of poorly water soluble Celecoxib (CXB). According to the results stable CXB
nanoparticles with markedly enhanced dissolution rate and oral bioavailability were
observed due to an increased solubility with increased surface area. Similar results
were obtained by the work of Gao et al [79] with poorly water soluble Lapatinib
incorporated in core-shell nanoparticles. Results showed that core-shell
nanoparticles effectively increased the solubility of lapatinib and improved the

treatment of glioma.
Improving the stability of drugs in the Gl tract

To ensure the stability of drugs and drug-loaded nanocatrriers is a priority for efficient
oral drug delivery since orally administered drugs or drug loaded carriers must
survive transit through the chemical and enzymatic Gl liquids. Several factors can
influence their stability in Gl tract, including physical forces (e.g. Gl motility and the
interference of Gl contents) and chemical pressures (e.g. varying pH, surfactants,
enzymes in Gl fluid) [13]. Nanopatrticles can protect the incorporated drug molecules
from GI degradation as well as gut wall metabolism, thereby ensuring the stability
of the drug before absorption. [77]. However solid-state nanoparticles (nanocrystal)
and polymer based nanoparticles show better stability compared with the liquid-
crystal like nanoassemblies (micelles, liposomes and lipid vesicles, etc.) [13].
Furthermore pH sensitive nanoparticles based on enteric polymer coating have a
strong potential for ensuring the stability of drugs and drug loaded carriers as well.
The composition of the nanocarrier will strongly affect its stability in the GI tract.
Nanoparticles prepared with insoluble polymers will neither be immediately
degraded nor rapidly release incorporated drugs. On the other hand, nanoparticles
prepared with water-soluble polymers will be strongly influenced by the variable pH

changes and/or ionic strength thereby more likely to be destabilized [1].

Furthermore metabolic enzyme inhibition can efficiently enhance the metabolic
stability of drugs. The metabolism of CYP 450 enzymes poses a great threat to the

stability of drug molecules. Although the physical encapsulation by nanocarriers can
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to a certain degree protect drugs, it would not work with the released free drug
molecules. Therefore, oral delivery of anti-cancer drugs, especially for the
substrates of CYP-450 enzymes, will certainly benefit from metabolic enzyme
inhibition. On the contrary of low molecule weight metabolic inhibitors, high molecule
weight metabolic inhibitors (functional polymers and surfactants) e.g. PEG, Pluronic
F68 and Tween-80, possess the ability to suppress the metabolism of CYP-450
enzymes and have a limited in vivo biodistribution and low-probability polymer—drug
interaction. Thus, application of these polymers as nanocarrier matrices holds great

potential to enhance the metabolic stability of drugs.

Qu et al [83] developed a silica based nanomatrix system for the oral absorption of
peptides. This pH sensitive nanomatrix systems enabled to maintain the stability of
peptides with an improvement of intestinal permeability and relative bioavailability.
Similarly Hao et al [84] prepared nanocarriers using enteric Eudragit L100-55 as
carrier material and omeprazole as model drug. It was found that these enteric
nanoparticles showed a high physical stability and cellular uptake studies indicated

that these nanosystems could be easily taken up by Caco-2 cells.

Improving drug adhesion and diffusion in the Gl mucosa

Adhesion and diffusion of the drug in the mucosal environment of the Gl is another
problem for oral chemotherapy [31]. When nanoparticles administered orally these
scenarios may take place in Gl tract 1) direct transit through the Gl tract and fecal
elimination; 2) trapped by mucin fibers followed by mucosal clerance and fecal
elimination; 3) prolonged residence time in the mucus layer and transport across the
mucus mesh. Nevertheless, most of the administered particles do not have the
ability to adhere and/or transit through the mucus layer, rather undergo direct transit
through Gl tract. This short transit time in the Gl tract can be inadequate for particles
to release a significant fraction of encapsulated drugs, thereby preventing in many
cases the realization of a high local drug concentration over extended periods of

time and as a result causing low bioavailability and poor efficacy [27].

Upon oral administration, drug loaded nanocarriers can not directly contact with Gl
epithelial cells due to the existence of a “mucus barrier” which forms the defence
mechanism of the body. However, the association with mucus whereby a prolonged

retention time provided, is of primiraly concern for oral drug delivery systems since
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only in this way drug loaded nanocarriers can make full contact with intestinal
epithelial cells and thereafter be transported into the lymphatic or blood circulation.
[85]. Most of the orally administered particles are not retained long enough in the Gl
tract. Due to the small size and large dispersibility, nanoparticles have themselves
certain mucoadhesion ability, however this plays only a marginal role. Thus many
strategies have been developed with the intention of improving mucoadhesion. This
phenomenon, known as mucoadhesion is defined as the ability of particulates to
adhere the mucus layer. Mucoadhesion has been commonly employed in

attempting to improve the residence time of particles in Gl tract and [19].

Two primary strategies have been accepted and widely used to enhance

bioadhesion of nanosystems:
1) surface characteristics can be tailored to optimize mucoadhesion

2) polymer materials with sulfhydryl groups increase the interaction with mucin.
(Figure 2.13))
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Figure 2.13. Mucin-particle interactions via; A) electrostatic forces and B) disulfide
bonds. [13]

As it is stated in section 2.1.1.2., agueous mucin layer is negatively charged and is
rich in cysteine with sulphydryl groups. Strong interactions with mucus could

increase retention time of particulates at mucosal surface. These interactions are
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driven by hydrogen bonding, Van der Waals interactions, polymer chain
interpenetration, hydrophobic forces and electrostatic /ionic interactions. Positively
charged polymer materials from which nanoparticles are prepared have the ability
to prolong the residence time in Gl tract by electrostatic forces with mucin layer.
Negatively charged intestinal mucosa due to the gloycocalix, attracts positively
charged nanoparticles. Thus cationic polymers like chitosan and its derivatives, and
groups binding to mucin (e.g thiol) has been widely applied in mucoadhesive carrier
systems. Once the mucin barrier is overcome, the next step should be permeability
across the intestinal wall [86, 87]. Orally delivered drugs must penetrate across the
epithelium in order to reach the circulation system and eventually other target sites
in the body [31]. In order to achieve an efficient absorption, nanoparticles need to

be taken up from the Gl tract with a sufficient rate and extent.

As emphasized before, mucoadhesive nanocarriers have been designed to adhere
onto the mucus layer in order to improve the interaction with the mucus and prolong
residence time in GI tract. However, mucoadhesive nanocarriers can also be
trapped in the fiber mesh of sticky mucus and readily be swept away [19]. Therefore,
in addition to the adhesiveness, the penetration capability of nanocarriers through
the mucus is equally critical for oral delivery systems as depicted in Figure 2.14.
[88, 89] . In order to overcome mucosal barriers, drug loaded carriers should be not
only mucoadhesive to provide full contact with the mucosa and prolong retention
time, but also should avoid trapping with steric inhibition by fiber mesh and mucosal
clearance. It is important being able to develop of particles designed to overcome
mucosal clearance mechanisms, since they must penetrate mucus at rates
markedly faster than mucus renewal and clearance in order to overcome the barrier.
Hence, there is a potential for development of oral nanoparticulate systems utilizing

both adhesiveness and penetration.
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Figure 2.14. Schematic illustrating the fate of mucus-penetrating particles and
conventional mucoadhesive particles administered to a mucosal surface [27].

Jiang et al [90] has investigated the effect of mucoadhesive nanoparticles prepared
from thiolated chitosan for the oral delivery of paclitaxel for lung cancer. Results
obtained from this work has revealed that thiolated chitosan-modified nanoparticles
have significantly higher level of the cellular uptake than unmodified nanoparticles.
It seems that the mucoadhesive nanoparticles can increase paclitaxel transport by
opening tight junctions and bypassing the efflux pump of P-glycoprotein. Similar
results have obtained with the work performed by Zhang et al [91] for oral delivery
of insulin using both chitosan coated and uncoated PLGA nanoparticles. Results
showed that chitoan modified nanoparticles displayed better bioadhesion and higher

oral delivery efficiency of insulin than unmodified nanoparticles.

For the transport of nanoparticles across the intestinal epithelial barrier, two different
pathways have been suggested, the paracellular route and the transcellular route.

In transcellular pathway the absorption takes place through the intestinal epithelial
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cells, enterocytes, and M cells of Peyer's patches (PP) either passively or actively
(Figure 2.15.) The surface area for transcellular absorption is very high compared
with paracellular absorption. Most of the reported studies have revealed that the
uptake of nanoparticles take place via M cells of Peyer’'s patches due to high
transcytotic capability. Nanoparticles with size less than 50 nm are transported
paracellularly, those with sizes between 50 and 200 nm are endocytosed by
enterocytes, and those between 200 nm up to 5 um are taken up by M cells of the

Peyer’s patches [86].

Besides, nanoparticles take the advantages of the transport via M cells, since these
cells play a role of taking up the nanoparticles from the lumen and transporting them

into the lymphoid tissue by by-passing the first pass metabolism [92]

Intestinal lumen

Paracellular

Transcellular  Transcellular particle @ Tran
2 2 sport
Active Passive delivery

Transport Transport \

To lymph

Submucosa

Figure 2.15. Schematic representation of transepithelial intestinal pathways: a)
transcellular active transport, b) transcellular passive transport, c) paracellular

transport [93].
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On the other hand, the paracellular route for nanoparticle translocation is very
limited because of the very small surface area of the intercellular spaces,
contributing to less than 1% of the total mucosal surface area and also, tightness of
the intercellular junctions (pore diameter < 10 A). These tight junctions restrict or
totally blocks molecules larger than 1 nm [77]. However, paracellular transport of
drugs can be enhanced by nanoparticles prepared and/or coated with various
polymers such as chitosan and poly(acrylate) which facilitate paracellular transport
(Figure 2.16.) resulting in opening of tight junctions. Several nanocarriers have been

reported to open tight junctions and increase paracellular transport of drugs [1].
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Figure 2.16. Mechanism of opening tight junctions by nanoparticles and
transporting of their encapsulated drug (using duodenum as an example). A)
Nanoparticles adhere to the mucus of the intestinal tract. B) Nanoparticles begin to
infiltrate into the mucus C) The infiltrated nanoparticles permeate while openining

the tight junctions through the opened paracellular pathway [94].
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Most of the anticancer agents are available in oral dosage form for clinical use but
very few of them are actually used which could be attributed to the limited oral
bioavailability owing to poor physicochemical properties and efflux mechanisms.
Transport of Taxanes (Paclitaxel and Docetaxel) is strongly hampered by affinity to
P-gp in addition to their poor solubility and metabolism by enzymes resulting in poor
oral bioavailability [31, 95, 96].

P-gp transporter impedes the permeability of drugs through physiological barriers
producing limited pharmacological response. Therefore the inhibition of this efflux
pump should be a common strategy to overcome low oral bioavailability [14].
Transmembrane efflux of drugs can be tackled by co-administration of various P-gp
modulators or inhibitors along with the drugs. P-gp inhibitors have been broadly
classified to three classes as i)first generation, ii) second generation and iii) third
generation inhibitors. First-generation inhibitors act as competitive inhibitors and
hence block the drug efflux e.g. verapamil and cyclosporin A. But considering their
poor binding affinities (needing higher doses to achieve desired results) and
pharmacokinetic interactions (due to induction/inhibition of CYP 3A enzymes) these
are not clinically advisable. Second generation included those lacking
pharmacological activity and were developed with the intention of high P-gp binding
and inhibiting effect along with lower toxicities. However, they fail to remain inert
with CYPs thereby limiting their use. Therefore the third generation came in to play
and highly P-gp specific inhibitors such as elacridar, zosuquidar and tariquidar were
developed but this approach is rarely used clinically owing to associated clinical
complications such as suppression of immune system thereby causing long term

medical complications.

Hence, the novel approach of exploiting similar properties of excipients can be
sought. Some commonly used functional excipients, such as surfactants, polymers,
lipids, etc. can be employed as bioavailability enhancers. Natural polymers (dextran,
sodium alginate), polyethylene glycol (PEG) and its derivatives, thiolated polymers,
surfactants (mainly polysorbates, pluronic block co-polymers) and cyclodextrins
(methylated cyclodextrins) are well reported to inhibit the P-gp efflux. Utilizing
functional excipients in improving the oral delivery of anticancer drugs is a more

logical and scientific approach and nanoparticles prepared of these functional
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excipients are capable of altering absorption pathways by inhibition efflux
transporters and enhancing net drug transport through intestinal barrier.

Ma et al. [97] investigated the effect of Pluronic F68 on P-gp transport, and found
that Pluronic F68 produced similar inhibitory effect of P-gp as verapamil, thereby
increasing intestinal absorption of rifampicin. Similarly Guan et al. [98] demonstrated
that Pluronic P123 and F127 have obvious inhibitory effect on the intestinal P-gp

activity.

These altered absorption pathways further appreciate the improvement in oral
bioavailability of anticancer drugs that are difficult to deliver [14]. Besides when
drugs are encapsulated in polymeric nanoparticles, they remain mainly associated

with the particles and are not likely to be substrate of the efflux pump [1].
2.3. Camptothecin

In recent years inhibitors of the enzyme topoisomerase | have proven to be one of
the most promising new classes of antineoplastic agents introduced into the clinic
and have a relevant impact on cancer therapy. DNA topoisomerases are nuclear
enzymes that play an essential role in several DNA functions including DNA
replication, transcription, recombination and repair. Topoisomerase | acts by
formation of transient single-strand breaks in DNA [99]. 20(S)-Camptothecin (CPT)
in this class, was first isolated from the wood and bark of Camptotheca acuminate
(Nyssaceae), a tree native to China, in 1966. C. acuminata also goes by the names
cancer tree and tree of life. These names are appropriate considering the anticancer
properties of camptothecin. The Chinese have used C. acuminata in traditional
medicine for thousands of years. Initial clinical trials in the 1970's did not make use
of native camptothecin, but of its water soluble salt. Camptothecin is a naturally
occurring cytotoxic pentacyclic alkaloid [100, 101] and shows great utility in the
treatment of various cancers including primary and metastatic colon carcinoma,

small cell lung carcinoma, ovarian, breast, pancreatic cancers [102-104].
2.3.1. Structure and Physicochemical Properties

Camptothecin, with the IUPAC name 4-ethyl-4-hydroxy-1H-pyrano[3',4".6,7]
indolizino[1,2-b] quinoline-3,14-(4H,12H)-dione has a molecular weight of 348.35
g/mol corresponds to the formula C20H16N204 . CPT is insoluble in water, soluble in
DMSO and chloroform: methanol (4:1, v/v). CPT has a boiling point at 757.01 °C at
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760 mm Hg and a melting degree 264-267°C. CPT also exhibits intense blue
fluorescence when exposed to UV light, which could be useful in optical

experiments.

The CPT compound has a pentacyclic ring system with an asymmetrical center in
ring E with 20S configuration including a five-ring backbone includes a pyrrolo[3,4-
B] quinoline moiety (rings A, B, and C), a conjugated pyridone (ring D), and a six-
membered lactone (ring E) with an R-hydroxyl group (Figure 2.17.) [105, 106].

Figure 2.17. Chemical Structure of Camptothecin [106].

Camptothecin exist in two forms, a lactone and a carboxylate. All known
camptothecins can undergo a pH-dependent reversible interconversion between
this lactone form and a ring-opened carboxylate (or hydroxy acid) form as depicted
in Figure 2.18. Active lactone form of CPT exists under pH 5 but hydrolyses rapidly
into the inactive carboxylate form at physiological or alkaline pH resulting in lack of
clinical activity and higher toxicity. The lactone comprises a majority at acidic pH,
and the carboxylate at neutral alkaline pH. The presence of a lactone functionality
in the E-ring, is essential for antitumor activity, is the only form of CPT able to diffuse
across cell membranes, and exert the characteristic topoisomerase | inhibitory
activity. The carboxylate form of CPT has superior water solubility but it is ~10 times
less potent than lactone structure. The equilibrium solubility of the drug was found
to increase with increasing temperature and decreasing pH. The enhanced solubility
of the drug at very low pH is attributed to the protonation of the nitrogen atom in the

ring B and the increased solvency of the highly concentrated acidic media. [107].
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Figure 2. 18. Chemical structure of camptothecin (CPT); an active lactone form at

pH below 5 and an inactive carboxylate form at basic pH.

The opening of the labile E-ring in the lactone form at physiological pH and above,
which may render the drug much less active and highly toxic form carboxylate,
represents a major obstacle to the clinical application of CPTs. The rapid hydrolysis
of CPT is also accelerated in the presence of human serum albumin resulting in an
occurrence only a few minutes after intravenous injection. This hydrolysis reaction
is reversible, pH-dependent and influenced by solution composition. Although the
equilibrium is potentially reversible, it tends to be transformed into inactive
carboxylate form, which then is tightly bound to serum albumin and the active
lactone is rapidly eliminated in the bloodstream [108, 109]. Therefore, in addition to
stability problem, oral delivery of camptothecin is limited by poor and variable
bioavailability attributed to low solubility, low permeability and P-gp efflux of the drug
[110].

2.3.2. Mechanism of Action

The unique mode of action for this potent cytotoxic compound was found to act via
inhibition of an enzyme known as DNA topoisomerase | [111]. CPT was found
capable of inhibiting DNA synthesis which led to the cancer cell death arrested in

the S-phase of the cell cycle [112].

The DNA topoisomerases are nuclear enzymes that reduce the torsional stress of

supercoiled DNA. This action enables selected regions of DNA to become
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sufficiently exposed and relaxed to facilitate essential cellular processes such as
DNA replication, recombination, and transcription to occur [113].

Many attempts have been made to modify the camptothecin structure in order to
reduce its toxicity and maintain or increase its activity [106]. These key findings then
required drug-research efforts with the aim to identify and develop new semi-
synthetic analogues with improved aqueous solubility while maintaining CPT's
unique mechanism of action. Therefore many CPT analogs were synthesized, and

some have been applied in clinical therapy of cancers [108].

To date, only two water-soluble CPT analogs have gained FDA approval: Topotecan
(Hycamtin®) and irinotecan (Camptosar®). Both of them are now commercially
available as aqueous solutions irinotecan (Camptosar®) and topotecan
(Hycamtin®) which are injectable by intravenous route for human treatment.
Topotecan is currently a standard second-line therapy for patients with ovarian and
small cell lung cancer and Irinotecan is currently used for treatment of colon cancers
[114, 115].

2.3.3. Novel approaches for Camptothecin

The rationale for reformulation of CPT or its analogues has been either to stabilize
the lactone moieties or to induce sustained release combined with specific tumor
targeting of these agents. Although much effort is being put into development of new
analogues, the question to answer remains if drugs under development will
ultimately lead to the theoretically expected higher activity and/or reduced toxicity.
A number of Camptothecin analogues are currently used for clinical treatment.
However, none of these analogs surpasses camptothecin in potency of action [116].
Besides, synthesis of these semisynthetic derivatives is also time consuming and
expensive. CPT thus appears to be a promising drug if the barriers against its clinical

use can be resolved.

In the pharmaceutical field, several advantages of drug delivery systems in the nano
size range have been demonstrated, including increasing solubility, reducing side
effects, prolonging pharmacological effects, and improving bioavailability. They may
protect camptothecin from rapid hydrolysis of its lactone ring in plasma to the
essentially inactive carboxylate form. Moreover, camptothecin requires a prolonged

schedule of administration and drug targeting to expand its efficacy. Numerous
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studies have focused on using certain innovative carriers for CPT such as
nanospheres [105, 117-120], nanocapsules [121, 122], solid lipid nanoparticles
[123-126] polymeric micelles [127-131], liposomes [132-135], dendrimers [136-
138], nanocristals [139], nanoemulsions [140] and cyclodextrin complexes [141-
145]. However, relatively less work has been completely and comprehensively

evaluated with nanocapsules.
2.4. Cyclodextrins

Cyclodextrins (CDs) are natural polymers discovered by Villiers in 1891 and became
the topic of prominent scientific interest in the late 1970s [146]. CDs are also called
cyclo amyloses, cyclomaltoses or “Schardinger dextrin’s and are non-reducing in
the nature [147]. Cyclodextrins are cyclic maltooligosaccharides produced from

starch by the enzyme cyclodextrin glycosyltransferase (GTF) [148].
2.4.1. Structure and Physicochemical Properties

When starch is degraded by the enzyme cyclodextrin glycosyltransferase one of
several turns of the amylose helix is hydrolyzed and the ends joint together to form
cyclic oligosaccharide called cyclodextrin (CD) [149]. The glucose units are linked
by a-1,4-bonds and the chair formation of the glucopyranose units shapes the CD
molecule into a cone with secondary hydroxyl groups extending from the wider edge
and the primary groups from the narrow edge [150]. The most common natural
cyclodextrins are a-cyclodextrin (aCD), B-cyclodextrin (BCD) and y-cyclodextrin
(yCD) which consist of six, seven and eight glucopyranose units respectively (Figure
2.19.). However due to steric factors, cyclodextrins having fewer than six
glucopyranose units cannot exist, cyclodextrins containing nine, ten, eleven, twelve
and thirteen glucopyranose units, which are designated &-, ¢-, -, n- and 6-CD,
respectively have been reported [151]. The a-CD comprises six glucopyranose
units, B-CD comprises seven such units, and y-CD comprises eight such units [152].
Due to the chair conformation of the glucopyranose units, the CDs take the shape
of a truncated cone or torus rather than a perfect cylinder [153] with a unique
structure presenting a hydrophilic exterior “shell” and a hydrophobic inner cavity
capable of hosting a wide range of organic guest molecules [154] Figure 2.20. [155]
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Figure 2.19. Chemical structures of a-CDs, B-CDs and y-CDs [151].

The cavity is lined by the hydrogen atoms and the glycosidic oxygen bridges. The
nonbonding electron pairs of the glycosidic oxygen bridges are directed toward the
inside of the cavity producing a high electron density there and lending to it some

Lewis base characteristics [156].

Primary face

OH@E) «  OHE

Secondary face

Figure 2.20. Schematic representation of the CD cone shape [155].

In the cyclodextrin molecules, the glucose units, all in classical C1 chair
conformation, are linked by a-1,4 bonds. The number of glucose units determines
the dimension and size of the cavity. This geometry gives the cyclodextrin the overall
shape of a truncated cone with the wider side formed by the secondary 2- and 3-
hydroxyl groups and the narrower side by the primary 6-hydroxyl. The cavity is lined

by the hydrogen atoms and the glycosidic oxygen bridges. The nonbonding electron
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pairs of the glycosidic oxygen bridges are directed toward the inside of the cavity,
producing a high electron density. As a result of this special arrangement of the
functional groups in the cyclodextrin molecules, the cavity is relatively hydrophobic
compared to water while the external faces are hydrophilic [157]. By means of the
unique structure of CDs, a guest molecule of appropriate size and shape can be
incorporated into hydrophobic cavity in aqueous media.

Compared with a-CDs and B-CDs, y-CD with a large internal cavity and high
solubility exhibits more favorable properties. 3-CD has the lowest water solubility in
water due to the hydrogen bond. Such relatively low water solubility limits B-CD
applications since the complex formation with lipophilic compounds frequently
results in the precipitation of solid cyclodextrin complexes. The y-CD molecule is a
non-coplanar, flexible structure, the most soluble of three natural CDs [151, 158].
Both a- and B-cyclodextrin, unlike y-cyclodextrin, cannot be hydrolyzed by human
salivary and pancreatic amylases, instead can be fermented by the intestinal
microflora [159]. The cavity size of a-CD is insufficient for many drugs and y-CD is
expensive. Furthermore the hemolytic activity of the parent CDs is reported to be in
the order of B-CD>a-CD>y-CD [160]. The ability of CDs to cause hemolysis to
erythrocytes and membrane irritation is related with their ability to extract lipid

membrane components such as cholesterol and phospholipids [155].

Natural cyclodextrins have the ability to maintain stability under physiological or
ambient conditions, reduce or mask completely the side effects related with the
included drug by masking the taste or odor of the active ingredients [161]. In the
solid state natural CDs are at least as stable as sucrose or starch and can be stored
for several years at room temperature withouth any detectable degradation. One of
most characteristic functional properties of cyclodextrins is to form reversible,
noncovalent inclusion complexes with compounds that geometrically fit inside the
cavity and are less polar than water [162]. The complexes are formed when a “guest”
molecule is partially or fully included inside a “host” molecule. This host-guest
inclusion complex formation gives the unique nature imparted by their structure. It
is known that complexation of drugs with cyclodextrins provide an improvement in
its dissolution rate and consequently in oral absorption. As a result, these molecules

have found a number of applications in a wide range of fields.
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Despite the advantages of natural CDs, relatively low solubility in water and poor
interaction with biological membranes limit their uses in pharmaceutical
formulations. Besides, two of the natural cyclodextrins (a- and 3-cyclodextrins) are
known to be parenterally unsafe owing to nephrotoxic effects probably related with
the uptake by kidney tubule cells resulting in disruption of cellular membranes, or
the extraction of lipid membrane components [155]. For this reason, many
cyclodextrin derivatives have been synthesised in order to achieve these goals: to
alter their water solubility, reduce the nephrotoxicity and hemolysis encountered on
intravenous (i.v.) administration, improve the interaction with biological membranes
and provide controlled drug release profiles. These derivatives usually are produced
by aminations, esterifications or etherifications of primary and secondary hydroxyl
groups of the cyclodextrins [155]. Depending on the substituent, the solubility of the
cyclodextrin derivatives is usually different from that of their parent cyclodextrins and
also these modifications can improve solubility, stability and help control the

chemical activity of guest molecules [158].
2.4.2. Amphiphilic cyclodextrins

Amphiphilic cyclodextrins have been synthesized with the intention of overcoming
problems of natural cyclodextrins that limit their pharmaceutical applications.
Amphiphilic CDs are obtained by modification on the primary and/or secondary face.
[163]. The main reasons for the synthesis of amphiphilic cyclodextrins can be

classified as follows:

)] to enhance the interaction with biological membranes,
i) to ameliorate water solubility,

iii) to modify the rate or time of drug release.

The major advantage of amphiphilic cyclodextrins is their self-alignment or
packaging properties at interfaces, which is sufficient to form nanoparticles
spontaneously without the presence of a surfactant [164] along with their
demonstrated ability of forming inclusion complexes with various drugs in their cavity
and within the long aliphatic chains. Because of the hydrophilic character of the
native cyclodextrin, preparation of amphiphilic cyclodextrins involves the
modification of the primary face and/or at the secondary face with aliphatic chains
of varying length (C12 to C18) and different chemical bonds [165].
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Amphiphilic cyclodextrins are generally classified according to their surface charge
as follows: i) non-ionic amphiphilic cyclodextrins; ii) cationic amphiphilic
cyclodextrins; and iii) anionic amphiphilic cyclodextrins. Non-ionic amphiphilic
cyclodextrins are obtained by grafting aliphatic chains of different length onto the
primary and/or secondary face of the CD main glucopyranose unit and have different
shapes according to the structures (Figure 2.21) [155]. Cationic amphiphilic CDs
are obtained with an amino group as the ionic group whereas anionic amphiphilic
CDs may carry sulfate group that renders anionic property to their structure. Cationic
amphiphilic CDs emerge as a promising option owing to their very strong cellular

interaction properties and good cellular uptake [166].

Lollipop Cup-and-ball Medusa-like CD

Skirt-shaped CD Bouquet-shaped CD

Figure 2.21 Non-ionic Amphiphilic cyclodextrins derivatives [155].

6-O-CAPRO-B-CD, (Heptakis (6-O-hexanoyl) cyclomaltoheptaose), which is the
amphiphilic CD used in this thesis, is a non-ionic amphiphilic cyclodextrin derivative
modified on the primary face with linear 6C fatty acids with an ester bond and was
obtained by iodination of the primary hydroxyl groups and reaction with cesium

hexanoate which proved to be a good nucleophile in DMF (dimethylformamid) [167].

CDs constitute very powerful tools in the design of nanoparticulate drug delivery
systems. CDs have found utility with the aim of increasing the loading capacity of
nanoparticles. Furthermore, new amphiphilic derivatives, cyclodextrin diesters, are
capable of forming nanopatrticles (either nanospheres or nanocapsules) without the

necessity of any polymerization process [168].
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CDs have important effects on the drug properties in formulations in terms of drug
solubility and dissolution, absorption and bioavailability, safety and stability. These

effects can be briefly summarized as follows;
Effect on Drug Solubility and Dissolution

CDs have been playing a very important role in formulation of poorly water-soluble
drugs by improving apparent drug solubility and/or dissolution through inclusion
complexation in which the guest and host molecules are in dynamic equilibrium
within the complex [153, 169]. The mechanism for this solubilization is rooted in the
ability of cyclodextrin to form non-covalent dynamic inclusion complexes in solution
by means of interaction with poorly water-soluble drugs and drug candidates

resulting in an increase in their apparent water solubility.

Klein et al [170] reported that complexing Glyburide, a drug for type 2 diabet, with
hydroxybutenyl-beta-cyclodextrin, resulted in a improvement of drug solubility
almost 400 fold compared with pure drug. In an other work which is demonstrated
by Kakran et al [171], dissolution rate of artemisinin (ART) was found significantly
faster with ART/B-CD complexes than the pure drug. Similarly, in an other study,
performed by Koontz et al [172], showed that water solubility of natamycin was
increased 16-fold, 73-fold, and 152-fold when formed an inclusion complex with

beta-CD, gamma-CD, and HP beta-CD, respectively.
Effect on Drug Absorption and Bioavailability

CDs enhance the bioavailability of insoluble drugs by increasing the drug solubility,
dissolution and/or drug permeability of insoluble, hydrophobic drugs by making the
drug available at the surface of the biological barrier [173]. Cyclodextrins do not in
general enhance permeability of hydrophilic drugs through lipophilic membranes,
however lipophilic cyclodextrins such as methylated -cyclodextrins are able to
penetrate mucosa and enhance absorption through biological membranes. Besides,
the enhancement of bioavilablity of drugs can partially be attributed to the
stabilization of drug molecules at the biological membrane surface [174]. It was
hypothesized that CDs enhance absorption mainly by increasing membrane
permeability through complexation with membrane phospholipids and cholesterols
[151].
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In the study which is performed by Zhao et al [175], poly (alkyl-cyanoacrylate)
nanoparticles were prepared with Hydroxypropyl-B-cyclodextrin and significantly
higher relative bioavailability (211.6 %) of Flurbiprofen was obtained in male Wistar
rats. Similarly Arima et al [176] has investigated the enhancing effects of CDs on
solubility, dissoluliton rate and bioavailability of an anticancer agent Tacrolimus.
Results revealed that heptakis (2,6-di-O-methyl)-beta-cyclodextrin increased the
bioavailability of tacrolimus with low variability in the absorption after oral

administration of the tacrolimus suspension to rat.
Effect on Drug Stability and Safety

CDs have been used to diminish the irritation caused by drugs. The increased drug
efficacy and potency by means of reduction of the dose required for optimum
therapeutic activity, may reduce drug toxicity by making the drug effective at lower
doses. Morever, toxicty of poorly water soluble drugs which is related with the
crystallization can be altered by inclusion complexes [174]. Furthermore CDs can
improve the stability of drugs against dehydration, hydrolysis, oxidation thereby

increasing the shelf life of drugs [169].

Saleh et al [177] has investigated the stability effect of heptakis; 2,6 di-O-methyl-
beta-cyclodextrin ( DM-beta-CD) on the stability of nitrazepam. Results obtained
from this work suggested that Inclusion complexation of nitrazepam in DM-beta-CD
resulted in a relatively improved stability of the drug in solution at 30 ° C. Similar
results were obtained from a study performed by Alvarez et al [178] in which the
effect of hydroxypropyl-beta-cyclodextrin on the solubility and stability of thalidomide
for clinical oral administration to be used in HIV-infected children. Results showed
that complexing thalidomide with cyclodextrins resulted in an improvement of the

chemical stability of drug.
2.4.3 Applications of Cyclodextrins in Drug Delivery Systems

In the pharmaceutical industry cyclodextrins have mainly be used as complexing
agents to increase aqueous solubility of poorly soluble drugs and to increase their
bioavailability and stability. Furthermore, cyclodextrins can be used to reduce
gastrointestinal irritation, prevent drug-drug and drug-excipient interactions.
Worldwide there are currently about 35 drug products of cyclodextrins available on
the market as seen in Table 2.4 [153, 174].
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Table 2.4. Marketed pharmaceutical products contain cyclodextrins as excipient

Drug/cyclodextrin

a-Cyclodextrin
Alprostadil
Cefotiam-hexetil HCI
OP-1206

PGE:

B-Cyclodextrin

Benexate HCI

Cephalosporin
Cetirzine
Chlordiazepoxide
Dexamethasone
Diphenhydramin and
chlortheophyllin
Deferasirox

Meloxicam

Nicotine

Nimesulide
Nitroglycerin
Omeprazole
PGE;

Piroxicam

Tiaprofenic acid

Trade name

Caverject Dual
Pansporin T
Opalmon

Prostavastin

Ulgut, Lonmiel

Meiact
Cetrizin
Transillium
Glymesason

Stada-Travel

Exjade
Mobitil

Nicorette

Nimedex
Nitropen
Omebeta
Prostarmon E
Brexin, Flogene,
Cicladon

Surgamyl

2-Hydroxypropyl-B-cyclodextrin

Cisapride
Hydrocortisone

Indomethacin

Propulsid
Dexocort

Indocid

Formulation

i.v. solution
Tablet
Tablet
Parenteral

solutions

Capsule

Tablet
Chewing tablet
Tablet
Tablet
Chewing tablet

Tablet

Tablet and
suppository
Sublingual
tablets

Tablets
Sublingual tablet
Tablet
Sublingual tablet
Tablet,
suppository
Tablet

Suppository
Solution
Eye drop

solution
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Company (Country)

Pfizer (Europe)
Takeda (Japan)

Ono (Japan)

Ono (Japan); Schwarz

(Europe)

Teikoku (Japan); Shionogi
(Japan)

Meiji Seika (Japan)

Losan Pharma (Germany)
Gador (Argentina)
Fujinaga (Japan)

Stada (Europe)

Novartis (Switzerland)
Medical Union
Pharmaceuticals (Egypt)
Pfizer (Europe)

Novartis (Europe)
Nihon Kayaku (Japan)
Betafarm (Europe)
Ono (Japan)

Chiesi (Europe); Aché
(Brazil)
Roussel-Maestrelli

(Europe)

Janssen (Europe)
Actavis (Europe)

Chauvin (Europe)



Itraconazole Sporanox Oral and i.v. Janssen (Europe, USA)
solutions
Mitomycin MitoExtra, i.v. infusion Novartis (Europe)
Mitozytrex
Sulfobutylether-B-cyclodextrin sodium salt
Aripiprazole Abilify i.m. solution Bristol-Myers Squibb
(USA); Otsuka Pharm.
(USA)
Maropitant Cerenia Parenteral Pfizer Animal Health (USA)
solution
Voriconazole Vfend i.v. solution Pfizer (USA, Europe,
Japan)
Ziprasidone mesylate Geodon, Zeldox  i.m. solution Pfizer (USA, Europe)
RandomLy methylated-B-cyclodextrin
17-B-Estradiol Aerodiol Nasal Spray Servier (Europe)
Chloramphenicol Clorocil Eye drop Oftalder (Europe)
solution
y-cyclodextrin
Sugammadex Bridion i.v. solution Merck (Europe)
2-Hydroxypropyl-y-cyclodextrin
Diclofenac sodium salt Voltaren Eye drop Novartis (Europe)
solution
Tc-99 Teoboroxime CardioTec i.v. solution Bracco (USA)

The information listed in this table is based partly on [153] and [174] and updated in 2011.

As it can be clearly seen from Table 2.4. most of the CDs used in the market are -
CDs since the purification of a- and y-CDs increases considerably the cost of
production [156]. CDs and their derivatives were extensively studied in
pharmaceutical field with different administration routes e.g. oral, parenteral, ocular,

nasal, rectal, and transdermal delivery.
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Cyclodextrins in Oral Chemotherapy

As it was stated in section 2.1.1., oral chemotherapy is very challenging due to the
multiple physiological barriers in the Gl tract. Taking into the consideration that most
of the anticancer agents have poor solubility, poor stability and poor permeability,
CD nanoparticles may promote the oral bioavailability of these therapeutic agents.
Owing to the numerous advantages of CDs and their derivatives in terms of the
ability to increase solubility, stability, permeablity and consequently bioavailability,
cyclodextrin nanoparticles could be promising for oral drug delivery of problematic
drugs. Morever the inhibitory effect of CDs on the activity of P-gp and cytochrome
P450 could ameloriate therapeutic effectiveness. However, there is limited work for
cyclodextrin nanocapsules and even nanoparticles .Therefore evaluating
nanoparticles with CD and their derivatives loaded with anticancer drug for oral

delivery would be promising in this research field.
2.5. Poly-g-Caprolactone

Polycaprolactone (PCL) was one of the earliest polymers synthesized by Carothers
et.al in the 1930s. During the resorbable polymer boom of the 1970s and 1980s,
PCL and its copolymers were used in the biomedical field especially in a number of
drug delivery devices. Attention was drawn to this biopolymer owing to the
numerous advantages over other biopolymers like tailorable degredation kinetics
and mechanical properties, in terms of ease of shaping and manufacture [179].
Coupled with these advantages and FDA approval (PCL was already approved by
the U.S. Food and Drug Administration (FDA) as a component of the contraceptive
implant  (Capronor®) (Injectable hydrogels of poly(3-caprolactone-co-
glycolide)epoly  (ethylene  glycol)epoly(3-caprolactone-co-glycolide) triblock
copolymer aqueous solutions), PCL is attracting research attention in biomedical
field [180].

2.5.1. Physicochemical Properties

PCL is an aliphatic polyester composed of hexanoate repeat units [181] (Figure
2.22). PCL is a semi-crystalline, hydrophobic polymer with a relatively polar ester
group and five non-polarmethylene groups in its repeating unit [182]. It is non-toxic,

biodegredable and biocompatible. PCL is a semi-crystalline polymer having a glass

transition temperature (Tg) of —60 °C and melting point ranging between 59 and 64
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°C, dictated by the crystalline nature of PCL which enables easy formability at
relatively low temperatures. Its cristalinity tends to decrease with increasing
molecular weight. The number average molecular weight of PCL samples may
generally vary from 3,000 to 80,000 g/mol and can be graded according to the
molecular weight [179]. In this thesis poly-E-caprolactone with different molecular
weights (14,000, 65,000 and 80,000 Da) was used as core polymers. The physical,
thermal and mechanical properties of PCL depend on its molecular weight and its

degree of crystallinity [181].

OH

Q

Figure 2.22. Chemical Structure of Poly-E-caprolactone [183].

PCL is prepared by the ring opening polymerization of cyclic monomer €E-
caprolactone [182]. Catalysts are used to catalyze the polymerization and there are
also various mechanisms affect the polymerization of PCL. PCL is soluble in
chloroform, dichloromethane, carbon tetrachloride, benzene, toluene,
cyclohexanone and 2-nitropropane at room temperature. It has a low solubility in
acetone, 2-butanone, ethyl acetate, dimethylformamide and acetonitrile and is
insoluble in alcohol, petroleum ether and diethyl ether. PCL displays the rare
property of being miscible with many other polymers. PCL biodegrades within
several months to several years depending on the molecular weight, the degree of
crystallinity of the polymer, and the conditions of degradation. While PCL can be
enzymatically degraded in the environment by outdoor living organisms (bacteria
and fungi), it cannot be degraded enzymatically in the body because of the lack of

suitable enzymes [179, 181].
2.5.2. Applications in Drug Delivery Systems

In view of its biological, chemical and physical properties, PCL has great potential
in the biomedical field [184, 185]. Very low in vivo degradation rate of PCL has
found favor as a long-term implant delivery device. Capronor® is a commercial
contraceptive PCL product that is able to deliver levonorgestrel in vivo for over a

year and has been on the market for over 25 years [180]. PCL has low tensile
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strength (~23 MPa), but very high elongation at breakage (4700%) making it a very
good elastic biomaterial which allows for paramedical application, wound dressing
and dentistry. [186] Besides, it is non-toxic in nature and found to be cyto-compatible
with several body tissues that makes it an ideal material for scaffolds in tissue
engineering [187]. PCL and PCL composites have been used as tissue engineering
scaffolds for regeneration of bone, ligament, cartilage, skin, nerve, and vascular
tissues [180].

Current research is being conducted into the development of micro- and nano-sized
drug delivery vehicles with PCL or PCL blended/copolymerized polymers. Due to
excellent biocompatibility and its ability to be fully excreted from the body once
bioresorbed, PCL is suitable for controlled drug delivery. Recently several studies
have been realised with PCL as drug delivery systems including microparticles,
nanoparticles, micelles, hydrogels. Although numerous studies have reported PCL
nanocapsules loaded with different types of drugs, limited studies for anticancer

agent Camptothecin and its derivatives are performed.
2.6. Chitosan

The history of chitosan (CS) dates back to the 19th century when the deacetylated
forms of the parent chitin natural polymer was discussed in 1859 [188]. Chitosan is
derived from naturally occurring sources, which is the exoskeleton of insects,
crustaceans and fungi. CS polymers are semi-synthetically derived
aminopolysaccharides that have unique structures, multidimensional properties,
highly sophisticated functionality and a wide range of applications in biomedical and
other industrial areas. They have become interesting not only because they are
made from an abundant renewable. resource but because they are very compatible
and effective biomaterials that are used in many biomedical applications and is also

a food supplement thus approved for oral intake [189].
2.6.1. Chemical Structure and Physicochemical Properties

Chitin is the second most abundant polysaccharide in the nature after cellulose and
is found in the exoskeleton of crustacea, insects, and some fungi. CS is obtained by
the thermochemical deacetylation of chitin in the presence of alkali [190]
representing a cheap and readily available source for chitosan [191]. The treatment
of chitin with an agueous 40-45% (w/v) NaOH solution at 90-120 °C for 4-5 h

52



results in N-deacetylation of chitin. The conditions used for deacetylation determines
the polymer molecular weight and the degree of deacetylation (DD). Chitosan
(poly[b-(1-4)-2-amino-2-deoxy-D-glucopyranose]) is a cationic polysaccharide
comprising Nacetyl- d-glucosamine and d-glucosamine units available in different
grades depending upon the degree of acetylated moieties. It is a polycationic
polymer that has one amino group and two hydroxyl groups in the repeating
glucosidic residue (Figure 2.23) [192].

f&? )fé
H;('

Figure 2.23. Chemical Structure of Chitosan [192].

Commercial CS is available in two grades of high and low molecular weight. Low
molecular weight chitosan grade is characterized by molecular weight comprised
between 20 kDa and 190 kDa with DD< 75% whereas high molecular weight
chitosan grade is generally characterized by molecular weight comprised between
190 kDa and 375 kDa with DD> 75%.

At pH less than 6.5, CS is soluble in most organic acidic solutions including formic,
acetic, tartaric, and citric acid. However at neutral and alkaline pH chitosan is not
soluble in aqueous solution, a potential hindrance to its application to oral insulin
delivery. This poor solubility can be corrected by derivatization at the amine group,

rendering the polymer soluble and effective [193].

In this thesis, Chitosan glutamate (Protasan™ UP G-113, MW< 200 kDa,
deacetylation degree, 75-90%) is used. The cationic polymer is a highly purified
and well-characterized water-soluble chloride salt with a molecular weight of 50000-

150000 g/mol range (measured as a chitosan acetate) [194].
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2.6.2. Applications in Drug Delivery Systems

CS is biocompatible, non-immunogenic, non-toxic, mucoadhesive, biocompatible
and biodegradable, making it an excellent choice as a component of oral drug
delivery systems and making it highly attractive for also biomedical
applications.[189, 195, 196]. The various applications of chitosan are mainly due to

its good physicochemical properties which are summarized as follows: [195]

1. Being a natural polymer, it is considered as a safe material that has

biocompatibility and biodegradability.

2. CS has a readily modifiable pH responsive solubility which allows it to respond by
assembling as a thin film.

3. It improves the drug bioavailability due to its absorption enhancing effect and

facilitates the drug uptake through the cell membrane.
4. CS shows mucoadhesion as it is able to open tight junctions.[197]

5. These offer a versatile route of administration, especially non-invasive routes like

oral, nasal, ocular and transdermal which are the most preferable.

6. CS provides a greater flexibility in the development of a formulation as it is avilable
in a wide range of molecular weight. By coupling with a suitable ligand it can be
chemically modified easily.

7. Chitin has complex and size-dependent effects on innate and adaptive immune
responses, which include the ability to recruit and activate innate immune cells and
induce cytokine and chemokine production. Also it is believed that chitosan
enhances both humoral and cell-mediated immune responses [198].

CS has many applications in tissue engineering, nerve and cartilage regeneration,
wound healing, gene delivery and drug delivery [199, 200]. Chitosan-based systems
are used for the delivery of proteins/peptides, growth factors, anti-inflammatory

drugs, antibiotics as well as anticancer agents.

CS can act on tumor cells directly to interfere with cell metabolism, inhibit cell
growth, or induce cell apoptosis. It also has an antitumor role through improving the
body’s immune function. Studies suggested that chitosan had antitumor effects in
vitro and in vivo, leading to good prospects for their application as a supplementary
antitumor drug and drug carrier [201, 202]. However, when using CS in a delivery
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system for anticancer drug, the synergistic effect of CS on the anticancer efficacy
should be noted.

The prime consideration, when aiming at preparing mucoadhesive polymeric
nanoparticles, is the basic material, which is supposed to be a mucoadhesive,
biocompatible and biodegradable polymer. CS derivatives positively charged on
their repeating units are candidate materials in this respect [203]. CS belongs to the
category of these so-called mucoadhesive materials. Indeed, due to its positive
charge, chitosan is able to interact with the negatively charged mucus components.
This property has attracted significant attention to the use of chitosan for
transmucosal drug delivery and in particular, for nasal and also for oral drug delivery
[204].

It is well known that CS can enhance the permeability of different compounds
through the intestinal monolayer [205]. The increase in the permeability has been
generally related to a decrease in the transepithelial electric resistance (TEER),
which was attributed to a partial disruption of the tight junctions. Interestingly, it is
also indicated that the effect of chitosan on the Caco-2 cell monolayer is reversible
and, hence, that the opening of the cellular barrier is transient. This specific
behaviour makes a great difference in terms of toxicity between chitosan and the
classical penetration enhancers, which are known to cause irreversible epithelial
damage [204].

Morever, CS has also been used as a coating material in order to change the surface
properties of colloidal drug carriers. The purpose of designing these systems was
to improve the interaction of the cores with mucosal surfaces. Different types of
nanosystems, oily nanodroplets, solid nanoparticles and liposomes were selected
as cores for the coating process [206]. The CS coating around the carriers are
expected to show a positive effect at improving the pharmacological response of
drugs, which is mainly attributed to the mucoadhesive properties and absorption
enhancer effect of the polymer. All these versatile capabilities of chitosan and its
nanoparticles suggest that this biopolymer has a very bright future in the field of

pharmaceutical nanotechnology.
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3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Equipments

Equipments Supplier

Thermostated Shaker Bath Memmert WNE22, Germany

Precision Balance (d=0.01/0.1 mg) Mettler Telode XS 105 dual range,
ABD

Magnetic Stirrer with Hot Plate IKA RCT Basic, Germany

Freeze-dryer (Lyophilizator) Heto PowerDry PL 3000, Denmark

Multipoint Magnetic Stirrer Variomag Multipoint HP, Germany

Micropipette (10-100 yL, 100-1000 pL) Eppendorf, Germany

Dynamic Light Scattering Malvern Zetasizer Nano ZS,
England

pH meter Sartorius PP-20, Germany

Rotavapor IKA RV06-ML, Germany

Centrifuge (500-18000 rpm) Hettich EBA21, Germany

Syringe (DistriTip 12.5 mL) Gilson DITRITIPS®, France

Scanning Electron Microscope (SEM) FEI Nova™ NanoSEM 430, ABD

Balance (max 200 g with readability 0.1 Shimadzu AUX220, Japan
mg)

Ultra Pure Water System Simplicity 185-Milipore, ABD

Tissue Homogenizer POLYTRON® System PT 3100,
Switzerland

High Performance Liquid HP Agilent 1100 Series, Germany

Chromatography (HPLC)

HPLC Column C 18 (250x4.6mm) Hichrom Berkshire 5 RP, UK

Fluorescence Detector (Agilent 1100 Hewlett Packard, UK

Series)

UV- Spectrophotometer Shimadzu, Japan
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Fluorescence Spectrometer

Shimadzu, Japan

Cell culture wells

Grenier Bio-one, Germany

Cell Culture inserts

Grenier Bio-one, Germany

Microplate, 96 well

Grenier Bio-one, Germany

Microplate reader

Molecular Device Versa Max, USA

Light microscope

Leica, Germany

TEER Reader

Millicell ® ERS, Millipore

Vortex

Heidolph, Germany

Incubator

SANYO MCO-18AIC, Japan

3.2.1. Chemicals

Chemicals

Supplier

Poly-e-Caprolactone (MW: 14,000 - 65,000 -
80,000 Da)

Sigma & Aldrich, USA

20-S-Camptothecin

Sigma & Aldrich, USA

6-O-CAPRO B CD (MW: 1820 g/mol)

Sevilla University, Spain

Acetone (HPLC Grade)

Sigma & Aldrich, USA

Ethanol (HPLC Grade)

Sigma & Aldrich, USA

Dimethylsulfoxide

Sigma & Aldrich, Germany

Dichloromethane (HPLC Grade)

Sigma & Aldrich, USA

Disodium hydrogen phosphate

Merck & Co, Germany

Chitosan (Protasan™ UP G-113, MW <200 kDa,
deacetylation degree, 75-90%)

Novamatrix /[FMC

Biopolymer, Norway

Potassiumdihydrogen phosphate

Riedel-de Haén, Germany

Potassium chloride

Horasan Kimya, Turkey

Sodium chloride

Riedel-de Haén, Germany

Tween® 80 Merck & Co, Germany
Miglyol 812 Condea Chemie, Germany
Triethylamine Merck, Germany

Nile Red Sigma &Aldrich, USA

Diethylene triamine pentaacetic acid (DTPA)

Sigma &Aldrich, USA
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Acetic Acid (Glacial)

Aklar Kimya, Turkey

Sodium Hydroxide

Merck, Germany

Hank’s Balanced Salt Solution (HBSS)

Grenier Bio-one, Germany

Penicilin/Streptomycin
(1000 U/1000 pg/mL)

Sigma, USA

Thiazolyl Blue Tetrazolium Bromide Sigma, USA
Trypane Blue Sigma, USA
L-Glutamine Sigma, USA
Dulbecco's maodification of Eagle's medium Sigma, USA

(DMEM)

Dialysis Tubing Cellulose Membrane(avg. flat
width 25mm, MW cut-off 14,000 Da)

Sigma & Aldrich, USA

Monobasic potassium phosphate

Sigma &Aldrich, Germany

Hydrochloric Acid %36-38

J.T. Baker, Netherland

Gelatin Type B (Gelatin from bovine skin) Sigma, USA
Egg Yolk Emulsion Sigma & Aldrich, Switzerland
Mucin from Porcine Stomach Type Il Sigma, USA

Acetonitrile

Sigma &Aldrich, USA

Sodium sulfide

Sigma &Aldrich, Germany

3.2.2. Biological Materials

Biological Materials Supplier

Fetal Bovine Serum Sigma, Germany

Trypsin-EDTA Sigma, Germany

Human Caucasian colon American Type Culture Collection

adenocarcinoma cell line (Caco-2) (ATCC), USA

Human breast cancer cell line (MCF-7) | American Type Culture Collection
(ATCC), USA

Mouse fibroblast cell line (L929) American Type Culture Collection
(ATCC), USA

CD1 Female Mice (20-25 g) Harlan, Italy
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3.2. Method
3.2.1. In vitro Quantification of Camptothecin and HPLC Method Validation

In this thesis, in vitro quantification of CPT in lactone or carboxylate forms and
analytical method validation were performed by HP Agilent 1100 systems, reverse
phase high pressure liquid chromatography (RP-HPLC). Chromotographic
conditions of the developed method are as listed:

Column: Hichrom 5 C-18 (250x4.6 mm)

Detector: Florescence Detector

Mobile phase: Triethylamine acetate buffer (TEAA) : Acetonitrile (75:25 v/v) (pH 5.5)
Injection volume: 20pL

Flow rate: 1mL/min

Wavelength: Excitation: 370 nm, Emission: 435 nm

Temperature: 25 °C

3.2.1.1. Analytical Method Validation

The principle purpose of the validation of an analytical method is to ensure that the
selected analytical procedure will give reproducible and reliable results and that
every future measurement in routine analysis will be sufficiently close to the
unknown true value for the content of the analyte in the sample [207]. Method
validation is, therefore, an essential component of the measures that a laboratory
should establish to be able to produce reliable analytical data. Results from method
validation can be used to judge the quality, reliability and consistency of analytical
results [208]. Analytical methods need to be validated or revalidated prior to
introduction into routine use whenever the conditions change for which the method
has been validated (e.g., an instrument with different characteristics or samples with

different characteristics), and whenever the method is changed [208].

Typical validation characteristics were studied including linearity, accuracy,

precision, specificity and sensitivity and explained below in more detalils.
3.2.1.1.1. Construction of Calibration Curve

In order to perform the quantification as well as the -calibration curve of

Camptothecin, a stock solution was prepared at a concentration of 100 pg/mL (w/v)
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by dissolving 1mg CPT in 10 mL dimethylsulfoxide (DMSO). Starting from this stock
solution, different CPT solutions with a series of concentration ranging between 1-
50 ug/mL (as of 1, 2, 5, 10, 20, 25 and 50 pg/mL) were prepared by diluting this
stock solution with PBS (phosphate buffer saline) at pH 7.4. In order to obtain the
lactone form and the carboxylate form of CPT, pH was adjusted to 3 and 10.5
respectively [209].

The calibration curve is obtained by fitting an appropriate equation to calibration
data consisting of the measured responses to known concentrations of analyte.
Hereby calibration curve was prepared according to the HPLC conditions listed in
the section 3.2.1. by plotting the obtained peak areas against the CPT solutions with

different concentrations and ultimately calibration data.
3.2.1.1.2. Linearity

Linearity of analytical method is the ability to obtain test results that are directly
proportional to the concentration of the analyte in the sample within a given range.
Linearity is determined by a series of five to six injections of five or more standards.
The response should be directly proportional to the concentrations of the analytes

or proportional by means of a well-defined mathematical calculation.

Linearity should be evaluated by visual inspection of a plot of signals as a function
of analyte concentration or content. If there is a linear relationship, test results
should be evaluated by appropriate statistical methods, e.g. by calculation of a
regression line by the method of least squares. Calculation of the regression line is
straightforward and the equation will have the form y = bx + a, where b is the slope
of the line and a is the y-intercept. If x and y are linearly correlated, it is expected all
the points to fall on a straight line passing through the centroid. The correlation
coefficient, R, (sometimes displayed as R?) is a measure of the strength of the
degree of correlation between the y and x values indicating that the closer it is to 1,
the stronger the correlation is. It s an important tool in determining the degree of

linear-correlation of variables (‘goodness of fit") in regression analysis.

Hereby, linerarity was demonstrated using a seven-point (1, 2, 5, 10, 20, 25 and 50
pg/mL) calibration curve. Peak area of each concentration point was plotted as a
function of CPT concentrations. Linearity was observed by calculating of a

regression line and correlation coefficient were then calculated.
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3.2.1.1.3. Accuracy

Accuracy is the measure of how close the experimental value is to the true value.
Accuracy is calculated as the percentage of recovery by the assay of the known
added amount of analyte in the sample or as the difference between the mean and
accepted true value together. Accuracy should be measured using a minimum of
five determinations per concentration and a minimum of three concentrations in the

range of expected concentrations is recommended.

Hereby accuracy is assessed by using a minimum of three concentration levels (2,
20 and 50 pg/mL) covering the specified range for both lactone and carboxylate
forms. (i.e 3 concentrations and 6 replicates of each concentration). Percentage of
recovery was then calculated and mean value was compared within the actual

value.
3.2.1.1.4. Precision

Precision is the variability in the data from replicate determinations of the same
homogeneous sample under the normal assay conditions. Precision may be
considered at three levels: repeatability, intermediate precision and reproducibility
and usually expressed as the variance, standard deviation or coefficient of variation

of a series of measurements.

Repeatability expresses the precision under the same operating conditions over a
short interval of time. For assessing the repeability, one of the concentrations of
prepared CPT solutions (20 pg/mL) was chosen and analysed with 6 replicates time
after time. Mean values, standard deviation or coefficient of variation of a series

were then calculated.

Intermediate precision expresses within-laboratories variations: different days,
different analysts, different equipment, etc. For assessing the inter-days, the chosen
concentration (20 pg/mL) that was prepared in 3 consequtive days, was measured

and mean values, standard deviation or coefficient of variation were then calculated.

Reproducibility expresses the precision between laboratories. For assessing the
reproducibility, 6 samples of CPT solution which are prepared at the same
concentrations (20 pg/mL) were analysed and mean values, standard deviation or

coefficient of variation were then calculated.
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For an HPLC assay precision methods with coefficient of variation values (CV<2 %)
may be required.

3.2.1.1.5. Sensitivity

Sensitivity of the method was determined by finding the limit of detection and limit
of quantitation. Limit of detection (LOD) is the lowest concentration of analyte in a
sample that can be detected, but not necessarily quantitated, under the stated
experimental conditions. The minimum concentration (1ug/mL) at which a signal to
noise ratio is 3:1 was accepted as detection limit. Limit of Quantification (LOQ) is
the lowest concentration of analyte in a sample that can be quantified with
acceptable precision and accuracy under the stated experimental conditions. The
minimum concentration (1ug/mL) at which a signal to noise ratio is 10:1 was

accepted as quantification limit.
3.2.1.1.6. Specificity:

Specificity is the ability of the method to accurately measure the analyte response
in the presence of all different potential sample components. The specificity of
analytical methods is typically assessed by examining system interference with the
detection and quantification of analytes. For this reason, sample components
containing formulation excipients such as PCL, CD, CS and DMSO were compared

with the response of a solution containing only the analyte during the analysis.
3.2.2. Pre-Formulation Studies

Pre-formulation studies were performed to determine the effect of formulation
parameters e.g polymer concentration, polymer molecular weight, oil concentration,
ratio of organic to aqueous phase and amount of surfactant on nanoparticle
characteristics such as mean diameter, polydispersity and zeta potential. Therefore,
preparation of blank PCL and CD nanocapsules was performed by changing the
variables such as polymer concentration (concentration range 0.05 % to 0.5 % wi/v),
oil concentration (concentration range 0.3 % to 3 % v/v), organic phase to aqueous
phase volume ratio (1:1, 1:2, 1:4 v/v) with nanoprecipitation method as described
previously in the section 2.1.1. These selected concentrations of formulation
parameters were in accordance with the studies reported in literature [59, 67, 210].
In addition to these formulation variables, surfactant concentration (concentration

range from 0.1% to 1% v/v) and polymer molecular weight (14,000, 65,000 and
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80,000 Da) were also investigated as formulation parameters for the preparation of
blank PCL nanocapsules. (Table 3.1)

Table 3.1. Summary of formulation parameters and variables for pre-formulation

studies based on the literature [59].

Formulation Parameters Variables
Polymer concentration 0.05%, 0.1%, 0.2%, 0.5% (w/V)
Oil Concentration 0.3%, 1%, 3% (V/V)
O/A volume ratio 1.1, 1:2, 1:4 (vIv)
Surfactant concentration (for PCL) 0.1%, 0.5%, 1% (v/v)
Polymer MW (for PCL) 14,000 Da, 65,000 Da, 80,000 Da

3.2.2.1. Optimization of polymer concentration and polymer molecular weight

For the optimization of the polymer concentration, different concentrations of the
polymer in percentage (0.05 %, 0.1 %, 0.2 % and 0.5 % wi/v) were selected [59].
Briefly, an organic solution of PCL (concentration range from % 0.05 to % 0.5 w/v)
and 50 pL oil Miglyol 812 in 5mL acetone was added dropwise into 10 mL ultra-
pure water containing 50 pL Tween 80 ® under moderate magnetic stirring. Organic
solvent was then evaporated under vacuum at 40°C for 30 min to obtain
nanocapsule dispersion at the final desired volume 10mL. Nanocapsules were
recovered by centrifugation at 3500 rpm at room temperature for 15 min. The
preparation of the CD nanocapsules was evaluated with the same preparation
technique by omitting the surfactant in the aqueous phase as it was stated in section

4.2 and using ethanol as organic phase instead of acetone.

In addition to the polymer concentration, the effect of polymer molecular weight was
also investigated. For this reason, poly-E-caprolactone polymers with different
molecular weight (14,000, 65,000 and 80,000 Da) were selected as variables and

blank PCL nanocapsules were prepared in the same manner.
3.2.2.2. Optimization of oil concentration

For the optimization of the oil concentration, different concentrations of oil in

percentage, Miglyol 812 (0.3 %, 1 % and 3 %, v/v) were selected. Miglyol 812, a
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medium-chain triglyceride, is non-toxic, biocompatible, biodegradable and liquid at

room temperature [211].

Briefly, an organic solution of 5 mg PCL and Miglyol 812 (concentration range from
0.3% to 3 % v/v) in 5mL acetone was added dropwise into 10 mL ultra-pure water
containing 50 yLTween 80 ® under moderate magnetic stirring. Organic solvent was
then evaporated under vacuum at 40°C for 30 min to obtain nanocapsule dispersion
at the final desired volume 10mL. Nanocapsules were recovered by centrifugation
at 3500 rpm at room temperature for 15 min. The preparation of the CD
nanocapsules was evaluated with the same preparation technique by omitting the
surfactant in the aqueous phase as it was stated in section 4.2 and using ethanol

as organic phase instead of acetone.
3.2.2.3. Optimization of organic phase to agueous phase volume ratio

The optimization of organic phase to aqueous phase volume ratio was performed
by using different volumes of ultrapure water e.g 5 mL, 10 mL and 20 mL
corresponding the organic to aqueous phase volume ratios 1:1, 1:2 and 1:4
respectively. Briefly, an organic solution of 5 mg PCL and 50 uL Miglyol 812 in 5mL
acetone was added drop wise into different volumes of ultra-pure water (5, 10 and
20 mL) containing 0.5 % v/v Tween 80 ® under moderate magnetic stirring. Organic
solvent was then evaporated under vacuum at 40°C for 30 minutes. Nanocapsules
were recovered by centrifugation at 3500 rpm at room temperature for 15 min. The
preparation of the CD nanocapsules was evaluated with the same preparation
technique by omitting the surfactant in the aqueous phase as it was stated in section

4.2 and using ethanol as organic phase instead of acetone.
3.2.2.4. Optimization of surfactant concentration

For the optimization of the surfactant concentration, different concentrations of
Tween 80 ® in percentage (0.1%, 0.5% and 1%) were selected as formulation
parameters. Briefly 5 mg PCL and 50 uL oil were dissolved 5 mL acetone and added
drop by drop into 10 mL ultrapure water containing 10 uL, 50 yL and 100 pL of
Tween 80 ® under moderate magnetic stirring. Organic solvent was then
evaporated under vacuum at 40°C for 30 minutes. Nanocapsules were recovered
by centrifugation at 3500 rpm at room temperature for 15 min. This formulation

parameter was only used for blank PCL nanocapsules while CD nanocapsules were
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prepared without surfactant. As indicated in the section 3.2.2.4., CDs have the ability
to form nanoparticles spontaneously without the presence of a surfactant. Hence,
optimization of the surfactant concentration was performed only with PCL

nanocapsule formulations.
3.2.3. Formulation of anionic and cationic CPT loaded nanocapsules

According to the pre-formulation results both anionic and cationic CPT loaded
nanocapsules were prepared with the same method as previously stated in section
3.2.2 by adding CPT in the organic phase as summarized in Figure 3.1. Briefly 0.5
mg CPT were dissolved in the organic phase consisting of 50 yL Miglyol 812 and
5mg PCL in 5mL acetone. This organic solution was added drop wise into an
agueous phase consisting of 10 mL of ultra-pure water containing 10 uL surfactant
Tween 80, under moderate magnetic stirring. Organic solvent was then evaporated
under vacuum at 40°C for 30 min to obtain nanocapsule dispersion at the final
desired volume (10mL). CD nanocapsules were prepared with the same method
with a slight modification by using ethanol instead of acetone as organic solvent and
omitting the surfactant, Tween 80 in the agueous phase. Nanocapsules were

recovered by centrifugation at 3500 rpm at room temperature for 15 min.

Organic phase Aqueous phase Formation of NCs

*Polymer (CD *Ultrapure *Evaporation of

or PCL), CPT, water with or organic solvent
Miglyol 812 without and

were dissolved surfactant centrifugation
in ethanol or (Tween 80) thereafter.
acetone

Figure 3.1. Formation of hanocapsules via nanoprecipitation method

In order to obtain positively charged nanocapsules, 0.025 % (w/v) of Chitosan
(Protasan™ (UP G-113) was added to aqueous phase during preparation.
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3.2.4. Physicochemical characterization of Nanocapsules
3.2.4.1. Particle Size Distribution

Mean particle size and polydispersity index (PDI) of different nanocapsule
formulations were determined by dynamic light scattering (DLS) (Malvern Zetasizer
Nano ZS series, UK) at a scattering angle of 173° at room temperature using a
disposable capillary cell. Each measurement was carried out in triplicate.

3.2.4.2. Zeta Potential

In order to determine the surface charge of nanoparticles zeta potential values of
nanocapsules were measured in mV with Malvern Zetasizer Nano ZS at an angle
of 12° and at 25°C using a disposable capillary cell. Each measurement was carried

out in triplicate.
3.2.4.3. Imaging of Nanocapsules

The morphology of drug loaded nanocapsule formulations was evaluated by using
SEM, Scanning Electron Microscope (FEI Nova™ Nano SEM 430, ABD). Samples
were mounted on metal stubs and coated with 100 A thick layer of Gold-Palladium

alloy. Then the particles were imaged at 5 to 20 kV.
3.2.4.4. Encapsulation Efficiency of Nanocapsules

Content of CPT bound in different nanocapsules was quantified by a previously
validated HPLC method with fluorescence detection at an emission wavelength

(Aem) of 435nm and at an excitation wavelength (Aex) of 370nm.

Briefly, after the separation of excess amount of polymers and undissolved and/or
unbound drug by centrifugation at 3500 rpm for 15 min, supernatant containing CPT
loaded nanocapsule suspension was freeze-dried for 24h in order to obtain drug
loaded nanocapsules in powder form. Resulting powder was weighed and dissolved
in 2 mL mixture of DCM and DMSO. The experimental CPT loading was quantified
using the peak area of each nanocapsule formulation. Drug loading was expressed
in terms of associated drug percentage and entrapment efficiency. Associated Drug

(%) (1) and Entrapment Efficiency (%) (2) were calculated as follows;

. Experimental Drug Loading (pg)
0 —_
Associated Drug (%) Theoretical Drug Loading (1ig) x 100 (1)

66



. Calculated Drug Quantity (ug)
0, =
Entrapment Efficiency (%) Bolymer Quantity (ug) x 100 (2)

3.2.4.5. In vitro release studies of Camptothecin from Nanocapsules

Release profiles of camptothecin from nanocapsule formulations were determined
at 37 °C with dialysis membrane (having a molecular weight cut-off 14,000 Da)
technique under sink conditions. Briefly, 2 mL of nanocapsule dispersion was put in
a dialysis bag. The dialysis bag containing the nanocapsule dispersion was placed
in 50 mL of phosphate buffer solution containing 0.1 % v/v Tween 80 (PBS) at pH
7.4. The system was placed in a shaking water bath at 37°C with an agitation speed
of 100 rpm. At specific time periods (0.5, 1,1.5, 2, 6, 24, 48 and 72 hours), 500uL
of sample was taken from the medium with micropipette and replaced by the same
volume of fresh medium. The cumulative percentage of drug released for each time
point was calculated as a percentage of the total drug incorporated into the
nanocapsules. Furthermore, CPT release from nanocapsule formulations were also
determined at PBS pH 1.2. for 2 h to mimic the in vivo gastric emptying indicating
gastric conditions. At specific time periods (0.5, 1,1.5 and 2 h), 500uL of sample was
taken from the medium with micropipette and replaced by the same volume of fresh
medium. The cumulative percentage of drug released for each time point was

calculated as a percentage of the total drug incorporated into the nanocapsules.
3.2.4.6. Stability studies for CPT in various media

As it was stated in section 2.3.1. CPT suffers from instability due to the the rapid
hydrolysis of active lactone form under pH 5 into the inactive and more toxic
carboxylate form in physiological or alkaline pH. This hydrolysis is pH-dependent
and drastically reduces the effectiveness of the lactone form. Lactone form is not
only essential for the inhibitory effect, but also essential for the diffusion of the drug
[212]. Therefore, being able to ensure the stability of this lactone form thereby
reducing and/or preventing this hydrolysis into carboxylate form in case of pH
changes, is of primary concern. For this reason, CPT stability when incorporated in
nanocapsules was determined with a validated HPLC method in phosphate buffer
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solutions (PBS) with different pH values of 1.2, 6.8 and 7.4 representing the wide
pH range of the GI tract and compared with CPT in solution form. Briefly, CPT
loaded nanocapsule formulations were prepared according to the method indicated
in section 3.2.3. All anionic and cationic nanocapsule formulations were diluted with
PBS with different pH values (pH 1.2, pH 6.8 and pH 7.4) in order to obtain CPT
concentration at 25 pg/ml mimicking the physiological conditions. For the
comparison of data obtained from nanocapsules with CPT solution, 0.1 mg CPT
was dissolved in 2ml DMSO and diluted with PBS to obtain CPT concentration at
25 pg/ml. After the injection of the samples to HPLC, concentrations against the
obtained peak area of different formulations were then calculated at predetermined
time intervals during 48h and the percentage quantity of lactone and carboxylate

forms at these pH values were compared within.

3.2.4.7. Physical Stability of Nanocapsules in Simulated Gastrointestinal
Fluids

The first barrier to cross after oral administration is constituted by the
physicochemical environment of the gastrointestinal tract as stated in section 2.1.1.
To design effective nanocapsules for oral drug delivery, their stability has to be
assessed not only in stock solutions but also in fluids mimicking biologic media.
Estimating the physical stability of nanoparticles in biological environments e.g Gl
tract, is critical for oral delivery of drugs [96] since it is essential to understand
whether and how the different body environments influence nanopatrticle stability, to
design optimal nanoformulations, and to identify their fate upon oral administration.
[213]. Therefore, In order to determine the stability of nanocapsule formulations
against harsh environment and test the protective effect of nanocapsules on the
stability of encapsulated CPT, simulated gastric and simulated intestinal fluids were

used as media.

For this purpose all the formulations were incubated in both simulated gastric fluid
(SGF) pH 1.2 for 2 hours and simulated intestinal fluid (SIF) pH 6.8 for 6 hours. SIF
was prepared by dissolving 680.5 mg monobasic potassium phosphate (KH2PO4) in
100mL deionized water. Then 89.6 mg of NaOH were added to adjust the pH of the
media. SGF was prepared by dissolving 100 mg of NaCl in 50 mL deionize water
containing 0.35 mL concentrated HCI. For each formulation; 1 mL of nanocapsule

dispersion was added to 9 mL of simulated media and incubated for 2 h in the case
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of SGF and for 6 h in the case of SIF. Mean patrticle size, PDI and zeta potential

values were measured before and after incubation.
3.2.4.8. Interaction Studies with Mucus
Turbidimetric Measurement:

In order to investigate the interaction between mucin and nanocapsules, turbidity of
the nanocapsule at 650 nm was measured by UV spectrophotometry with a slightly
modified method described previously by Ungaro et al. [214]. Mucoadhesive
characteristics of CPT loaded CD and PCL nanocapsules were determined by
measuring the absorbance rate (ABS) of the samples in the presence of mucin or
not. Mucin dispersion was prepared by dissolving 0.08% w/v mucin powders in
ultrapure water. After stirring for 6 hours, mucin dispersion was centrifuged at 7500
rom for 20 minutes to separate excess amount of mucin. Mucin dispersion and
prepared nanocapsule dispersions were then mixed at a 1:4 volume ratio and
vortexed for 1 minute. The turbidity of the samples with or without mucin was
measured at 650 nm at predetermined time intervals (0, 30 and 60 minutes). The

absorbance rate (ABS) of mucin dispersion itself was also measured as reference.

Turbidimetric studies were conducted under the supervision of Assoc. Prof. Fabiana
Quaglia, in the University of Naples Federico Il, Department of Pharmacy, Italy.

Characterization of Nanocapsules in Mucus: Particle size and Zeta Potential

Measurement

Nanocapsule formulations were further tested in the presence of mucin in terms of
mean particle size and zeta potential. After the measurement of mucoadhesive
tendency, the zeta potential and particle diameter of NC dispersions in mucin were
also assessed. CPT loaded PCL and CD nanocapsule formulations were prepared
as described in the section 3.2.3. and mucin dispersion as described above. Mucin
dispersion and prepared nanocapsule dispersions were then mixed at a 1:4 volume
ratio and vortexed for 1 minute. Afterwards mean particle size, polydispersity index
and zeta potential of the NCs were measured in the presence of mucin or not. Zeta

potential of mucin dispersion was also measured as reference.

Characterization of nanocapsules in mucus was performed under the supervision of
Assoc. Prof. Fabiana Quaglia, in the University of Naples Federico Il, Department

of Pharmacy, Italy.
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3.2.4.9. Artificial Mucus Studies

Artificial mucus studies were conducted with CPT loaded nanocapsules with
Spectofluorophotometer (Shimadzu, Japan) in the University of Naples Federico Il,
Department of Pharmacy, Italy. For this reason, a calibration curve of CPT for the
Spectoflorophotometer was constructed at 25 °C at an emission wavelength (Aem)
of 435 nm and at an excitation wavelength (Aex) of 370 nm before the artifical mucus

study.
Construction of Calibration Curve

1mg CPT was dissolved in 10 mL DMSO and diluted two times with dilution rates
1:10 and 1:100 respectively, in order to obtain a stock solution at a concentration of
0.1 pg/mL. Starting from this stock solution, different CPT standard solutions with
concentration range 0.0005-0.02 ug/mL (as of 0.0005, 0.001,0.002, 0.005, 0.01,
and 0.02 pg/mL) were prepared by diluting this stock solution with DMSO at a
dilution rates 1:200, 1:100, 1:50, 1:20, 1:10 and 1:5 v/v respectively. Calibration
curve was prepared by plotting the obtained florescence intensity against to the CPT
solutions with different concentrations and ultimately calibration equation and

correlation coefficient were calculated.
Penetration through Artificial Mucus

Penetration of CPT loaded CD and PCL nanocapsules through an artificial mucus
model was studied as described previously by Ungaro et al. [214] with a slight
modification. An artificial mucus layer was prepared and placed upon a gelatin layer
as summarized in Figure 3.2. Briefly, the gelatin solution was prepared by dissolving
% 10 (w/v) gelatin powder (gelatin from bovine skin) in 10 mL ultrapure hot water
(60° C). 1 mL of this gelatin solution was poured into a 24-well plate and hardened
at room temperature. On the other part, artificial mucus layer was prepared by
dissolving 250 mg of mucin, 0.295 mg DTPA, 250 mg NaCl, 110 mg KCI and 250
ML of sterile egg yolk emulsion in 50 mL of ultrapure water (Figure 3.3).
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Gelatin layer was prepared and hardned in 24 well plate

¥

Artificial mucus layer was prepared and poured onto hardned gelatin layer

¥

Nanocapsule dispersion were added onto this artificial mucus model and left for
incubation for 24 hours

Artificial mucus layer was withdrawn and gelatin layer was washed and melted

After centrifugation of gelatin dispersion, amount of CPT penetrated through
artificial mucus was measured with a spectrofluorophotometer . Results were
normalized with recovery experiment

Figure 3.2. Schematic representation of artificial mucus experiment.

Figure 3.3. Visual representation of the preparation of artificial mucus dispersion.
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1 mL of freshly prepared artificial mucus was placed onto the hardened gelatin layer.
In order to evaluate the penetration of CPT loaded nanocapsules, 500 uL of NC

dispersion were added onto this artificial mucus model and left for incubation for 24

hours (Figure 3.4) .

Figure 3.4. Images of experimental apparatus for penetration through artificial

mucus.

After 24 h, artificial mucus layer was withdrawn. Gelatin layer was washed with
ultrapure water and warmed at 60° C. Gelatin dispersion was then centrifuged at
7500 rpm for 20 minutes. Supernatant was taken and amount of CPT penetrated
through artificial mucus was measured with a spectrofluorophotometer at an
emission wavelength (Aem) of 435 nm and at an excitation wavelength (Aex) of 370
nm. In order to calculate the real amount of CPT, a recovery calculation was
evaluated. For this recovery calculation, briefy 250 yL of a CPT solution in DMSO
(at the same concentration as in NC dispersions) was directly added onto the
hardened gelatin layer and left for incubation for 24 h. After 24 h, CPT was extracted
according to the procedure described above. Recovery of CPT was then calculated
and results were normalized to account for recovery and reported as percentage of

CPT penetrated through artificial mucus according to the formula;

% Penetrated CPT = Amount of CPT determined in gelatin plates (ug) 100 (3
o renetrate B Amount of CPT in NCs (ug) X 3)
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3.2.5.Cell Culture Studies

Cell culture studies were performed in Cell Culture Laboratory of Pharmaceutical

Technology Department at Faculty of Pharmacy in Hacettepe University.
3.2.5.1. Cytotoxicity Assay

The cytotoxicity of blank CD nanocapsules were determined on L929 mouse
fibroblast cells with MTT assay. L929 (American Type Culture Collection, USA) was
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS), penicillin (100 units/mL) and streptomycin (100ug/mL) in
25 cm? culture flasks. L929 fibroblast cells were seeded at a density of 5x10°
cells/well in 100uL DMEM. The cultures were incubated at 37°C in an incubator
humidified with 5% CO2. After 24 hours, cell culture medium was replaced with
fresh medium containing blank nanocapsule formulations with different dilution
ratios (1:8, 1:16, 1:32, 1:64 and 1:128). After 48h of incubation, 25 yL of MTT
solution in PBS (5 mg/mL) were added to each well and were incubated further for
4 h. MTT was aspirated off and in order to dissolve formazan crystals, 200 uL of
DMSO was added onto it. Optical densities (OD) were determined by a microplate
reader at 450nm. Cells incubated in culture medium alone served as a control for
cell viability (nontreated wells). Cell viability (%) was calculated according to the

formula;

Optical density of treated wells

. HH 0 -
Cell viability % Optical density of nontreated cells X

100 (4)

3.2.5.2. Anticancer Efficacy

The anticancer efficacy of CPT loaded nanocapsules were determined against
MCF-7 cell line in comparision to CPT solution with MTT assay. MCF-7, human
breast adenocarcinoma cell lines were obtained from the American Type Culture
Collection, USA. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/mL) and
streptomycin (100ug/mL). The cultures were maintained at 37°C in a humidified 5%
CO:2 incubator. MCF-7 cells were seeded in 96- well plates at a density of
1x104/100uL per well and incubated for 24 hours to allow the cell attachment. The
cells were incubated with CPT loaded anionic and cationic nanocapsule
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formulations in comparision with free CPT (CPT in DMSO) for 72 h. The incubation
time is depending on both the doubling time of MCF-7 cell line and release
characteristics of the CPT from formulations. All the formulations were diluted with
DMEM (dilution rate 1:16) at an equivalent dose of Camptothecin at 3,125 ug/mL.
At determined time, formulations were replaced with 25uL of MTT solution and cells
were then incubated for an additional 4 h. MTT was aspirated off and in order to
dissolve formazan crystals, 200uL DMSO were added onto it. Optical density (OD)
was measured at 450nm using a microplate reader. Untreated cells (cells incubated
with only culture medium) were taken as control with 100% cell viability.

Experiments were performed in triplicate and results are expressed as mean £SD.
3.2.5.3. Permeability through Caco-2 cell monolayer

Intestinal absorption is a formidable barrier that restricts the oral bioavailability of
many potential new drugs. To address the need for in vitro assays of intestinal
permeability of potential new drugs as part of the drug development process, a
variety of approaches has been developed and among these approaches, the Caco-
2 cell monolayer assay of intestinal permeability has emerged as one of the

standard in vitro tools [215].

The Caco-2 cell monolayer system has become a standard model for human
intestinal absorption of xenobiotic compounds that is more accurate than physical
models such as artificial membranes, more convenient and accurate than in vitro
models such as everted gut sacs and less expensive than in vivo models [215].
Hereby, in vitro transport studies were carried out accross the human
adenocarcinoma Caco-2 cell line, which mimics the gastrointestinal barrier for oral
chemotherapy [216, 217].

Caco-2 cells with a passage number of 30-35, were cultured on polycarbonate
membrane filters (Thincerts ™ transparent, pore size 1 ym, area 1,13 cm?) in 12-
well plates (Greiner bio-one, Germany) at a seeding density of 6 x 104 cells in each
well. The culture medium was added to both the apical (500 yL) and basolateral
(1m L) of filter insert and was replaced every other day during 20 days. The cells
were left at 37°C in an incubator under atmosphere of 95% air and 5% CO:2 at 90%
relative humidity. Prior to the experiments, cell monolayers were replaced with

transport buffer containing Hank’s balanced salt solution (HBSS) buffered with
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10 mM n-(2-hydroxyethyl) piperazine-n-(2-ethanesulfonic acid) (HEPES) at pH 7.4
and the trans epithelial electrical resistance (TEER) of monolayers was measured
by using a Millicell®-ERS-2 system (Millipore Corporation, Bedford, MA) and found
to be between 200-300 Q cm?. The transport of CD nanocapsule formulations (CD
NCs and Chitosan coated CD NCs) and camptothecin solution in DMSO were
studied from the apical to basolateral direction in Caco-2 cells. All the test solutions
were diluted with HBSS in order to evaluate CPT concentration at 25 ug/mL both in
NPs and in solution form. Each experiment was started by adding 0.5 mL of test
solution to the apical side and 1 mL of HBSS to the basolateral side of the Transwell
inserts. The cells were then incubated at 37° C and 30 rpm for 4 hours. Samples
were taken from the basolateral side and analyzed with a validated HPLC method.
Apparent permeability coefficient (Papp) which is expressed in centimeters per

second was calculated according to the formula;

o _da ]
="t X AcCo ()

where dQ/dt is the permeability rate, Co is the initial concentration on the apical side

and A is the surface area of the polycarbonate membrane.
3.2.6. In vivo Studies

In vivo studies were performed under the supervision of Assoc. Prof. Fabiana
Quaglia and Assoc. Prof. Francesca Borrelli in the University of Naples Federico II,
Department of Pharmacy, Italy. In vivo studies were conducted with CD and CS-CD
nanocapsule formulations which gave the most promising results in in vitro and cell
culture studies. In this part of the study, Nile Red was used as fluorescent dye. Nile
Red (NR) is a hydrophobic, highly fluorescent dye that has been extensively applied
to examine the structure, dynamics and environment in biological and
microheterogeneous systems. In apolar solvents it fluoresces with a high quantum
yield in and at reasonably long wavelengths. Morever, once incorporated into the
particles, NR do not leach and its color and fluorescence remains stable for long
periods of time. [218, 219].
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3.2.6.1. Construction of Calibration Curve for Nile Red

In vivo studies were performed with fluorescently labeled (NR loaded) nanocapsules
with Spectofluorophotometer (Shimadzu, Japan). Therefore, initially a calibration
curve of NR for the Spectoflorophotometer was constructed at 25 °C at an emission
wavelength (Aem) of 590nm and at an excitation wavelength (Aex) of 546nm before in

vivo uptake studies.

1mg NR was dissolved in 10 mL DMSO and diluted two times with dilution rates
1:10 and 1:100 respectively, in order to obtain a stock solution at a concentration of
0.1 pg/mL. Starting from this stock solution, different NR standard solutions with a
series of concentration 0.0005-0.05 pg/mL (as of 0.0005, 0.001, 0.002, 0.005, 0.01,
0.02 and 0.05 ug/mL) were prepared by diluting this stock solution with DMSO at a
dilution rates 1:200, 1:100, 1:50, 1:20, 1:10, 1:5 and 1:2 v/v espectively. Calibration
curve was prepared by plotting the obtained florescence intensity against to the NR
solutions with different concentrations and ultimately calibration equation and

correlation coefficient were calculated.
3.2.6.2. Preparation of Nile Red loaded Nanocapsules

For the preparation of anionic NR loaded CD nanocapsules, a stock solution of NR
in ethanol was prepared by dissolving 1 mg NR in 10 mL ethanol. From this stock
solution, 100uL was withdrawn and added to an organic phase including 900 pL
ethanol, 1 mg CD and 10 pL Miglyol. This organic phase was added dropwise to an
agueous phase (2mL) under moderate magnetic stirring. Organic solvent was then
evaporated under vacuum at 40°C for 5 minutes. Nanocapsules were recovered by
centrifugation at 3500 rpm at room temperature for 15 min. In order to obtain
cationic NR loaded nanocapsules % 0.025 w/v Protasan™ was added to the

agueous phase.

Content of Nile Red in the nanocapsules was quantified by florescence
spectrophotometry at 25 °C at an emission wavelength (Aem) of 590nm and at an
excitation wavelength (Aex) of 546nm. Briefly, after the separation of unwanted
materials by centrifugation, supernatant containing NR loaded nanocapsule
suspension was freeze-dried for 24h in order to obtain NR loaded nanocapsules in
powder form. Resulting powder was weighed and dissolved in 1mL of DCM and

diluted with DMSO at a dilution rate of 1:100. The experimental NR loading was
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quantified using the florescence intensity of each nanocapsule formulation.
Associated Drug (%) was then calculated according to the formula (1) as reported

previously in section 3.2.4.4.
3.2.6.3. Animals

CD1 female mice (20-25 g) were purchased from Harlan Italy, S. Pietro al Natisone
UD and were maintained under controlled conditions of temperature (23 £ 2 °C) and
humidity (50 £ 10%) ad libitum until used. All animals were deprived of food 12 h
prior to experimentation but had free access to water. All experiments on animals
were conducted in accordance with the internationally accepted principles for
laboratory animal use and care- ltalian D.L. no. 116 of 27 January 1992 and
associated guidelines in the European communities Council Directive of 24
November 1986 (86/609/ECC).

3.2.6.4. Recovery Experiment

In order to be able to determine the intestinal uptake of NR loaded fluorescent
nanocapsules, a recovery calculation should be performed initially. Recovery
calculation depends on the measurement of NR content recovered from the Gl
tissues. For this reason, before particle uptake studies, recovery experiment was
conducted in CD1 mice with CD and CS-CD nanocapsules recovery experiment
was evaluated by direct administration of these blank and NR loaded anionic and
cationic NCs onto the intestinal tissues. Briefly, 2 female CD1 mice were sacrified
with dislocation. The intestines were cut into 8 segments as seen in Figures 3.5.
and Figure 3.6.
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Figure 3.6. Representation of in vivo Gl uptake experiment: Image for the

instestinal segments of mice.
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Every stomach was divided into 2 pieces including another stomach from another
animal. (there is one more stomach from another animal). From each animal the cut
two pieces of the intestine segments were weighed and directly administered with
either 10 pL of blank or 10 uL of NR loaded Nanocapsule dispersions. Afterall is
said to be every two pieces of an animal intestine and stomachs had an
administration of the same NCs solution. Upon the administration, all the samples
were placed in a lysis buffer solution in a volume of 2 fold of the tissue weighs.
These tissues were then homogenized on ice 10 seconds 3 times. After the
homogenization of the tissues, the tissue homogenats were centrifuged for 10
minutes 2 times at 13,000 rpm. Supernatants were withdrawn and 10 pL from each
sample was taken. Each 10 uL sample was then added to a mixture of 10 yL DCM
and 980 pL of DMSO at a final volume of 1mL. To detect the fluorescence intensity
in the tissue homogenates, spectofluorophotometer was used at an emission
wavelength (Aem) of 590 nm and excitation wavelength (Aex) of 546 nm by measuring
the florescence intensity of the samples. Results are calculated as percentage
recovery according to the calibration curve of NR which were already constructed

as reported in section 3.2.6.1.
3.2.6.5. Nanoparticle Uptake Studies

After the recovery experiments, nanoparticle uptake studies were performed with
CD1 female mice. Animals were divided in four groups with 3 mice per group based
on the administration of different nanoparticle dispersions. Group 1 was treated with
NR loaded CD nanocapsule dispersion. Group 2 was treated with NR loaded CS-
CD nanocapsule dispersion. Group 3 was treated with blank CD nanocapsule
dispersion and group 4 was treated with blank CS-CD nanocapsule dispersion as
control groups. All the formulations were administered at a concentration of 100uL
with an oral gavage. After 30 minutes, animals were killed via cervical dislocation
and their small intestine and stomach were collected. The intestines were cut into 4
pieces and each segment was weighed. All the intestinal segments and stomachs
were placed into lysis buffer solution and homogenized on ice 3 times x 10 seconds
and 4 times x 10 seconds for the intestines and for the stomachs respectively. The
resulting homogenats were then centrifuged for 2 times x10 minutes at 13,000 rpm.
Supernatant was taken and diluted 100 times before analysis with a

spectofluorophotometer at an emission wavelength (Aem) of 590 nm and excitation
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wavelength (Aex) of 546 nm to detect fluorescence in the tissue homogenates (Figure
3.7). Results are normalized with the percentage recovery in reference to the

recovery experiment as reported in section 3.2.6.4.

Formulations administered via oral gavage and animals were sacrified after 30
min incubation, small intestine and stomach were collected

Intestines were cut into 4 pieces and each segment was weighed and placed
into lysis buffer solution

All the intestinal segments and stomachs were homogenized on ice, then
centrifuged for 2 times at 13,000 rpm

Supernatant was taken and analysed with a spectofluorophotometer. Results
were normalized with the percentage recovery

Figure 3.7. Schematic representation of nanoparticle uptake experiment.

3.2.7. Statistical Analysis

All statistical analysis were performed using SPSS v 22.0 (IBM Corp., Armonk, NY,
USA). USA). The significance of differences was assessed by Student’s t-test. P
value less than 0.05 (p<0.05) was considered to denote a statistically significant

difference.
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4. RESULTS AND DISCUSSION

4.1. In vitro Quantification of Camptothecin and HPLC Method Validation

Quantitative determination of CPT was performed under the conditions described in
section 3.2.1. Representative chromatograms for the two forms of CPT, namely
actone and carboxylate forms are given in Figure 4.1. and Figure 4.2. respectively.
Under the chromatographic conditions used for the analysis of CPT, the retention

time for lactone form was 19.7 minute wheras for carboxylate form was 7.2 minute.
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Figure 4.1. HPLC Chromatogram of active Lactone form of CPT.(Retention time
19.7 min)
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Figure 4.2. HPLC Chromatogram of inactive Carboxylate form of CPT. (Retention

time 7.2 min.)
4.1.1. Construction of Calibration Curve

CPT calibration curve was constructed according to the method described in the

Section 3.2.1.1.1.The calibration curve is given in Figure 4.3. and Figure 4.4. and
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the slope of this curve derived from different series were calculated along with
intercept and correlation coefficient as can be seen in Table 4.1.

Table 4.1. Linear regression data from HPLC analysis for Lactone and Carboxylate
forms of CPT.

Parameter Active Lactone Inactive Carboxylate form
form
Concentration Range 1-50 pgl/mL 1-50 pgl/mL
Slope 922.58 508.83
Intercept + 370.96 -77.435
Correlation Coefficient 0.9994 0.9996
50000
45000 =
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y =922,58x + 370,96
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Figure 4.3. Calibration Curve of Lactone form of CPT and regression equation
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Figure 4.4. Calibration Curve of Carboxylate form of CPT and regression equation
4.1.2. Linearity

Linearity was evaluated in the range from 1 to 50 pg/pL standard solutions of CPT
as described in the section 3.2.1.1.2. Linearity of the assay procedure was
determined by calculation of a regression line. Concentrations of CPT standard
solutions were calculated from the resulting peak heights and the regression
equation of the calibration curve [220]. Linear relation between CPT concentration
and peak area was supported by the regression analysis from Table 4.1. The
calibration curves constructed for both lactone and carboxylate forms show that the
analytical method was linear from 1 to 50 pyg/mL. Both the lactone and carboxylate
forms of CPT standard solutions displayed good linearity in this tested range.
Coefficient also proves the linearity. A linearity correlation coefficient above 0.999
is acceptable for HPLC methods of major component analysis. The square
correlation coefficient (R?) was found to be 0.9994 and 0.9996 for lactone and
carboxylate forms respectively which are both found to very close to 1 representing

absolute linearity [221].
4.1.3. Accuracy

Accuracy is defined as the agreement between the found value and the true,
independently determined, concentration value [222]. As described in the section
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3.2.1.1.3., accuracy is determined by replicate analysis of samples containing
known amounts (2, 20 and 50 ug/mL) of CPT covering the specified range and
representing low, medium and high concentrations in that specific range. The

accuracy of the method was evaluated considering the recovery.

Based on the calculated CPT concentrations and the known composition of CPT,
the percent recovery of CPT was calculated. Considering each point concentration
of lactone form, the average recovery was found within the range 99-103%, (Table
4.2) whereas for the carboxylate form was found within the range 98-102%. (Table
4.3). For each point on the calibration curves for both lactone and carboxylate forms
of CPT, the concentrations back-calculated from the equation of the regression

analysis were within acceptable limits [221].

Table 4.2. Accuracy data for Lactone form of CPT

samples 2 pyg/mL 20 pg/mL 50 pg/mL
Recovery (%) Recovery (%) Recovery (%)

1 99.15 101.85 103.45

2 98.25 102.83 98.98

3 98.72 101.32 100.18

4 98.04 102.91 100.64

5 100.13 105.10 101.58

6 98.86 102.52 100.98

Mean 98.85 102.74 100.87
Standard Deviation 0.74 1.30 1.37
CVv 0.75 1.26 1.35

Table 4.3. Accuracy data for Carboxylate form of CPT

2 ug/mL 20 pg/mL 50 pg/mL

Samples Recovery (%) Recovery (%) Recovery (%)
1 101.65 101.52 98.34
2 99.55 99.85 98.30
3 98.14 101,91 96.84
4 98.77 102,60 97.68
5 98.33 103.23 98.12
6 100.2 100,25 98.34
Mean 99.42 101.55 97.93
Standard Deviation 1.34 1.30 0.59
Ccv 1.35 1.28 0.60
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4.1.4. Precision

As stated in section 3.2.1.1.4. precision of an analytical procedure expresses the
closeness of agreement between a series of measurements and was measured as
repeatability, reproducibility and intermediate precision. The precision of an

analytical method is usually expressed as coefficient of variation of a series of

measurements [223].

Repeatability, which is also termed intra-assay precision, was determined by
assaying six replicates of a CPT concentration (20 pg/mL) in a single run. Assay
precision was calculated as Coefficient of Variation (CV) expressed as a percentage
of the mean observed concentrations and the observed data were given in Table

4.4. and 4.5. for lactone and carboxylate forms respectively.

Table 4.4. Data of repeatability for lactone form of CPT.

Sample Calculated
Concentration (ug/mL)

1 19.25

2 19.24

3 19.26

4 19.33

5 19.24

6 19.32
Mean 19.27

SD 0.03

Cv 0.15
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Table 4.5. Data of repeatability for carboxylate form of CPT.

Sample Calculated
Concentration (ug/mL)

1 19.42

2 19.59

3 20.04

4 19.77

5 19.79

6 19.42
Mean 19.67

SD 0.22

CVv 1.11

According to the results for both lactone and carboxylate forms, coefficient of
variation (CV) values were found to be 0.15 and 1.11 respectively. The intraday
relative standard deviation values were < 2% indicating the analytical method was
repeatable [224].

Intermediate precision was studied by running the whole method on three different
days. Each day, equivalent concentrations of CPT standard solutions (20 ug/mL)
were prepared and analysed. Assay precision was calculated as coefficient of
variation (CV) and the observed data were given in Table 4.6. and 4.7. for lactone
and carboxylate forms respectively.
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Table 4.6. Data of intermediate precision for lactone form of CPT

Days Calculated
Concentrations (ug/mL)

1. 20.44

2, 21.07

3. 21.01

Mean 20.84

SD 0.34

cv 1.63

Table 4.7. Data of intermediate precision for carboxylate form of CPT

Days Calculated
Concentrations (ug/mL)

1. 20.98

2, 21.03

3. 20.79

Mean 20.93

SD 0.12

cv 0.57

According to the results for both lactone and carboxylate forms, coefficient of
variation (CV) values were found to be 1.63< 2 % and 0.57< 2 % respectively,

indicating the analytical method was precise.

Reproducibility was determined by the assay of 6 seperate CPT solution prepared
at the same concentrations (20 pg/mL). Assay precision was calculated as
coefficient of variation and the observed data were given in Table 4.8. and 4.9. for

lactone and carboxylate forms respectively.
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Table 4.8. Data of reproducibility for lactone form of CPT

Sample Calculated
Concentration (pg/mL)

1 20.04

2 20.26

3 20.12

4 19.52

5 19.83

6 19.78
Mean 19.92

SD 0.27

CVv 1.35

Table 4.9. Data of reproducibility for carboxylate form of CPT

Sample Obtained
Concentration (ng/mL)

1 21.09

2 21.44

3 21.17

4 21.40

5 21.59

6 21.76
Mean 21.40

SD 0.25

CVv 1.17
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According to the results for both lactone and carboxylate forms, CV values were
found to be 1.34 < 2% and 1.17 < 2% respectively, indicating the analytical method

was reproducible.

Considering the CV values in terms of repeatability, intermediate precision, and
reproducibility were found lower than 2% for both CPT forms, lactone and
carboxylate indicating the precision of this analytical method.

4.1.5. Sensitivity

Sensitivity of the method was determined by finding the limit of detection and limit
of quantification at a minimum concentration as stated in section 3.2.1.1.5. Limit of
detection (LOD) at which a signal to noise ratio is 3:1 was found to be 0.22 ug/mL
for the lactone form and 0.78 ug/mL for carboxylate form. Limit of Quantification
(LOQ) at which a signal to noise ratio is 10:1 was found to be 0.15 pg/mL for lactone
form and 0.36 pug/mL for carboxylate form. In the set up of our experiment, both LOQ
and LOD values were accepted as suitable for our purpose and working range

indicating this analytical method as sensitive.
4.1.6. Specificity

Specificity of the analytical method was proved by comparing chromatograms and
retention times obtained in the standard solutions of CPT with the used excipients
obtained from blank [225]. Chromatograms obtained after the injection of PCL, CD,
CS and DMSO seperately, are given in Figure 4.5 to Figure 4.8. According to data
derived from HPLC analysis, no interference was observed to the CPT peak (both
in lactone and carboxylate forms) by other formulation components. This method
has been shown to be specific as none of the excipients interfered with the analytes

of interest.
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Figure 4.5. HPLC chromatogram of formulation excipient (CS).

Figure 4.6. HPLC chromatogram of the formulation excipient (CD)

Figure 4.7. HPLC chromatogram of the formulation excipient (DMSO)

90



| FLD1 A, Ex=370, Em=435 (HALE OZ 13 HAZ\043-0201.D)

[

[

Figure 4.8. HPLC chromatogram of the formulation excipient (PCL)

The rate of equilibration between the two components (lactone and carboxylate
form) of CPT is slow enough to permit their separation by reverse-phase HPLC
[226]. This reverse- phase HPLC method was validated for linearity, accuracy,
precision, sensitivity and specificity. Considering the results, the validated HPLC
method was found to be specific, linear, precise and accurate with low limits of
detection and quantification and can be successfully employed for the assay of CPT.
Results were in accord with the studies in literature [209, 227] indicating this HPLC
analytical method is proved to be a valid method for the quantitative determination

of CPT in the aimed formulation development study.
4.2. Pre-formulation studies

Pre-formulation studies were evaluated in order to attain the ultimate nanoparticle
formulations. Herein mean patrticle size has a critical importance as selection criteria
for nanoparticle characteristics since mean patrticle size affects both in vitro profiles
and also in vivo fate of nanoparticles in terms of stability, drug release profile and
encapsulation efficiency. Furthermore mean particle size has also an important
influence on the interaction with membranes, cellular uptake, absorption rates and
biodistribution in the body as well as toxicity. Taking into consideration that
absorption rate and permeability are of primary concerns for oral bioavailability,
mean particle size should be critically assessed. On the other hand, in addition to
the mean patrticle size, stability and solubilization issues which are also related with
the formulation parameters [228] should also be considered for drugs suffering from

poor aqueous solubility and instability leading to bioavailability problems. Therefore
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formulation parameters affecting mean particle size are of primary concern and

should be optimized according to these discussions.

4.2.1. Optimization of polymer concentration and the polymer molecular

weight

The effect of the concentration of polymers (both CD and PCL) on patrticle size and
PDI is given in Table 4.10. and 4.11. According to the data, it is clearly seen that
particle size increases linearly with polymer concentration which can be attributed
to higher organic solution viscosity [229]. In the solvent displacement method, the
viscosity of the organic phase is highly dependent on polymer concentration even
at the lowest values [62].

Table 4.10. Effect of polymer concentration on particle size and PDI of CD

nanocapsules. Data represents the mean resultstSD values of three different

batches.
Polymer concentration (% w/v) Particle Size(nm) PDItSD
0.05 154.2 £ 3.2 0.10 £ 0.04
0.1 161.5+ 3.7 0.11+£0.09
0.2 268.4+4.0 0.19+0.10
0.5 3476 £5.6 0.32+0.19

Table 4.11. Effect of polymer concentration on particle size and PDI of PCL

nanocapsules. Data represents the mean resultstSD values of three different

batches.
Polymer concentration (% w/v) Particle Size(nm) PDItSD
0.05 167.3+2.8 0.09 + 0.03
0.1 171.5+1.7 0.13+0.10
0.2 293.4 + 3.1 0.18+0.13
0.5 369.6 + 3.4 0.32+0.17

Although the smallest particle size was obtained with 0.05 % w/v concentration of
polymer, there is no significant difference between the concentrations of 0.05 % w/v
and 0.1 % w/v (P>0.05) for both CD and PCL nanocapsules. Even if the polymer
concentration increases two fold (from 0.05 % w/v to 0.1 % w/v,) mean particle size

does not increase by two fold either. Herein providing stability might be an important
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factor at selecting the polymer concentration since polymeric shell has a key position
for protection of encapsulated molecules and maintaining the stability. CD
nanocapsules were prepared without a stabilizing agent, e.g. surfactant, which
means drug stability is mostly yielded by the polymeric wall. PDI values indicated
monodisperse distribution of particles and a higher polydispersity at increasing
polymer concentration. It has been reported that a higher polymer concentration in
the organic phase led to an increase in shell thickness of the nanocapsules obtained
[63]. Therefore polymer concentration that is probably related with the polymeric
wall thickness, is an important parameter in regard to predicting the thickness of this
nanocapsule shell and for the stability thereby. Hence for further studies 0.1 % wi/v

concentration of polymer was retained.

In addition to the effect of polymer concentration, influence of polymer molecular
weight was also investigated. Different types of PCL with molecular weight of
14,000, 65,000 and 80,000 Da were used as formulation parameters as indicated in
Section 3.2.2.1. As it can be shown in Table 4.12. we observed that the larger sized
nanoparticles were obtained with the higher molecular weight polymer, due to higher
organic solution viscosity [230].

Table 4.12. Effect of polymer MW on particle size and PDI of PCL nanocapsules.

Data represents the mean results£SD values of three different batches.

Polymer MW (Da) Mean Particle Size(hm) PDIxSD
14,000 170.3+1.2 0.08 £ 0.04
65,000 181.5+21 0.12 +£0.09
80,000 2184 +2.7 0.14 £ 0.11

Table 4.12. shows that the mean particle size significantly increased with the
increase of MW of PLC (P<0.05) which was in accordance with the result reported
by Budhian et al. [231]. This phenomenon was probably resulted from the increase
of the viscosity of internal phase, thereby decreasing the net shear stress and
increasing the patrticle size [232]. In particular polymers of higher molecular weight
have less entropy loss related to their freedom of motion which results in a higher
affinity to the drug sruface i.e stronger adsorption and slower desorption. According
to the thermodynamic predicton, polymers of higher molecular weights provide
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better stabilization. Polymers of relatively low molecular weights have a redispersion
advantage [233]. Therefore PCL with polymer molecular weight 65,000 was retained

for further studies.
4.2.2. Optimization of oil concentration

This pre-formulation study was performed to select optimum oil concentration with
the goal of not only minimizing the particle size but also maximizing the capacity of
the nanoparticle to dissolve the drug which is directly affected by the oily core of the
nanocapsules. Therefore particle size should be in an optimum range which enables
particles to diffuse and permeate through the biological membranes, but also should
provide the maximum ability for encapsulation of drugs and sustained release. In
nanocapsules the oily core is essential for the solubilization and encapsulation of
hydrophobic drugs, however an increase in the concentration of oil, results in an
increase of nanopatrticle size. Concentration of oil directly relates to the particle size
of nanocapsules which is probably due to the increase in the viscosity of organic
phase [234]. Miglyol 812, is a medium chain caprylic and capric fatty acid triglyceride
and has desired characteristics; it is as hon-toxic, biocompatible and biodegradable.
[211]. Therefore, Miglyol 812 was selected for the preparation of oily core of

nanocapsules.

As shown in Table 4.13. and 4.14., an increase in the concentration of oil resulted
in an increase of nanopatrticle size. This effect was attributed to the increase of the
viscosity of the organic phase, since the higher the oil concentration is, the more
viscous the organic phase becomes. As far as CD nanocapsules are concerned for
all the concentrations tested there is a significant difference (P<0.05) whereas for
PCL nanocapsules there is no significant difference between the concentrations 0.3
% viv and 1 % v/v (P>0.05) in terms of mean particle size. Therefore, the criteria
for selecting oil concentration should be with the intention of maximizing drug
encapsulation [31]. For this reason 1% v/v oil concentration which was expected to

pose higher encapsulation effect than %0.3 v/v, was retained for further studies.
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Table 4.13. Effect of oil concentration on particle size and PDI of CD nanocapsules.

Data represents the mean results£SD values of three different batches.

Oil concentration (% v/v) Particle Size(nm) PDItSD
0.3 1732124 0.07 £ 0.02
1.0 182.5+1.7 0.10 £ 0.04
3.0 296.0 £ 3.5 0.24 £ 0.10

Table 4.14.Effect of oil concentration on particle size and PDI of PCL nanocapsules.

Data represents the mean results£SD values of three different batches.

Oil concentration (% v/v) Particle Size(nm) PDItSD
0.3 1742 £ 1.1 0.09 + 0.04
1.0 1785127 0.12 +0.07
3.0 312.1+2.5 0.31+0.12

4.2.3. Optimization of organic phase to aqueous phase volume ratio

The effect of increased aqueous phase volume was determined by investigating the
particle size of nanocapsules using organic to aqueous phase volume ratio in a
range of 1:1, 1:2 and 1:4 as performed in the literature [59]. Table 4.15. and
4.16.show that the mean particle size is unchanged with the organic to aqueous
phase volume ratio 1:2 and 1:4 which means in terms of particle size there is no
significance difference between these ratios (p>0.05). On the other hand, the
highest value of particle size was obtained with a lower volume of water 5 mL
indicating that at the organic to aqueous phase ratio 1:1 a large increase in particle
size was observed presumably due to the poor phase separation [210]. According
to the studies in literature, several studies were performed by using the ratio of 1:2
O/A for nanoprecipitation method. As it was also indicated by Simées et al [235],
Kshirsagar et al [236] and Limayem et al [230], decreasing the O/A ratio, in other
words increasing the volume of the aqueous phase, results in lower encapsulation
efficiency especially for lipophilic drugs. Therefore 1:2 organic to aqueous phase

volume ratio was selected for further studies.
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Table 4.15. Effect of organic to aqueous phase ratio (O/A) on CD nanocapsules’

particle size and PDI.Data represents the mean results£SD values of three different

batches.
O/A Particle Size(nm) PDIxSD
1:1 341.2+4.7 0.31+0.14
1:2 18251+ 1.6 0.09 £ 0.01
1:4 178.3+2.5 0.07 £ 0.02

Table 4.16. Effect of organic to aqueous phase ratio (O/A) on PCL nanocapsules’

particle size and PDI.Data represents the mean results£SD values of three different

batches
O/A Particle Size(nm) PDIxSD
1:1 3714 +3.3 0.37£0.13
1:2 201.3+2.7 0.12 £ 0.06
1:4 196.6 + 2.5 0.10 £ 0.04

4.2.4. Optimization of surfactant concentration

Since Tween 80 ® could be used as a surfactant in the NCs' formulation process, it
was important to investigate the effect of Tween 80 ® concentration (0.1 %, 0.5%
and 1% v/v) on the particle mean diameter and PDI. According to the results stated
in Table 4.17., smallest particle size was obtained with the concentration of 0.5 %
v/v of surfactant. From the %0.5 v/v data, an increase or decrease in the surfactant
amount produced an increase in nanocapsule mean size. It can be concluded that
a lower concentration of stabilizer than 0.5% v/v was not sufficient to prevent
coalescence during the nanocapsule formation. In other words, an insufficient
amount of emulsifier would fail in stabilizing all the nanoparticles and thus some of
them would tend to aggregate [237]. Adding more surfactant led to more stable
nanocapsule with less coalescence and lower mean size, as shown in Table 4.17.
Above this value, the mean diameter of the nanocapsules increased again. Smilar
results were reported by Khayata et al [238] and Guhagarkar et al [239]. Therefore

0.5 % v/v surfactant was retained for further experiments.
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Table 4.17. Effect of surfactant concentration on PCL nanocapsules’ particle size

and PDI.Data represents the mean results£SD values of three different batches

Surfactant Concentration (% v/v) Particle Size(nm) PDItSD
0.1 219.2+2.2 0.22+0.12
0.5 203514 0.11+£0.05
1 228.6+2.1 0.14 £ 0.09

4.3. Formulation of anionic and cationic CPT loaded nanocapsules

According to the overall formulation development data, 0.1 % w/v polymer, 1 % v/v
oil and 1:2 organic to aqueous phase volume ratio were selected as parameters for
CPT loaded PCL and CD nanocapsule preparation. In addition to these formulation
parameters, polymer molecular weight was selected as 65,000 Da and the

concentration of surfactant as 0.5 % v/v for the preparation of PCL nanocapsules
4.4. Physicochemical characterization of Nanocapsule formulations
4.4.1. Mean particle Size

Mean particle size and polydispersity index of anionic and cationic nanocapsule
formulations are presented in Table 4.18. As it can be clearly seen from the results
both anionic and cationic CPT loaded nanocapsules were in the range of 180 to
220nm with a narrow size distribution. Particle size is a critical determinant of the
biological fate of orally delivered nanoparticles and should be small enough to be
able to promote diffusion through the mucus and uptake by intestinal cells [1]. All
nanocapsule formulations showed a particle diameter ranging up to 200 nm, suitable
to obtain an effective intracellular uptake [240]. The PDI is an approximation of the
broadness of the particle size distribution [241]. PDI values ranging from 0.1 to 0.25
indicate a narrow size distribution while greater than 0.5 related to a broad
distribution [242]. Herein, a low PDI was shown for all the formulations (<0.25)
indicating monodisperse homogenous nanocapsules. Coating with CS resulted in
an increased particle size because the surface of the nanocapsule was believed to

be surrounded by the adsorbed CS molecules [243].
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Table 4.18. Mean diameter and Polydispersity index (PDI) values of CPT loaded
nanocapsule formulations. Data represents the mean resultstSD values of three

different batches.

Nanocapsule Mean Particle Size PDI
Formulations (nm)
PCL 191.3 £3.12 0.09+0.04
CS-PCL 218.1 £5.21 0.22+0.08
CD 187.5 +5.46 0.11+0.05
CS-CD 204.7 £6.05 0.14+0.05

4.4.2. Zeta Potential

Zeta potential is the potential difference between the dispersion medium and the
stationary layer of fluid attached to the dispersed patrticle. [244, 245]. On the other
hand, surface charge density is the amount of electric charge per unit area of space,
indicating that surface charge and zeta potential are not the same but they are

related.

Zeta potential is another important parameter that is related to nanoparticle stability
or aggregation behavior in a dispersion, and can have significant implications on
product performance since zeta potential can be used to predict the monodispersity
(or agglomeration) of particles. Moreover determination of zeta potential is important
in terms of nanoparticle-nanopatrticle interactions and nanopatrticle-cell interactions
as well [246]. Considering the necessity of the interaction between particles and
mucus for oral delivery, surface charge is another important factor which drives the

interaction with the mucus layer and thereby the uptake from Gl tract.

A higher level of zeta potential results in greater electrostatic repulsion forces
between the particles. This repulsion leads to greater separation distances between
particles in the suspension, reducing aggregation/flocculation caused by Van der
Waals interactions [247]. On the other hand, zeta potential values neither highly
negative nor highly positive, perhaps between -15 mV and +15mV would be
appropriate whereas low zeta potential (<5mV) can lead to agglomeration. Zeta
potential is one of the factors which are related with the opsonization rate of

nanoparticles. Opsonization is the process by which a foreign organism or particle
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becomes covered with nonspecific proteins, thereby making it more visible to
phagocytic cells (e.g., monocytes, macrophages, neutrophils and dendritic cells)
[248]. Neutrally charged particles have a much lower opsonization rate than highly

charged particles. [249].

In this study, the ZP values were assessed by determining the particle
electrophoretic mobility using the Malvern Nanosizer [250]. Surface charge of
anionic and cationic nanocapsules were demonstrated between -11 mV and +18
mV. (Figure 4.9). Taking into consideration that zeta potential values obtained from
this work were neither highly positive nor highly negative, indicating that near these
neutrally charged nanoparticles may be protected from opsonization.
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Figure 4.9. Zeta Potential values of CPT loaded PCL, CS-PCL, CD and CS-CD
nanocapsules. Data represents the mean results+SD values of three different
batches.

The zeta potential of chitosan-coated nanocapsules were significantly higher than
that of the non-coated NCs and indicated cationic nature for the nanocapsules due
to protonation of the amino group. (p<0.05). Chitosan coating was found to be

effective in imparting a positive charge to nanocapsules with anionic cores. Thus, it
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is assumed that adsorption of CS on the nanocapsule surface will cause a
modification of the nanocapsule zeta potential as well as mean particle size.

4.4.3. Imaging of Nanocapsules

Morphology of CPT loaded nanocapsules were evaluated as indicated in Section
2.2.1.2. with Scanning Electron Microscopy. SEM imaging is also a tool for justifying
the results obtained from Zetasizer based on DLS measurement. Figure 4.10.
shows typical SEM images of NCs with spherical shapes having smooth surfaces.
It can be clearly seen that SEM photographs confirm that particle size was in a good
correlation with the results obtained by DLS in the Section 4.4.1.
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Figure 4.10. Scanning electron microphotographs of PCL, CS-PCL, CD and CS-
CD nanocapsules.
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4.4.4 Encapsulation Efficiency of Nanocapsules

The ability of nanocapsule formulations of different surface charge to entrap CPT
was evaluated using Camptothecin (10% w/w of polymers) as a model drug. As it
can be seen from the results in Table 4.19., chitosan-coated cationic nanocapsules
have slightly higher association efficiency compared with that of corresponing
anionic nanocapsules. It can be expected that coating nanocapsules with CS will
not result in a significant increase in drug loading since the lipophilic drug CPT will
be largely encapsulated in the oily core of the nanocapsules with a smaller quantity

adsorbed on the nanocapsules surface.

CD nanocapsules have higher encapsulation efficiency compared with PCL
nanocapsules. This may be attributed to the structure of the amphiphilic cyclodextrin
60CAPRO. In fact PCL is a hydrophobic polymer and thereby has the ability to
increase loading capacity of lipophilic drugs, however, amphiphilic cyclodextrins
have a hydrophobic cavity and aliphatic chains which enable drugs to interact with

both the CD cavity and the aliphatic chains as well.

Table 4.19. Associated drug (%) and Entrapment efficiency (%) of CPT loaded

nanocapsules. Data represents the mean resultstSD values of three different

batches
Formulations Associated Drug Entrapment Efficiency
(%) (%)
PCL 39+2 40 £ 1
CS-PCL 46 + 4 51+ 2
CD 47 +3 68 + 1
CS-CD 51+3 731

4.4.5. Invitro release studies of Camptothecin from Nanocapsules

In vitro release of CPT from both cationic and anionic PCL and CD nanocapsules
was performed by dialysis in phosphate buffer saline (pH 7.4). Figure 4.11. shows
the cumulative percentages of Camptothecin released from nanocapsules as a
function of time. Release profiles indicate that in the first 2 hours approximately 25%
of CPT was released from the CD nanocapsules and 30% of CPT from PCL
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nanocapsules. The initial first release was possibly accounted for an amount of CPT
adsorbed on the nanocapsules surface which may facilitate drug release from
nanocapsules. Complete release of encapsulated drug was found within a period of
48 h with a slower rate. (Figure 4.12) This may be attributed to the high affinity of
CPT to the oily core of nanocapsules and its slow diffusion into the aqueous media.
These results suggest favorable release behavior for an effective local cancer
treatment since nanocapsules may accumulate within the tumor tissue and release

the drug in a sustained manner over time.
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Figure 4.11. In vitro release profiles of CPT from anionic and cationic nanocapsules
in pH 1.2 PBS for 4 h. Data represents the mean results £ SD values of three
different batches.
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Figure 4.12. In vitro release profiles of CPT from anionic and cationic nanocapsules
in pH 7.4 PBS for 48 h. Data represents the mean results + SD values of three
different batches.

In addition, anionic nanocapsules released CPT slightly faster than chitosan-coated
cationic nanocapsules. These results might be due to the smaller particle size and
lower drug contents of anionic nanoparticles compared with the chitosan-coated
nanocapsules. Cationic nanocapsules have larger particle size and higher drug
content [251, 252]. Thus drug release rate from nanocapsules could be slower than
that of small size nanocapsules due to the increased surface area with reduced
particle size in analogy to matrix-type nanoparticles [59].

4.4.6. Stability studies for CPT in various media

The failure of CPT in clinical trials is mostly attributed to its stability problem as
described in section 2.3.1. Although CPT has a very potent inhibitory effect,
antitumor efficacy has not been successfully used in cancer therapy due to lactone
ring instability. It is reported that at physiological pH active lactone form rapidly
hydrolyses into pharmacologically inactive carboxylate form, which leads to
unpredictable and severe toxicity [103, 122]. The stable lactone form is not only
critical for CPT’s anticancer efficacy, but also it is responsible for the diffusibility
through membranes since ring opening carboxylate form exhibits poor diffusibility
than lactone form [253]. In addition, the carboxylate form binds to human serum

albumin and hence inhibits its own cellular uptake [212].
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In order to be able to reduce and/or prevent this hydrolysis of biologically active
lactone form into carboxylate form and therefore maintain the stability of CPT, a
stability-dependent analysis was evaluated by HPLC and results were calculated as
percentage quantity of lactone and carboxylate forms at different pH values and as
described in the Section 3.2.4.6

At pH 1.2, all the formulations (PCL, CS-PCL, CD, CS-CD nanocapsules and CPT
solution) exhibited a lactone quantity of higher than 90% which can be attributed to
the acidic pH conditions. Considering the lactone-carboxylate equilibrium these
results are not suprising since at acidic pH, CPT exists in lactone form. (Table 4.20).
As indicated above, at slightly basic conditions i.e pH 6.8, in case of CPT solution,
active lactone form begins to hydrolyse into carboxylate form rapidly indicating that
more than 60% of lactone form was turned into carboxylate form. However, it can
be clearly seen from Table 4.20 that active lactone form of CPT when incorporated
in nanocapsules, was preserved indicating a slight decrease less than 10% of its

content during 48 h for all the formulations.

At physiological pH, the active lactone form of CPT in nanocapsules was preserved
at least for 12 h. (Figure 4.13 to 4.16). In 24 h, approximately 30% of lactone form
was hydrolyes into carboxylate form for anionic nanocapsules, whereas only 15%
of lactone was turned into carboxylate form for cationic nhanocapsules. Even after
48h, more than 60% of lactone form was preserved in the nanocapsules. On the
other hand, by CPT solution, more than 75% of active lactone was already turned
into the carboxylate form after 6 h indicating the rapid hydolysis. After 48 h, only

15% of CPT was found as lactone form in DMSO solution.

Table 4.20. CPT lactone form quantity (%) of different CPT formulations after 48h.

Formulations Lactone Form (%)

pH 1.2 pH 6.8 pH 7.4
CPT in DMSO 96.2+ 2 37.4+1 15.3+2
PCL 95.3+1 90.2+2 64.7+2
CS-PCL 98.1+2 92.4+2 80.6+3
CD 97.2+3 92.8+4 73.44
CSs-CD 98.7+2 93.1+2 85.9+2
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Figure 4.13. Lactone % of CPT both in PCL nanocapsules and in solution form

at pH 7.4. Data represents the mean results +SD (n=3)
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Figure 4.14. Lactone % of CPT both in CS-PCL nanocapsules and in solution form

at pH 7.4. Data represents the mean results +SD (n=3)
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Figure 4.15. Lactone % of CPT both in CD nanocapsules and in solution form at pH

7.4. Data represents the mean results +SD (n=3)
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Figure 4.16. Lactone % of CPT in CS-CD nanocapsules and in solution form at pH

7.4. Data represents the mean results £SD (n=3)

According to the results, it can be clearly seen that at physiological pH, the active
lactone form of CPT was preserved owing to the incorporation of CPT into the

nanocapsules. Considering the structure of nanocapsules, the polymeric wall which
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provides a protection of active molecules against degradation and/or hydrolysis and
the inner oily core which confines the drug molecules, improved together stability of
lactone form. Similar results were observed by Lvov et al [122] and Cirpanli et al.
[254]. Encapsulation of drug molecule into nanocapsules enables the preservation

of active lactone form in the inner core without degradation.

Taking into consideration that the decreasing of the cell membrane binding,
membrane diffusibility, and ineffectiveness of anticancer potency related with the
carboxylate form, these findings obtained from stability indicating HPLC analysis
were found important since the rapid hydrolysis of active lactone form was reduced

by means of nanocapsules.
4.4.7. Physical Stability of Nanocapsules in Simulated Gastrointestinal Fluids

Being able to maintain the stability of both the entrapped drug and drug-loaded
nanocarriers is of primary importance for efficient oral drug delivery. Nanoparticles
should remain stable in the Gl tract while releasing the drug at the appropriate site
and at appropriate rate [255]. Gastrointestinal tract acts as an obstacle for oral drug
delivery due to its structure and chemical constituents. Extensive pH variation, drug
metabolic enzymes in Gl tract and liver, surfactants in Gl tract (e.g bile salts)
constitute biochemical barriers for an effective oral delivery. Since biological fluids
influence the stability of particles, in vitro stability testing in gastric and intestinal
fluids are a priority to investigate [1]. In order to check the Gl stability of
nanocapsules, formulations were incubated with simulated gastrointestinal media
and the changes in mean patrticle size, polydispersity index and zeta potential values
before and after incubation were measured. The effects of simulated gastric fluid
SGF and simulated intestinal fluids on physical stability of CPT loaded

nanocapsules are shown in Table 4.21.
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Table 4.21. Stability of various CPT loaded nanocapsules in SGF; Simulated Gastric

Fluid and SIF; Simulated Intestinal Fluid. Data represents the mean results £+SD

(n=3)
Mean diameter (nm) PDI Zeta Potential (mV)
Simulated
Gl Media Initial Final Initial Final Initial Final
PCL SGFpH1.2 | 208.6%+2.1 214.4+2.2 0.04 0.14 -8.310.9 -2.610.2
SIF pH 6.8 208.6+2.1 230.7£3.1 0.04 0.11 -8.310.9 -3.8£0.4
CS-PCL | SGFpH 1.2 | 220.4+1.3 239.3+3.2 0.21 0.14 +6.2+1.1 | +14.6£1.3
SIF pH 6.8 220.4+1.3 244 .9+2.6 0.21 0.18 +6.2+1.1 | +12.1£1.6
CD SGFpH1.2 | 187.3t2.4 189.412.4 0.09 0.12 -10.4+0.9 | -5.9%1.1
SIF pH 6.8 187.312.4 199.7£2.7 0.09 0.17 -10.4+09 | -7.6x1.0
CS-CD SGFpH1.2 | 197.812.1 189.9+2.4 0.10 0.12 +17.1£2.1 | +19.2+2.5
SIF pH 6.8 197.8+2.1 203.7+1.9 0.10 0.11 +17.1£2.1 | +18.412.6

According to the results it can be seen that both anionic and cationic nanocapsules
were found to be stable in simulated gastric and simulated intestinal fluids. Table
4.21. also indicates that the slightest changes in size, PDI and zeta potential were
observed with CS-CD. (p>0.05). Although, the pH variation in the Gl tract makes it
difficult to maintain particle integrity throughout the Gl tract, nanocapsules hold this
potential to provide particle stability and integrity as well against harsh environment.
As seen from the results, by means of nanocapsules an immediate desorption of
particles could be prevented in both gastrointestinal fluids, due to the polymeric wall
of nanocapsules surrounding the encapsulated drug. This represents an important
finding as nanocapsules must remain stable in gastrointestinal fluids until they reach
absorption site [256]. Hence stability of CPT was provided by the protective effect
of nanocapsules and physically stable nanoparticles would increase the
consequential efficacy of CPT due to increased residence time in Gl tract as well as

better uptake and absorption of the drug [257].
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4.4.8. Interaction with Mucus

Prolonged residence time in Gl tract is one of important factors in oral drug delivery
in order to maintain drug-loaded nanocarriers in full contact with the intestinal
epithelial membrane and then allow drug absorption by the Gl tissues. Most of the
orally administered particles are not retained and are eliminated fastly through the
Gl tract [13]. Nanocarriers are expected to adhere to the mucus and to cross the
mucus layer thereafter. Interaction between particle and mucin influences
nanoparticle retention time at the mucosal surface in Gl tract. In order to increase
nanoparticle interactions with the intestinal mucosa, its surface can be suitably
modified by adsorption or chemical grafting of hydrophilic (e.g. PEG) or
mucoadhesive (e.g. chitosan) macromolecules [197]. Mucoadhesion has been
commonly employed in the attempt to improve residence time of particles [19].
Mucoadhesive nanocarriers have been designed to present strong interaction with
the mucus and thus to prolong residence time of the nanocarriers on the mucosal
surface. Nanoparticle surface charge plays an important role in driving interaction
with mucus since negatively charged intestinal mucosa attracts positively charged
nanoparticles and the strong interactions with mucus could increase retention at
mucosal surface. In this way nanoparticles decorated with cationic polymers like

chitosan and its derivatives could increase residence time in the Gl tract [258].
Turbidimetric Measurement:

Mucoadhesion studies were performed by measuring the turbidity at 650 nm of
nanocapsule dispersions in the presence or not of mucin [214]. As shown in Figure
4.17 and 4.18 absorbance (ABS) of the reference mucin dispersions was very low
(being within the range 0.010-0.015). For aqueous dispersions of all the
nanocapsule formulations, at each time-point significantly higher values of ABS
were observed due to light scattering. In the presence of chitosan-coated cationic
nanoparticles, ABS significantly increased after nanoparticle addition to mucin
(P<0.05). Results suggest that CS coated cationic nanocapsules have a higher
tendency to interact with mucin as compared with anionic nanocapsules which can
be attributed to chitosan coating [13]. Stability of CPT was provided by the protective
effect of nanocapsules and physically stable nanoparticles would increase the
consequential efficacy of CPT due to increased residence time in Gl tract as well as

better uptake and absorption of the drug [7].
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Figure 4.17. Absorbance (ABS) at 650 nm of PCL formulations either in water or in

mucin dispersion as a function of time. Data represents the mean results £SD (n=3)
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Figure 4.18. Absorbance (ABS) at 650 nm of CD formulations either in water or in

mucin dispersion as a function of time. Data represents the mean results £SD (n=3)
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Characterization of Nanocapsules in Mucus: Particle size and Zeta Potential

Measurement

The interaction between nanocapsules and mucin dispersion was then assessed by
means of chacterization of particles in the presence of mucin in terms of mean

particle size and, zeta potential values as described in the section 3.2.4.8.

Table 4.22. shows the zeta potential values of nanocapsules in mucin dispersion
and mucin dispersion itself as reference. As seen from Table 4.22, mucin dispersion
has a negative surface charge having a zeta potential value of -9.27 mV. The
strongly positive zeta potential values of cationic PCL and CD nanocapsules (+20.9
mV and +11.5mV, respectively) was inverted to +14.6 mV and +7.9 mV, respectively
by the addition of formulations into mucin dispersion. This significantly increase in
the zeta potential values (p<0.05) of particles in the presence of mucin shows that
there is an interaction between the cationic hanocapsules and negatively charged
mucin. [214, 259]. On the other hand, for the anionic nanocapsules the negative

zeta potential value did not significantly differ in the presence of mucin (p>0.05)

Table 4.22. Mean particle size, PDI and zeta potential values of formulations in the

presence of mucin or not. Data represents the mean results £SD (n=3)

Nanocapsule Zeta Potential (mV) Zeta Potential (mV)
Formulations (nm) Mucin (+)
Mucin -9,27 £1.23 -
PCL -8,13 +1.34 -10,20 £ 1.29
CS-PCL +20,9 £+ 1.74 +14,62 + 1.88
CD -12,2 £1.09 -14,17 £ 1.56
CS-CD +11,5 +1.87 +7,13 £ 1.67

The particle size determination of formulations in the presence of mucin was well
correlated with zeta potential values indicating the mucin-particle interaction
between the nanocapsules and musin dispersion. As seen in Table 4.23, mean
particle size was changed after 60 min of incubation with mucin by all the
formulations. On the other hand, the reduction in particle size was significant only
with cationic nanocapsules (p<0.05). It was promising that no aggregation of

nanocapsules were observed both in contact with SGF and SIF or mucin as other
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researchers came across with uncoated nanoparticles [214]. Chitosan coating was
beneficial in maintaining nanocapsule integrity. Slight reductin in size observed only
for CS coated nanocapsules can be attributed to the mindr degredation of CS

dependent on deacetylation degree [260].

Table 4. 23. Mean particle size of nanocapsules in the presence of mucin or not.

Data represent the mean results +SD values of three different batches

Mean particle size (nm) PDI
PCL 205,72 204,41 204,943 0,082 0,085 0,093
M-PCL 202,11 200,3+2 197,112 0,076 0,083 0,081
CS-PCL 241,613 243,14 243,214 0,231 0,217 0,205
M-CS-PCL 232,243 228,312 2247+3 0,169 0,147 0,123
CD 200,31 199,412 201,5+2 0,101 0,096 0,103
M-CD 194,342 192,544 188,941 0,092 0,089 0,940
CS-CD 224,14 221,3+2 223,53 0,201 0,193 0,197
M-CS-CD 208,312 201,43 193,412 0,167 0,159 0,164

4.4.9. Artificial Mucus Studies
Construction of Calibration Curve

CPT calibration curve with was constructed according to the method described in
the Section 3.2.4.9 with spectrofluorophotometer.The calibaration curve is obtained
by plotting the fluorescence intensity versus CPT concentration as seed in Figure
4.19. The slope from 6 different series were calculated along with intercept and

correlation coefficient as it can be seen in Table 4.24.

Table 4.24. Linear regression data from spectroflorometric analysis for CPT

Parameter Data
Concentration Range 0.005-0.02 pgl/mL
Slope 37285
Intercept + 6.2517
Correlation Coefficient 0.9993
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Figure 4.19. Calibration Curve and regression equation from Spectroflorometric
assay for CPT.

The calibration curve shows that the method was linear in the range of 0.0051-0.02
ug/mL. The square correlation coefficient (R?), which also proves the linearity, was
found to be 0.9993 which is very close to 1 indicating absolute linearity.

Penetration through Artificial Mucus

When drugs or drug loaded nanoparticles reach the intestinal epithelial cells, they
must penetrate through an aqueous mucus layer. Behaviour of nanopatrticles in the
Gl tract is influenced by their mucoadhesive properties; adhesion of nanoparticles
to the mucosa enhances absorption of the associated drug, thus increasing
bioavailability [261]. However, mucoadhesive nanocarriers can also be trapped in
the sticky mucus and then be swept away. Therefore, in addition to the importance
of adhesiveness of nanocarriers, penetration capability through mucosa is a key
factor [13].

In order to calculate amount of the CPT penetrated through the mucus, studies in a
model of mucus covered epithelium were performed. The results obtained from the
spectrofluorometric analysis led us to perform a quantitative analysis of the different
nanocapsule formulations. As shown in Figure 4.20. penetration of CPT through
artificial mucus was found to be significantly higher for CD nanocapsules than PCL

nanocapsules (p<0.05) which may be attributed to cyclodextrin characteristics since
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it is well known that cyclodextrins can enhance the permeation of poorly soluble
drugs through biological membranes [262]. Indeed, nanocapsules are penetrating
inside the mucus layer and are also releasing CPT. The overall result is that CS-

coated nanocapsules give the higher amount of CPT able to reach the gelatin layer.
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Figure 4.20. Amount of CPT penetrated through a mucus covered gelatin layer from
different nanocapsule formulations after 24 h. Data represent the mean results £ SD

values of three different batches.

A combination of surface charge and particle diameter plays the major role in affinity
for penetration through membranes. Results with chitosan coated nanocapsules
showed the highest fluorescent intensity, in agreement with the enhanced
mucoadhesion properties reported for CS coated nanosystems [263]. The lower
fluorescent response observed with the anionic PCL nanocapsules appeared to be

related to the negative surface charge of these nanocapsules [264].

It is well known that surface chemistry of the particle has the influence on its

transport through the mucus [265]. In order to penetrate mucus, nanoparticles must

114



be small enough to be able to diffuse through the mucus and mucoadhesive to
prolong retention time and contact with mucosa. Furthermore, nanoparticles must
avoid rapid mucus clerance and steric inhibition by the fibre mesh of mucin as well
[266]. In conclusion, a balance between mucoadhesion and mucus penetration

should be taken into account for an efficient oral delivery [27].

It has been reported that CD can be considered as ideal penetration enhancers
since they can improve drug penetration through the membranes without affecting
biological barriers. Biological membranes are lipophilic and only molecules with an
optimal lipophilic/hydrophilic balance can penetrate through them. On the other
hand, passive diffusion occurs with high drug concentration outside the cells
generating the driving force for drug entry inside cells. Therefore CD acts as
“penetration enhancer” by keeping the drug in the hydrophobic cavity and by
increasing drug availability at the surface of the biological barrier resulting in the
enhancement of drug permeation [262, 267].

4.5. Cell Culture Studies

In vivo studies were performed with CD and CS-CD nanocapsule formulations which

gave the most promising results in in vitro studies.
4.5.1. Cytoxicity assay

L929 cell line is the recommended cell line by the USP to test cytotoxicity of
polymeric systems [268] since it has the advantages of easy to culture and
subculture in vitro, breed rapidly and easy to store, it was applied as cell lines of
cytotoxicity evaluation for many materials [269]. Hence, L929 cell line was used in
this study to investigate whether the toxicity of nanocapsules is associated with the
polymer material itself or not. Cytotoxicity of blank anionic and cationic CD
nanocapsules was evaluated against L929 cell line with MTT assay. Figure 4.21.
shows the cell viability of L929 mouse fibroblast cells after 48 hours of incubation
with unloaded CD nanocapsules at dilution rates 1:8, 1:16, 1:32, 1:64 and 1:128.
According to the results, no significant difference was observed between anionic
and cationic CD nanocapsules in terms of cell viability values for all the
concentrations tested (p>0.05). It is also seen that toxicity of blank nanocapsules
were concentration dependent and from the dilution rate 1:16 v/v (concentration is

3.125 ug/mL) on, blank nanocapsules were suggested to be safe. Furthermore,
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considering the dilution nanoparticles undergo in the body, the toxicity profile is
dose-dependent and considered safe in the light of studies that are designed in the

same way in literature [254, 270].
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Figure 4.21. Cell viability of blank CD and CS-CD nanocapsules against L929 cell
line after 48 h incubation. Data represents the mean results +SD (n=3) (5 x103
cells/100 uL per well)

4.5.2. Anticancer Efficacy

Anticancer efficacy of CPT loaded anionic and cationic CD nanocapsules and free
CPT was evaluated as described in section 3.2.5.2. Figure 4.22. shows the viability
of MCF-7 cancer cells after 72 hours of incubation with the formulations diluted with
DMSO at a dilution rate 1:16. Cytotoxic effect of both anionic and cationic
nanocapsule formulations has investigated in comparison with CPT solution (CPT
in DMSO) at a concentration of 3.125ug/mL. Cell viability is expressed as the ratio
between the amount of formazan produced by cells treated with different
formulations (CD and CS-CD nanocapsule dispersions) and non-treated (control)

cells.
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Figure 4.22. Viability of MCF-7 cells treated with CPT loaded CD and CD
nanocapsules in comparison with CPT in solution form (DMSO). Data represents
the mean results +SD (n=3). (1x10* cells/100 uL per well)

Results indicate that both of the CD nanocarrier systems caused higher cancer cell
death than CPT in DMSO resulting in a significant difference between the
formulations and free CPT (p<0.05). Furthermore chitosan coated cationic
nanocapsules showed significantly higher cytotoxic effect compared with the anionic
nanocapsules (p<0.05). This increasing cytotoxic effect can be attributed to the
surface charge of coating material, Chitosan [263]. CS coated cationic NCs
exhibited a stronger affinity for the negatively charged cell membrane [271]. CS can
increase the chance of cellular uptake of nanoparticles by improving the residence
time at the cellular surface due to the electrostatic interaction between the cell
membrane and nanoparticle since positively charged CS has the ability to interact
with negatively charged surface membrane of cells via electrostatic forces [272].

4.5.3. Caco-2 cell monolayer permeability assay

In vitro transport studies were carried out accross the human adenocarcinoma
Caco-2 cell line, which is a widely used model for intestinal drug absorption and
widely employed to mimic GI barrier for oral chemotherapy [1]. Caco-2 cell line is a
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valuable model for studying gastrointestinal drug absorption. When cultured as a
monolayer, Caco-2 cells differentiate to form tight junctions between cells to serve
as a model of paracellular movement of compounds across the monolayer. In
addition, Caco-2 cells express transporter proteins, efflux proteins, and Phase I
conjugation enzymes to model a variety of transcellular pathways as well as
metabolic transformation of test substances. In many respects, the Caco-2 cell
monolayer mimics the human intestinal epithelium [215]. An improved permeability
might be a first step in predicting blood concentration of the drug with appropriate
pharmaceutical effect [132] and rates of absorption (determined as apparent
permeability coefficients) could be determined by means of Caco-2 cell assay.
Hereby, the permeation of CPT both in solution form and in nanocapsule
formulations across the Caco-2 cell monolayer is reported in Figure 4.23. as
apparent permeability coefficient. Results indicate that in terms of permeability
coefficients, there is a significant difference between the formulations and free CPT
(CPT in DMSO) (p<0.05). Encapsulation of CPT in nanocapsules increased CPT

transport 3 fold compared with free CPT.
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Figure 4.23. Apparent permeability coefficient (Paap) of different CPT formulations:
CPT in DMSO solution, CPT loaded CD and CS-CD nanocapsules. Data represents

the mean results £SD (n=3)
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Even though particle size plays a critical role for the penetration through
membranes, the reason for the lower permeability coefficient that free CPT
displayed can be attributed to the lactone-carboxylate equilibrium of CPT. It is
known that CPT exists in two forms depending on the different pH values. Active
lactone form of CPT rapidly hydrolyses into inactive carboxylate form at neutral or
physiological pH. As it was indicated in section 3.2.5.3. for the Caco-2 permeability
assay, all the formulations were diluted with HBSS solution at pH 7.4. At this pH, it
is known that active lactone form of free CPT was rapidly turned into inactive
carboxylate form and it is reported that active lactone form is essential for the
diffusion of the drug through membranes and inactive carboxylate form shows poor
diffusibility when compared to lactone form [212]. On the other hand, nanocapsules
have the ability to maintain the stability of CPT at this pH by reducing rapid
hydrolysis and probability of the occurrence of carboxylate form as reported in the
section 4.4.6. Hence encapsulation of CPT in nanocapsules results in an
enhancement of the lactone form rate thereby improving permeability. In addition to
this stability effect, CDs as absorption enhancers play also an important role in the

improvement of CPT permeability when formulated with nanocapsules.

Although the differences between anionic and cationic formulations are not
significant (p>0.05), CS coated cationic nanocapsules were able to better penetrate
into cells than anionic nanocapsules probably due to higher cellular adhesion and
increasing residence time at cell surface provided by CS molecules [273].This
finding confirms the electrostatic interactions between positively charged CS amino
groups and the negatively charged cell membrane. Therefore, the penetration of CS
coated cationic CD NCs was greater than the anionic CD NCs. [274, 275].

4.6. In vivo studies

Intestinal permeability of potential new drugs is a primary concern as part of the drug
development process and a variety of in vitro assays for determination of intestinal
absorption of pharmaceutical compounds has been developed such as everted gut
sacs, Caco-2 cell monolayer, intestinal mucosa/using chamber, isolated membrane
vesicles. However, in vitro activity determined from in these in vitro assays do not
guarantee in vivo efficacy. Therefore, in vivo studies were performed with an animal
model on mice. In vivo studies were conducted with CD and CS-CD nanocapsule

formulations which gave the most promising results in in vitro and cell culture
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studies. In order to study cellular uptake of nanoparticles in vivo, the use of
fluorescently or radioactively labeled nanoparticles is the most common
experimental approach found in the literature [276]. For this reason Nile Red (NR)
was used as fluorescent dye for in vivo uptake studies. NR is a hydrophobic, highly
fluorescent dye that has been extensively applied for intracellular detection and
quantification of particles in biological environment [277]. NR is highly soluble in the
lipids indicating the facility of incorporation of dye into nanocapsules’ oily core
nanocapsules and it does not interact with any tissue constituent except by solution
[278]. Therefore in this part of thesis, CD and CS-CD nanocapsules were formulated
with NR for in vivo studies and NR loaded anionic and cationic CD nanocapsule
formulations were evaluated in terms of in vitro characterization and intestinal

uptake.
4.6.1. Construction of Calibration Curve for Nile Red

Nile Red calibration curve was constucted according to the method described in the
Section 3.2.6.1. with spectrofluorophotometer. The calibration curve of fluorescence
intensity versus its corresponding Nile red concentration was shown in Figure 4.24.
The slope from 6 different series were calculated along with intercept and correlation
coefficient as it can be seen in Table 4.25.

Table 4.25. Linear regression data obtained from Spectroflorophotomer analysis for
Nile Red.

Parameter Data
Concentration Range 0.005-0.05 pgl/mL
Slope 17571
Intercept + 19.508
Correlation Coefficient 0.9992

The calibration curve shows that the method was linear in the range of 0.005-0.05
ug/mL. The square correlation coefficient (R?), which also proves the linearity, was

found to be 0.9992 very close to 1 representing absolute linearity.

120



Nile Red
1000

900

800

700
y =17571x + 19,508
R?=0,9992

600

500

400

300
200

Intensity (arbitrary unit)

100

0 T T T T T 1
0 0,01 0,02 0,03 0,04 0,05 0,06

Concentration (ug/mL)

Figure 4.24. Calibration Curve and regression equation from Spectroflorometer

analysis for Nile Red.

4.6.2. Preparation of Nile Red loaded Nanocapsules

To determine nanoparticle uptake by the GI tissues, fluorescent labelled (NR
loaded) anionic and cationic CD nanocapsules were prepared and characterized in
terms of mean particle size, PDI and zeta potential values as described in the
section. The experimental NR loading was quantified using the florescence intensity
of each nanocapsule formulation. Associated Drug (%) was then calculated

according to the formula (1) and results were summarized in Table 4.26.

Table 4.26. Mean diameter, Polydispersity index (PDI), Zeta potential (mV) and
Entrapment efficiency (%) of NR loaded nanocapsules. Data represents the mean

results + SD values of three different batches.

Formulations Diameter PDI Zeta Potential Associated
(nm) (mV) Drug (%)

CD 190.6 +5.2 0.05 -8.3+0.9 78.9+ 2.3

CS-CD 197.8 +3.4 0.09 +8.4 +1.2 83.7 1.7
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As presented in Table 4.26. both anionic and cationic NR loaded nanocapsules have
a particle size below 200 nm which is suitable to obtain an effective intracellular
uptake [279]. Both of the formulations showed a narrow size distribution indicating
low PDI index values (<0.1) Surface charge of anionic and cationic nanocapsules
were demonstrated as -8.34 mV and +8.48 mV respectively. Encapsulation
efficiency of nanocapsules were quite high for both anionic and cationic

formulations.
4.6.3. Recovery Experiment

The recovery experiment is performed to estimate proportional systematic error and
IS important in respect to determination of the accuracy of the method.
[280]Recovery experiment enabled to calculate real amount of nanoparticle uptake
in percentage accurately and in this thesis, it was carried out for the normalization
of the results obtained by nanopatrticle uptake studies. For this reason, prior to the
in vivo particle uptake study, a recovery calculation was performed initially as
described in the section 3.2.6.4 by calculating the NR content recovered from the
Gl tissues. Table 4.27. represents the results as percentage recovery (%) upon

direct administration of formulations on different intestine tissues and stomach.

Table 4.27. Recovery (%) of NR upon direct administration on different intestine

segments and stomach.

Formulations Mean Recovery (%) Mean Recovery (%)
Intestine Stomach
CD 82.9+3.8 34.917.6
CS-CD 94.2+8.2 32.0+1.5

As itis shown in Table 4.27. average recovery from intestines was found 82.9% and
94.2% for anionic and cationic formulations respectively. On the other hand, from
the stomach average recovery was found 34.9% and 32.0 % for anionic and cationic
formulations respectively. It can be clearly seen that mean percentage recovery is
quite high by intestine tissues whereas quite low by stomachs. This is quite
understandable since intestine tissues play the major role in the absorption of

particulates. Recovery of NR from intestines was significantly higher with cationic
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nanocapsules (p<0.05). However in case of stomach, there is no significant
difference between the formulations of anionic and cationic nanocapsules (p>0.05).
In addition to the NR loaded nanocapsules, blank nanocapsules were also
evaluated for the interfrence. According to the results blank nanocapsules exhibited

no interference with NR loaded nanocapsules.
4.6.4. Nanoparticle Uptake Studies

In order to achieve an efficient absorption, nanoparticles must be taken up from the
Gl tract with a sufficient rate and extent. Anionic and cationic CD nanoparticle
uptake by the Gl tract region of mice was evaluated after oral gavage. Results are
obtained after the normalization of data with the percentage recovery calculated as
the section 3.2.6.5. Figure 4.25. shows the percentage uptake of anionic and

cationic CD nanocapsules by stomach and intestine segments.
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0,0

stomach intestinel intestine?2 intestine3 intestine4
CD 4.6 16,2 14,5 10,4 13,9
CS-CD 43 19,9 17,0 17,1 15,2

Figure 4.25. Percentage uptake of CD nanocapsules and CS-CD nanocapsules in
mice stomach and intestine segments. Values are in mean £ SD (n=3).

From these data it is evident that most of the particles were detected in the intestine

whereas only small amounts of the particles were observed in the stomach. Around
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55% of CD nanocapsules and 69 % of CS coated CD nanocapsules were found in
the intestines. On the contrary, only 4.6% of the administered dose of CD
nanocapsules and 4.3% of CS-CD nanocapsules were taken up in stomach. A total
of 59.6 % was detected for uncoated CD nanocapsule whereas increased to 73.6%
by coating with CS and giving the NCs a positive charge. These results are
promising since en effective oral delivery should allow the passage of drugs through
the stomach in a protective structure and then release them later in the Gl tract to
allow their absorption. The results also indicate that intestinal uptake was
significantly higher with CS coated cationic nanocapsules than anionic
nanocapsules (p<0.05) which may be attributed to the coating material Chitosan, a

known penetration enhancer and mucoadhesive polymer [252, 281-283].
Nanoparticle uptake is believed to be closely related to the following factors :

v the small size which allow them to be easily transported through barriers,
the mucus in the mucosal epithelium by passive or active transport [284],

v structure of nanoparticles which improves penetration through and into
cells, delivering drugs without suffering extracellular degradation [285],

v the bioadhesion of the nanoparticles which contributes to the increase in
the residence time of the drug on the tissue, leading to an enhancement
of the substance penetration [286],

v controlled release property provided by nanoparticles, which can prolong
the release thereby increase the contact time of the drug with the mucosa.
Therefore, the nanoencapsulation of a hydrophobic active ingredient,
especially in positively charged nanocapsules, could increase the
penetration through mucosa, improving the drug’s efficacy. Moreover, an

increase in penetration could also enable a reduction of dose. [285]

Briefly as for particle uptake by phagocytic cells, physicochemical properties of
particles have been described to play a crucial role in their interaction with epithelial
barriers. Size and surface charge being the more readily accessible parameters for
characterizing particles, have been shown to be essential regarding their interaction
with cells, since a smaller particle size is often correlated with a greater extent of
uptake [287].
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5. CONCLUSION

This thesis is focused on a multidisciplinary study of a novel drug delivery system to

produce nanocapsules for pharmaceutical application. The system under

investigation comprises PCL and CD as core polymers and CPT as a model drug.

Both PCL and CD were successfully used in nanocapsule production, main

parameters were investigated and evaluated. Conclusions obtained in the light of

data from this thesis are as follows:

1.

All nanocapsule formulations were observed with appropriate mean particle
size (<220nm) , PDI (<0.2) and zeta potential values.

Validated HPLC method for the assay of active and inactive forms of CPT
was found to be linear, precise, accurate, specific with low limits of detection
and quantification for CPT. This analytical method was proved to be valid for
the quantitative determination of CPT in both lactone and carboxylate forms.
Encapculation efficiency of CPT were very high in both the systems. The
encapsulation efficiency of CD nanocapsules were higher than PCL
nanocapsules and this loading property could further be improved by coating
with cationic polymer CS.

Drug release experiments highlighted a sustained release of CPT from
nanocapsules within a period of 2 days, due to the great affinity of the
lipophilic drug to the inner core. CPT was not released in gastric conditions
but liberated in intestinal media.

Nanocapsule formulations could maintain their stability and integrity in
simulated gastric and intestinal fluids during incubation time.

CD nanocapsules displayed significantly higher penetration than PCL
nanocapsules through artifical mucus model and penetration was found
higher with positively charged nanocapsules than negatively charged
nanocapsules. (p<0.05)

Compared with CPT in solution form, all the formulations could maintain the
active lactone of CPT in physiological conditions up to 48 h preventing
hydrolyis of active lactone form into inactive carboxylate form. Therefore

nanocapsules and the encapsulated drug were stable under Gl conditions.

125



8. Turbidity studies showed that there is a strong interaction between positively
charged nanocapsules and mucin. These results were found in accordance
with characterization results of nanocapsules when incubated in mucus and
further supported the time-dependent mucoadhesive characteristics of the
nanocapsules.

9. Blank CD nanocapsules displayed no cytotoxic effect against L929 mouse
fibroblast cells.

10. Anticancer efficacy of CPT bound to anionic or cationic CD nanocapsules
were found to be significantly higher than CPT solution. (p<0.05)

11. In vitro transport studies across Caco-2 cell line showed that apparent
permeability coefficient of anionic and cationic CD nanocapsules were
significantly higher than CPT in solution form. (p<0.05). CS coating resulted
in higher intestinal permeabiltiy.

12. In vivo studies on mice indicated that nanoparticle uptake by intestinal
tissues were significantly higher with positively charged nanocapsules
(p<0.05). Total Gl uptake of active ingredient was increased from 59% to
73% by CS coating

The novelty of this work is that Camptothecin loaded amphiphilic CD and PCL
nanocapsules were developed and evaluated for oral chemotherapy for the first
time. The results obtained from this thesis suggest that CD nanocapsules offer a
new strategy for the development of a safe and effective oral chemotherapy. The
drug loading and cellular interaction of the CD nancapsules can easily be modulated
by coating with a positively charged biocompatible material with penetration
enhancer properties such as chitosan. Thus, CPT loaded CD nanocapsules can be
effective in improving the oral bioavailability and decreasing the dosing frequency,
thereby minimizing the dose dependent adverse effects and maximizing the

patients' compliance.

Considering the advantages of oral chemotherapy, oral nanoparticulate drug
delivery systems show such distinct advantages that they are able to bypass a
series of biobarriers during oral absorption. Oral nanoparticulate delivery of
anticancer agents has shown promising applications in simplifying the therapeutic
procedures, prolonging survival time for patients and improving the cancer patient's

life quality.
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Formulation and in vitro characterization of oral polycaprolactone nanocapsules
intended for breast cancer therapy

Hale Unal’, Erem Bilensoy™”

“Institute of Science, Department of Nanotecnology and Nanomedicine, Hacettepe University, 06800,
Beytepe, Ankara, Turkey

bFaculty of Pharmacy, Department of Parmaceutical Technology, Hacettepe University, 06100 Sthhiye,
Ankara, Turkey

Nanocapsules are vesicular systems in which a drug is confined in a cavity consisting of an
inner liquid core surrounded by a polymeric membrane'. Due to their high loading capacity for
lipophilic drugs and decreased toxicity with targeting properties, nanocapsules have potential
application in cancer therapy. The aim of this study was to design oral nanocapsules for poorly soluble
anticancer drugs using polycaprolactone nanocapsules. For this reason, nanoprecipitation method was
investigated with changing variables such as the amount of surfactant, ratio of organic to aqueous phase
and molecular weight of polymer.

The preparation of nanocapsules by nanoprecipitation method was performed with 5mg PCL
(MW 14.000, 65.000 and 80.000) and 50 pl Miglyol 812 dissolved in 5 ml aceton, injected to an
aqueous phase (5ml,10 ml,20ml) containg hydrophilic surfactant Polysorbate 80 (%0,1, %0,5 and
%]1)(v/v) under magnetic stirring. Organic solvent was then evaporated under vacuum.

Mean particle size, polydispersity index and zeta potential of nanocapsules were measured by
using Malvern Zetasizer with Low Angle Laser Light Diffraction technique. Mean particle size,
polydispersity index and zeta potential of nanocapsules were reported to be 214nm, -10,5mV and 0,16
for the formulation containing %0,1(v/v) surfactant, 183nm, -6,62mV and 0,11 for the formulation
containing PCL MW 14,000 and 224nm, -15V and 0,101 for the formulation with organic to aqueous
phase ratio 1:2 respectively. According to this study, optimum formulation is yielded with PCL MW
14,000, the ratio of organic phase to aqueous solution 1:2(v/v) and %0, 1(v/v) hydrophilic surfactant by
using nanoprecipitaton method. In conclusion, preparation variables such as concentration of stabilizer,
molecular weight of polymer, ratio between aqueous and organic phases proved to be important factors
for formulation of nanocapsules with appropriate in vitro properties.

References

1. C.E. Mora-Huertas et al. Polymer-based nanocapsules for drug delivery. Int J Pharm 2010;
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Chitosan coated Oral Polycaprolactone Nanocapsules for Cancer Therapy: Effect
of Formulation Parameters on Particle Size

H. Unal, E. Bilensoy?
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University, Beytepe, Ankara, Turkey

2Department of Pharmaceutical Technology, Faculty of Pharmacy, Hacettepe Univesity, Sihhiye,
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Nanocapsules are vesicular systems in which a drug is confined in a cavity consisting of an inner
liquid core surrounded by a polymeric membrane. Due to their high loading capacity for lipophilic
drugs and decreased toxicity with targeting properties, nanocapsules have potential application in
cancer therapy. The advantages of using nanoparticles for drug delivery are a result of two main
basic properties: small size and use of biodegradable materials. Nanoparticles, because of their
small size, can extravasate through the endothelium in inflammatory sites, epithelium (e.g.,
intestinal tract and liver), tumors, or penetrate microcapillaries. Positively charged colloidal drug
carriers have shown interesting properties with respect to the negatively charged systems: they
have improved stability in the presence of biological cations and their interaction with negatively
charged biological membranes is facilitated. In this sense, it is believed that positively charged
drug carriers will be favorable due to their facilitated interaction with epithelia and improved
capacity for the transport of drugs.

The aim of this study is to design oral cationic nanocapsules for poorly soluble anticancer drugs and
investigate formulation parameters on particle size.For this reason, nanoprecipitation method was
investigated with changing formulation parameters such as the amount of surfactant, concentration
of oil, ratio of organic to aqueous phase and molecular weight and concentration of polymer.

The preparation of nanocapsules by nanoprecipitation method was performed with the
polymer,Polycaprolactone (concentration varies from %0,05-%0,5) and oil, Miglyol 812
(concentration varies from % 0,3-%1) dissolved in organic solvent (aceton), injected to an
aqueous phase containing hydrophilic surfactant, Polysorbate80 (concentration varies from % 0,1-
% 1) under magnetic stirring. Finally organic solvent was evaporated under vacuum. For each
formulation, the amount of surfactant, concentration of oil, ratio of organic to aqueous phase and
molecular weight and concentration of polymer were investigated by changing these variables. The
optimal formulation was selected and then coated with positively charged polymer, Chitosan to
obtain cationic nanocapsules.

Mean particle size, polydispersity index and zeta potential of nanocapsules were measured by using
Malvern Zetasizer with Low Angle Laser Light Diffraction technique. Mean particle size,
polydispersity index and zeta potential of nanocapsules were reported to be 214nm, -10,5mV and
0,16 for the formulation containing %0,5(v/v) surfactant; 173nm, -7,87mV and 0,087 for the
formulation containing %0,3(v/v) oil; 215nm, - 5,62 mV and 0,122 for the formulation containing
%0,1 (w/v) polymer; 183nm, -6,62mV and 0,11 for the formulation containing PCL MW 14,000
and 224nm, -15V and 0,101 for the formulation with organic to aqueous phase ratio 1:2
respectively.

According to characterization results, optimum formulation parameters were selected that’s PCL
concentration %0,1,(w/v), oil concentration %0,3 (v/v), PCL MW 65,000 (g/mol), ratio of organic
phase to aqueous solution 1:2(v/v) and hydrophilic surfactant concentration %0,5(v/v) in order to
coat nanocapsules with %0,05 (w/v) Chitosan. Finally, the optimal chitosan coated nanocapsule
formulation is yielded with mean particle size 281 nm, polydispersite index 0,251 and zeta
potential +20,1 mV respectively. It was also found that prepared nanocapsules are stable in
solution for three months under natural conditions.

Keywords: cancer, nanocapsule, polycaprolactone
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Formulation and /n Vitro Characterization of Oral
Polycaprolactone Nanocapsules in Breast Cancer Therapy
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Introduction

Nanocapsules are vesicular systems in which a drug is
confined in a cavity consisting of an inner liquid core sur-
rounded by a polymeric membrane(1). Due to their high
loading capacity for lipophilic drugs and decreased toxic-
ity with targeting properties, nanocapsules have poten-
tial application in cancer therapy. The advantages of using
nanoparticles for drug delivery are a result of two main basic
properties: small size and use of biodegradable materials.
Nanoparticles, because of their small size, can extravasate
through the endothelium in inflammatory sites, epithelium
(e.g., intestinal tract and liver), tumors, or penetrate micro-
capillaries.(2).

The aim of this study was to design oral nanocapsules
for poorly soluble anticancer drugs using polycaprolactone
nanocapsules. Positively charged colloidal drug carriers have
shown interesting properties with respect to the negatively
charged systems: they have improved stability in the pres-
ence of biological cations and their interaction with nega-
tively charged biological membranes is facilitated. in this
sense, it is believed that positively charged drug carriers will
be favorable due to their facilitated interaction with epithe-
lia and improved capacity for the transport of drugs (3).The
aim of this study is to design oral cationic nanocapsules for
poorly soluble anticancer drugs and investigate formulation
parameters on particle size. for this reason, nanoprecipita-
tion method was investigated with formulation parameters
such as surfactant concentration, oil volume, ratio of organic
to aqueous phase and molecular weight and concentration
of polymer.

Materials and Methods
Materials
The polymer, Polycaprolactone (MW:14kDa, MW:65kDa,

MW: 80kDa) was purchased from Aldrich, the oil, Miglyol
812(Capric/Caprilic Triglyceride) was purchased from Con-
dea Chemie GmbH, surfactant Polysorbate 80 was pur-
chased from Merck and Chitosan (Protosan ® G113, MW<200
kDa, deacetylation degree 75-90%) was purchased from FMC
Biopolymers, Norway.

Preparation of blank nanocapsules
The preparation of blank nanocapsules was per-

formed with  nanoprecipitation method. Briefly, the

polymer,Polycaprolactone (concentration varies fromm

%0,05-%0,5) and oil, Miglyol 812 (concentration varies from
% 0,3-%1) dissolved in organic solvent (aceton), injected to
an aqueous phase containing hydrophilic surfactant, Poly-
sorbate80 (concentration varies from % 0,1-% 1) under mag-
netic stirring. Finally organic solvent was evaporated under
vacuum. for each formulation, the amount of surfactant,
concentration of oil, ratio of organic to aqueous phase and
molecular weight and concentration of polymer were inves-
tigated by changing these variables. The optimal formula-
tion was selected and then coated with positively charged
polymer, Chitosan to obtain cationic nanocapsules.

Characterization of blank nanocapsules

Particle size distributions (mean diameter (nm), polydis-
persity index) and zeta potential (mV) of nanocapsules were
determined by using Malvern Zetasizer Nano-ZS (Malvern
Instruments, Malvern UK). Measurement were realized in
triplicate at 12° angle at 25° C.

Results and Discussion

Mean particle size, zeta potential and polydispersity in-
dex of blank polycaprolactone nanocapsules were reported
to be respectively 214nm, -10,5mV and 0,16 for the formu-
lation containing %0,5(v/v) surfactant; 173nm, -7,87mV and
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Preparation and characterization of oral PCL nanocapsules
loaded with anticancer drug exemestane
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KEYWORDS
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INTRODUCTION

Exemestane is a potent third generation steroidal aromatase
inactivator used in the treatment of advanced breast can-
cer in postmenopausal women [1]. It is practically insoluble
in water (0.08 mg/mL), has low oral bioavailability and high
hydrophobicity classified as a class IV drug in the Biophar-
maceutics Classification System (BCS) [2]. Nanocapsules
are vesicular systems in which a drug is confined in a cav-
ity consisting of an inner liquid core surrounded by a poly-
meric membrane [3]. Due to their high loading capacity for
lipophilic drugs and decreased toxicity with targeting prop-
erties, nanocapsules have potential application in cancer
therapy. The aim of this study was to design oral nanocap-
sules for poorly soluble anticancer drug exemestane. For this
reason, nanoprecipitation method was investigated with
changing variables such as the amount of surfactant, ratio
of organic to aqueous phase and molecular weight of poly-
mer. The preparation of nanocapsules was performed with
the organic phase containing polymer (PCL), oil (Miglyol
812), drug (exemestane) and acetone, injected to an aqueous
phase containing hydrophilic surfactant (Polysorbate 80)
under magnetic stirring. Organic solvent was then evapo-
rated under vacuum. For each formulation, the amount of
surfactant, ratio of organic to aqueous phase and molecu-
lar weight of polymer were investigated by changing these
variables.

RESULTS & DISCUSSION

In vitro characteristics of nanocapsules were then investi-
gated. Mean particle size, polydispersity index and zeta po-
tential of blank nanocapsules were reported to be 214 nm,

0.16 and -10.5 mV for the formulation containing 0.1% (V/V)
surfactant, 183 nm, 0.11 and -6.62 mV for the formulation
containing PCL MW 14,000 and 224 nm, 0.101 and -15 mV
for the formulation with organic to aqueous phase 1:2, re-
spectively. According to this study, optimum formulation is
yielded with PCL MW 14,000, the ratio of organic phase to
aqueous solution 1:2 (V/V) and 0.1% (V/V) hydrophilic sur-
factant by using nanoprecipitation method. In conclusion,
poorly soluble anticancer drugs can be easily encapsulated in
nanocapsules for targeted delivery and thus more effective
in cancer therapy rather than conventional methods.

REFERENCES
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ORAL CYCLODEXTRIN NANOCAPSULES FOR CAMPTOTHECIN DELIVERY:
FORMULATION DEVELOPMENT AND IN VITRO EVALUATION

Hale Unal®, Erem Bilensoy*?
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Hacettepe University, Faculty of Pharmacy, Department of Pharmaceutical Technology, Ankara
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Nanoparticulate drug delivery systems emerge as promising delivery systems destined to solve
the problems in chemotherapy. Most of the anticancer drugs developed recently are very poorly soluble
in water and therefore nanocapsules can be effective carriers for these lipophilic drugs with their oily
core, solubilizing the drug for eventual absorption. Although intravenous infusion for chemotherapy is
more common, it is believed that oral chemotherapy is a milestone in cancer treatment. In terms of
patient compliance, oral chemotherapy is a practical, self-applied, painless therapy. The fact that it does
not require application in a health center with professional personnel reduces the reimbursement cost to
the health budget.

The aim of this study was to design oral cyclodextrin nanocapsules loaded with anticancer agent
Camptothecin maintaining drug stability in the body and improving its eventual bioavailability. For this
reason, amphiphilic cyclodextrin permodified on the primary face (6-O-CAPRO-}-CD) was used as
core polymer. Nanocapules prepared from 60CAPRO were coated with cationic polymer Chitosan to
improve cellular uptake and interaction with biological membranes through positive surface charge.
Nanocapsules were characterized for their in vitro properties followed by cell culture studies evaluating
anticancer efficacy and permeability in comparison to camptothecin in solution form. Morphologies of
nanocapsules were determined by scanning electron microscopy(SEM). Concentration of Camptothecin
entrapped in nanocapsules was determined by reverse phase HPLC and the drug encapsulation
efficiency (EE) was then calculated. In vitro camptothecin release study was performed with dialysis
bag method under sink conditions.

According to pre-formulation results; mean particle size of both anionic and cationic CPT
loaded nanocapsules was between 187nm and 204 nm. Their polydispersity index values were under 0,4
and zeta potential values vary from -31,4 mV to +18,3 mV. 20 % of CPT was released from
nanocapsules in first 2 hours followed by a slower release profile of the drug for over 72 hours.
Characterization results suggested that camptothecin loaded 6-O-CAPRO-R-CD nanocapsules with
appropriate formulation parameters might be employed as a potential approach for oral drug delivery
for anticancer drugs such as Camptothecin with stability and bioavailability problems.

Acknowledgement: Financial support by Hacettepe University Scientific Research Projects
Coordination Unit with the Project Number 6444
Keywords: amphiphilic cyclodextrin, camptothecin, core-shell, nanocapsule, oral

References:

Duchéne D., Nemati F., Puisieux F., ,Skiba M., Wouessidjewe D., Spontaneous formation of drug-
containing amphiphilic B-cyclodextrin nanocapsules, International Journal of Pharmaceutics, 145, 241-
245


mailto:unalhale@gmail.com
http://www.researchgate.net/researcher/71952349_Dominique_Duchene/
http://www.researchgate.net/researcher/38602338_Fariba_Nemati/
http://www.researchgate.net/researcher/71863120_Francis_Puisieux/
http://www.researchgate.net/researcher/38563004_Mohamed_Skiba/
http://www.researchgate.net/researcher/71870659_Denis_Wouessidjewe/

.. v .
W,z T
4" NATIONAL CONFERENCE CD.TE.C

Il International Summer School

on Cyclodextrins
8™ -9 May 2013, Giardini Naxos (ME) - Italy

Program

&

= ASSOCIAZIONE ITALIAMNA
\E HIKICA E TECHOLOGLA e
DELLE CICLODESTRINE Consiglio
y Nazionale delle
Ricerche



0 g

aal

Second International Summer School on Cyclodextrins 2013
Giardini Naxos (ME) —Italy-
8" 9™ May 2013

LR
- 8
o]
§| a
= '."
%, : >

4" NATIONAL COMPERENCE CD.TE.C

Certificate of attendance

We herein certify that (jﬂaj "l{‘@ﬁ’ cusesmsnsnnennnns dttended the

Second International Summer Schunl on L}rcludaxtrlns 2013, that took
place in Giardini Naxos (ME) -Italy- from May 8 to May 9, 2013.

Thn: Organizing Committee

Moggeghe-

r = ASSOCIANIOND ITALLANA
WOHEMBCA E TECHOL OGLA
1 DELLE CHCL OOV S TRIBKE
r
-
-




N

YEDITEPE UNIVERSITY

NANOSCIENCE

‘

AND NS 4
NANOTECHNOLOGY
CONFERENGE:
17-21 Jung, 204"

; be YEDITEPE {INivERStTESH
\

Yeditepe University
Atasehir, istanbul 34755
Tel: 0126-5781687
nanotr2014@gmail.com

~

s\
N
N

15 May 2014

Dear Hale Unal,

It is our pleasure to invite you to present your research at the 10th Nanoscience
and Nanotechnology Conference of Turkey (NanoTR10) which will be held on
June 17-21, 2014, in Istanbul, Turkey. The details of your contrubituion as viewed

by our scientific committee is summarized as follows:

Presentation Type: Oral
Abstract ID: 547
hybrid nanocapsules for oral delivery of

Title of abstract: Core-shell

Camptothecin: Formulation development, in vitro and in vivo evaluation

As we believe that your valuable contribution will enhance the scientific
athmosphere of the conference we are looking forward to see you in Istanbul for
NanoTR10.

Sincerely yours,

Prof. Dr. Mustafa Culha
Conference Chairman



FACULTY OF PHARMACY

B 5014 HACETTEPE UNIVERSITY

TC. Saghk Bakankg

ABSTRACT

BOOK

2 diii [
Tradition DEPARTMENT OF PHARMACEUTICAL TECHNOLOGY

since1982

Internatlonal
Pharmaceutlcal
Technology

| /\ Symposmm

\ Sé“[ot.ezber 8 - - 10 201 4

ceutical Nanotechnology:
iations, Therapeutic Possibilities;"
Technological Challenges

Current Status, Future Directions and
- Regulatory Aspects of

Biotechnology and Biosimilar

Products

Dry Powder Inhalers

Medical Devices & CE Authorization

N Special Industry Session

Reimbursement of Pharmaceuticals

| iSupporting Organizations

D S “?‘AlFD

American Assoclation
Pharmaceutic Is le |l t ARASTIRMACI [LAG FIRMALAR| DERNEQ]

5 o~
.\/}IEIS S&)/) #aF TISD

. 7.’-'




P53

COMPARATIVE IN VITRO AND IN VIVO
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ORAL NANOCAPSULES
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Department of Pharmaceutical Technology, Ankara

INTRODUCTION

Oral chemotherapy is a key step for chemotherapy
at home. It is patient friendly, less stressful due to the
less hospital visits and painless, easy for self-medication.
Compared to parenteral delivery it is also cheaper to pro-
duce because it does not need to be manufactured un-
der sterile conditions resulting in cost saving in terms of
time and labour as well.(1) Camptothecin is a very effec-
tive anticancer agent against a wide spectrum of cancers
such as colon, breast, ovarian, lung cancers in in vitro cell
culture studies (2). However it's poor agueous solubility
and pH-dependent stability problem results in the dimi-
nishing of clinical efficacy for the drug (3). The objective
of this study was to design and in vitro-in vivo evaluate
oral nanocapsules prepared from amphiphilic cyclodext-
rins (CD) and poly-e-caprolactone (PCL) with anionic or

catinonic surface charge for the effective oral delivery of

model drug Camptothecin (CPT).

MATERIALS AND METHODS

Materials

6-OCAPRO-B-CD (MW: 1820 g/mol) has been synt-
hesized, purified and characterized. 20 (S)-(+)-Campto-
thecin (95 % HPLC powder, MW:348.35 g/mol) was pur-
chased from Sigma&Aldrich. Protasan™ (UP G-113) was
purchased from Novamatrix. Poly-e-caprolactone (PCL)
(Mn: 65,000 Da) was purchased from Aldrich (St. Louis,
MO, USA). All other chemicals used were of analytical
grade and obtained from Sigma & Aldrich.

Preparation and in vitro characterization of
Camptothecin loaded Nanocapsules

Both anionic and cationic PCL and CD nanocapsules
were prepared by a modified nanoprecipitation method.
Mean particle size and polydispesity index (PDI) of the
CPT nanocapsules were determined by dynamic light

= _quter_Presentations

scattering (DLS) (Malvern Zetasizer Nano ZS series, UK)
and zeta potential of nanocapsules was measured in
mV with Malvern Zetasizer Nano ZS. The morphology of
nanocapsules was determined by using Scanning Elec-
tron Microscope (FEI Nova™ Nano SEM 430, ABD). Con-
tent of CPT in the nanocapsules was quantified by a pre-
viously validated HPLC method and experimental CPT
loading was quantified using the peak area of each nano-

capsule formulation.

Anticancer efficacy of CPT loaded Nanocapsules
agdinst MCF-7 cell line

The anticancer efficacy of CPT loaded nanocapsules
was determined against MCF-7 cell line in comparision
to CPT solution with MTT assay. The cells were incubat-
ed with CPT loaded 60CAPRO and chitosan coated CPT
loaded 60CAPRO nanocapsules and CPT in DMSO solu-
tion for 72 h. Optical density (OD) was measured at 560
nm using a microplate reader.

In vitro transport studies across Caco-2 cell line

The transport of cyclodextrin nanoparticle formula-
tions (60CAPRO and CS-60CAPRQ) and CPT solution in
DMSO were studied on Caco-2 cell line from the apical to
basolateral direction in Caco-2 cells for 4 hours. Samples
were taken from the basolateral side and analyzed with
a validated HPLC method. Apparent permeability coeffi-
cient (Papp) was calculated.

In vive Nanoparticle Uptake Studies

CD1 female mice (20-25 g) were grouped which ba-
sed on the administration of different fluorescently label-
led nanocapsule dispersions with an oral gavage. After
30 minutes, animals were killed via cervical dislocation
and their intestines and stomachs were collected. The
entire tissue sections were cut into 4 pieces and were
placed into lysis buffer solution and homogenized on ice
before analysis with Spectofluorophotometer at an emis-
sion wavelength (A ) of 590nm and excitation wavelen-
gth (A ) of 546nm to detect fluorescence in the tissue
homogenates.

RESULTS AND DISCUSSION

Mean particle size, polydispersity index zeta potential
values and associated drug (%) of anionic and cationic
nanocapsules formulations are presented in Table 1.
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