(\ ORTA DOGU TEKNiK UNIVERSITESI

¥/ FEN BILIMLERI ENSTITUSU MUDURLUGD

10.

11.

TEZ SABLONU ONAY FORMU
THESIS TEMPLATE CONFIRMATION FORM

Sablonda verilen
degistirilmemelidir.
Juiri tarihi Bashk Sayfasi, imza Sayfasi, Abstract ve
Oz'deilgiliyerlereyaziimalidir.

imza sayfasinda jiiri Gyelerinin unvanlari dogru
olarak yazilmalidir. Tum imzalar mavi pilot kalemle
atilmalidir.

Disiplinlerarasi  programlarda  gorevlendirilen
Ogretim Uyeleriigin juri Gyeleri kisminda tam zamanli
olarak galstiklari anabilim dali baskanhginin ismi
yazilmahdir. Ornegin: bir 6gretim liyesi Biyoteknoloji
programinda gorev yapiyor ve biyoloji bolimiinde
tam zamanh calisiyorsa, imza sayfasina biyoloji
béliimi yazilmalidir. istisnai olarak, disiplinler arasi
program baskani ve tez danismani igin
disiplinlerarasi program adi yazilmahdir.

yerlesim ve  bosluklar

Tezin son sayfasinin sayfa numarasi Abstract ve
Oz'deilgiliyerlereyazilmalidir.

Bltln chapterlar, referanslar, ekler ve CV sag
sayfada baslamalidir. Bunun icin kesmeler
kullaniimistir. Kesmelerin kaymasi fazladan bos
sayfalarin olusmasina sebep olabilir. Bu gibi
durumlarda paragraf () isaretine tiklayarak
kesmeleri gorinir hale getirin ve yerlerini kontrol
edin.

Figlirler ve tablolar kenar bosluklarina tasmamalidir.

Sablonda yorum olarak eklenen uyarilar dikkatle
okunmalive uygulanmalidir.

Tez yazdirilmadan 6nce PDF olarak kaydedilmelidir.
Sablonda yorum olarak eklenen uyarilar PDF
doklimanindayeralmamalidir.

Tez taslaklarinin kontrol islemleri tamamlandiginda,
bu durum égrencilere METU uzantili 6grencie-posta
adresleri araciligiyla duyurulacaktir.

Tez yazim sireci ile ilgili herhangi bir sikinti
yasarsaniz, Sikca Sorulan Sorular (SSS) sayfamizi
ziyaret ederek yasadiginiz sikintiyla ilgili bir ¢6zim
bulabilirsiniz.

1.

2.

10.

11.

Do not change the spacing and placement in the
template.

Werite defense date to the related places given on
Title page, Approval page, Abstractand Oz.

Write the titles of the examining committee members
correctly on Approval Page. Blue ink must be used for
all signatures.

For faculty members working in interdisciplinary
programs, the name of the department that they
work full-time should be written on the Approval
page. For example, if a faculty member staffs in the
biotechnology program and works full-time in the
biology department, the department of biology
should be written on the approval page.
Exceptionally, for the interdisciplinary program chair
and your thesis supervisor, the interdisciplinary
program name shouldbe written.

Write the page number of the last page inthe related
places given on Abstractand Oz pages.

All chapters, references, appendices and CV must be
started on the right page. Section Breaks were used
for this. Change in the placement of section breaks
can result in extra blank pages. In such cases, make
the section breaks visible by clicking paragraph (1)
mark and check their position.

All figures and tables must be given inside the page.
Nothing mustappear in the margins.

All the warnings given on the comments section
through the thesis template must be read and
applied.

Save your thesis as pdf and Disable all the comments
before taking the printout.

This will be announced to the students via their METU
students e-mail addresses when the control of the
thesis drafts has been completed.

If you have any problems with the thesis writing
process, you may visit our Frequently Asked
Questions (FAQ) page and find a solution to your
problem.

£ Yukarida bulunan tiim maddeleri okudum, anladim ve kabul ediyorum. /1 have read, understand and accept all of the items above.

Name

Surname :

E-Mail
Date

Signature :



https://fbe.metu.edu.tr/tr/tez-yazim-sureci
https://fbe.metu.edu.tr/tr/tez-yazim-sureci
https://fbe.metu.edu.tr/tr/tez-yazim-sureci




pH and TEMPERATURE RESPONSIVE MULTIPLE DRUG RELEASE from
LAYER-by-LAYER MODIFIED MICROPARTICLES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

ESMA UGUR

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
CHEMISTRY

AUGUST 2022






Approval of the thesis:

pH and TEMPERATURE RESPONSIVE MULTIPLE DRUG RELEASE from
LAYER-by-LAYER MODIFIED MICROPARTICLES

submitted by ESMA UGUR in partial fulfillment of the requirements for the degree
of Master of Science in Chemistry, Middle East Technical University by,

Prof. Dr. Halil Kalipgilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Ozdemir Dogan
Head of the Department, Chemistry

Prof. Dr. Irem Erel Goktepe
Supervisor, Chemistry, METU

Examining Committee Members:

Prof. Dr. Aysen Yilmaz
Chemistry, METU

Prof. Dr. irem Erel Goktepe
Chemistry, METU

Prof. Dr. Sreeparna Banerjee
Biology, METU

Assoc. Prof. Dr. Zeynep Culfaz
Chemical Engineering, METU

Asst.Prof. Dr. Cemal Merih Sengdniil
Manufacturing Engineering, Atilim University

Date: 10.08.2022



I hereby declare that all information in this document has been obtained and

presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced

all material and results that are not original to this work.

Esma Ugur :

Signature :



ABSTRACT

pH and TEMPERATURE RESPONSIVE MULTIPLE DRUG RELEASE from
LAYER-by-LAYER MODIFIED MICROPARTICLES

Ugur, Esma
Master of Science, Chemistry
Supervisor : Prof. Dr. Irem Erel Goktepe

August 2022, 105 pages

This thesis study reports on preparation of layer-by-layer (LbL)-modified microparticles
based on temperature responsive poly(2-isopropyl-2-oxazoline) (PIPOX) and pH-
responsive Tannic Acid (TA), displaying dual responsive multiple drug release. PIPOX,
exhibiting lower critical solution temperature (LCST)-type phase behavior, was
synthesized through cationic ring opening polymerization (CROP). PIPOX was then
partially hydrolyzed in concentrated acid medium, resulting in poly(2-isopropyl-2-
oxazoline-r-polyethylene imine) (PIPOX-PEI). Multilayer films of PIPOX-PEI and TA
were produced using LbL self-assembly method through hydrogen bonding interactions
between carbonyl groups of PIPOX and phenolic hydroxyl groups of TA together with
electrostatic interactions between secondary amine groups of PEI and phenolate groups
of TA. Covalent crosslinks were introduced between the layers upon treatment with
NalOs4 solution. Stability of noncross-linked and cross-linked multilayers were
contrasted with respect to stability at physiologically related pH and temperature
conditions. Stability and water uptake of non-crosslinked PIPOX-PEI and TA
multilayers were found to depend on pH and temperature. The highest water uptake was
recorded at pH 7.4 and 37°C when hydrogen bonding interactions between PIPOX-PEI
and TA was partially disrupted due to ionization of TA and conformational transition of
PIPOX occured above its critical temperature. On the contrary, crosslinked PIPOX-PEI

and TA multilayers did not show water uptake under similar conditions. On the other



hand, stability of cross-linked multilayers was remarkably higher at basic conditions
compared to noncross-linked films. The fundamental information generated on LbL
films constructed on 2D substrates has formed a basis to construct multilayers on 3D
colloidal microparticles. Two different CaCO3 microparticles were used, i.e. bare and
Curcumin (CUR) loaded. Bare CaCO3 microparticles were LbL-modified using TA and
PIPOX-PEI, cross-linked using NalO4 and made hollow by dissolving the CaCO3 core
using EDTA solution. The hollow interior and the capsule wall were used for CUR and
Doxorubicin (DOX) loading. CUR-loaded microparticles were LbL-modified using TA
and PIPOX-PEI and post-loaded with DOX. Two different microparticles were
contrasted with respect to drug loading and release properties. Inaddition, the effects of
pH and temperature on release of CUR and DOX from both types of microparticles were
examined. Finally, preliminary results on synergistic effect of CUR and DOX and

potential of these LbL particles for anticancer applications were demonstrated.

Keywords: Poly(2-isopropyl-2-oxazoline), Tannic Acid, Temperature Responsive, pH

Responsive, Multiple Drug Release
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KATMAN-KATMAN YUZEYi DEGISTIRILMIS
MIKROPARCACIKLARDAN pH ve SICAKLIK DUYARLI COKLU iLAC
SALIMI

Ugur, Esma
Yuksek Lisans, Kimya
Tez Yoneticisi: Prof. Dr. irem Erel Goktepe

Agustos 2022, 105 sayfa

Bu tez calismasi, sicakliga duyarli poli(2-izopropil-2-oksazolin) (PIPOX) ve pH'a
duyarli Tannik Asit (TA)’den olusan ¢ift duyarli ve birden fazla ila¢ salabilen katman-
katman (LbL) modifiye edilmis mikropartikiillerin hazirlanmasini konu almaktadir. Alt
kritik ¢ozelti sicakligt (LCST) tipi faz davramisi sergileyen PIPOX, katyonik halka
acilma polimerizasyonu (CROP) yoluyla sentezlendi. PIPOX daha sonra konsantre asit
ortaminda kismen hidrolize edildi ve poli (2-izopropil-2-oksazolin-r-polietilen imin)
(PIPOX-PEI) elde edildi. PIPOX-PEI ve TA'dan olusmus ¢ok katmanli filmler,
PIPOX'un karbonil gruplariile TA'nin fenolik hidroksil gruplar1 arasindaki hidrojen bagi
etkilesimleri ve PEImin ikincil amin gruplar1 ve TA'nin fenolat gruplar1 arasindaki
elektrostatik etkilesimler sayesinde LbL kendiliginden yapilanma yontemiyle firetildi.
NalOas ¢ozeltisi ile muamele sonrasinda katmanlar arasina kovalent c¢apraz baglar
eklendi. Capraz bagli olmayan ve capraz bagli ¢ok-katmanli filmlerin kararliliklari,
fizyolojik pH ve sicaklik ile iliskili kosullarda karsilastirildi. Capraz baglanmamis
PIPOX-PEI ve TA ¢ok-katmanli filmlerinin kararlilik ve su alim &zelliklerinin pH ve
sicakliga bagli oldugu bulundu. En yiiksek su alimi TA'min iyonlagmasi nedeniyle
PIPOX-PEI ve TA arasindaki hidrojen bagi etkilesimlerinin kismen bozuldugu ve
PIPOX’un kritik sicaklik degerinin iizerinde konformasyonal degisime ugradigi pH 7.4

Vii



ve 37°C kosulunda gozlendi. Aksine, gapraz bagli PIPOX-PEI ve TA ¢oklu katmanlar,
benzer kosullar altinda su alimi gostermedi. Bunun yanisira, bazik kosullarda capraz
bagli ¢ok-katmanh filmlerin kararliliklar1 ¢apraz bagli olmayan filmlere kiyasla oldukca
yiiksek bulundu. 2D substratlar iizerinde biiyiitiilen LbL filmler hakkinda iiretilen bilgi,
3D kolloidal mikropartikiller tGzerinde TA/PIPOX-PEI katmanlarinin biriktirilmesi i¢in
temel olusturdu. Yalin ve Kurkumin (CUR) yiiklii olmak tizere iki farkli CaCO3
mikropartikiilleri sentezlendi. Yalin CaCO3 mikropartikilleri, TA ve PIPOX-PEI
kullanilarak LbL-modifiye edildi, NalOa4 kullanilarak ¢apraz bagland1 ve EDTA ¢ozeltisi
kullanilarak CaCO3 ¢oziilerek ici bos hale getirildi. i¢i bos kapsiillerin i¢ kism1 ve kapsiil
duvari, CUR ve Doksorubisin (DOX) yiiklemesi i¢in kullanildi. Buna karsin, CUR yiiklii
mikropartikiller, TA ve PIPOX-PEI kullanilarak LbL-modifiye edildi ve sonrasinda
DOX ile yiklendi. Her iki tip LbL-modifiye mikropartikiillerin ilag yiikleme ve salim
ozellikleri karsilastirildi. Ayrica, CUR ve DOX salimi iizerine pH ve sicakligin etkileri
incelendi. Son olarak, CUR ve DOX'un sinerjistik etkisi ve bu tir LbL partiktllerinin

antikanser uygulamalar1 i¢in potansiyeline dair 6n sonuglar sunuldu.

Anahtar Kelimeler: Poli(2-izopropil-2-oksazolin), Tanik Asit, Sicaklik Duyarl, pH
Duyarli, Coklu ilag salimi
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CHAPTER 1

INTRODUCTION

1.1  Poly (2-alkyl-2-oxazoline)s

Poly(2-alkyl-2-oxazoline) s (PAOXs) are a class of synthetic polyamides. PAOXs
were first synthesized by four differentresearch groups in 1966 through cationic ring
opening polymerization (CROP) of 2-oxazolines 1. The resulting polymer has a
tertiary amide structure with the nitrogen atom being on the backbone and the
carbonyl unit on the side chain. Figure 1.1 represents the chemical structure of
PAOXs.

R=alkyl, aryl

Figure 1.1. Chemical structure of A) 2-Oxazoline B) poly (2-alkyl/aryl-oxazoline).

Chemical structures of PAOXs resemble to those of polypeptides. Because of this
structural similarity, PAOXs are called “pseudopeptides”, and they are considered
as bioinspired polymers2. Importantly, different from polypeptides, PAOXs have
tertiary amide groups. Tertiary amides cannot be hydrolyzed or recognized by
enzymes. Therefore, PAOXs are more stable than polypeptides in biological
environment2. Additionally, polymer backbone cannot be hydrolyzed because

tertiary amides are in the side chain rather than on the backbone 2.



The properties of PAOXs can be tuned by changing the side chain groups. For
example, side groups such as methyl, ethyl, and propyl provide hydrophilic and/or
thermoresponsive behavior to PAOXs. Side groups composed of aryl and large
aliphatic groups lead to formation of hydrophobic polymers2. Furthermore, by
sequential adding methods, block copolymers can be synthesized, and amphiphilic
PAOXs can be obtained?. Figure 1.2 represents examples of PAOXs of varying
chemical structures.
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Figure 1.2. Examples of chemical structure of poly (2-alkyl/aryl-2-oxazoline)s.

1.1.1 Cationic Ring Opening Polymerization of PAOXs

The cationic ring opening polymerization (CROP) is a typical chain growth
polymerization. It involves initiation, propagation, and termination steps3. 2-
oxazolines polymerize through living cationic ring opening polymerization. This
means that undesired reactions such as termination or chain transfer reactions do not

occur during polymerization under appropriate conditions 34,

In general, the polymerization reactions are entropically disfavored. The driving

force for CROP of 2-oxazolines is the isomerization of the cyclic imino ether into a



more stable tertiary amide. This results in a spontaneous polymerization after the
initiation step often at elevated temperatures. The enthalpic contribution to the
polymerization from the release of the ring strain has also been mentioned in the

literature. However, such a minor contribution was suggested to be negligible 356

Initiation, propagation, and termination steps of 2-alkyl-oxazoline polymerization
consist of electrophilic addition, nucleophilic substitution, and nucleophilic addition
reactions, respectively. The general overview for the mechanism of polymerization

is shown in Figure 1.33.
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Figure 1.3. General overview for the mechanism of 2-oxazoline polymerization.
(Modified from ref [3]).

In the initiation step, oxazolinium ion is formed by nucleophilic attacking of the
cyclic imino ether to the electrophilic initiator3. Inorganic or organic species can be
used as initiator. Examples of initiators are Lewis acids”8, acid halides®, silyl
halides?0, alkylatingagentsil.3, In the recentyears, mostly tosylates, alkylhalides,and
nosylates are used as initiators®. In the propagation step, nucleophilic attack of 2-
oxazolines to oxazolinium ions provide formation of PAOX chain with oxazolinium
end-group?. If the initiation step is fastand quantitative, there should be no chain
transfer reaction. In this way, control in molecular weight and homogeneous molar
mass distribution can be obtained?. In the termination step, two different terminating
agents are used. These are categorized as softer and harder terminatingagents. When
a softer terminating agent, e.g., water is used, kinetically controlled nucleophilic
attack occurs at 2-position of oxazolinium chain end and secondary amine or ester
containingend groupsare formed3. Whena harder terminatingagentsuch as nitrogen

based terminating agent213, carboxylates!4, or methanolic potassium hydroxide® is



used, thermodynamically controlled termination occurs at 5-position of oxazolinium

species showed in Figure 1.43.
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Figure 1.4. A) Kinetically driven termination B) Thermodynamically driven
termination. (Modified fromref [3].)

Purity of the polymerization medium is important to synthesize polymers with low
dispersity in CROP. An impurity with a nucleophilic character can interfere the
polymerization and may terminate the polymerization at an undesired stage.
Therefore, monomers and solvents should be pure and dry for an optimal

polymerization reaction37":8,

1.1.2 Temperature Responsive Behavior of Poly(2-alkyl-2-oxazoline)s in

aqueous medium

When temperature-responsive polymersare dissolvedin suitable solvents, they show
phase separation at certain temperatures®. In other words, above or below a certain
temperature, polymers change from being hydrophilic to hydrophobic1é. If the
polymer becomes hydrophobic above a certain temperature, this temperature is
called as lower critical solution temperature (LCST). If the polymer becomes
hydrophobic below a certain temperature, this temperature is called as upper critical
solution temperature (UCST)%6. In case of polymers exhibiting LCST-type phase
behavior, polymers form hydrogen bonding with water molecules and adopt
extended conformation below LCST. In other words, polymer-solvent interaction is
dominant. Hydrogen bonding between the polymer and solvent weakens as the



temperature is increased and polymer-polymer interaction becomes dominant,
resulting in formation of polymer aggregates above the critical temperature.
UCST-type phase transition is an enthalpically driven process, inter-/intra-chain
interaction in polymer chains below the UCST is dominant. These interactions are

weakened by heating of the solutionand polymer becomes soluble above UCST?/.

Temperature-responsive behavior of poly(2-ethyl-2-oxazoline) (PEtOX) in aqueous
solution was reported by Kwei et al. in 198818, They demonstrated that thermo-
responsive property depended on the concentration of the polymer solution and
molecular weight of the polymer218, For example, LCST values of PEOX with
molecular weights of 20,000, 50,000 and 500,000 kDa were determined to be 63.5
°C, 63°C, and 61°C, respectively. They also showed that addition of NaCl into
polymer solutions decreased LCST. For example, adding NaCl into PEtOXx solution
at a concentration of 0.3 M and 0.5 M decreased LCST by 1-2 °C and 3-5 °C,
respectively. On the contrary, LCST was found to increase by 5-10 °C when
tetrabutylammonium bromide was added into PEtOXx solution218,

In 1992, Kobayashi et al. reported the thermo-responsive behavior of poly(2-
isopropyl-2-oxazoline) (PIPOX) which has critical temperature between 36 °C — 39
°C 19, LCST-type phase behavior of poly(2-n-propyl-2-oxazoline) (PnPrOx) was
explored by Park etal. in 2007 and PnPrOx was found to have a critical temperature
at 24 °C20,

PIPOX and PnPrOX have especially drawn attention for biological applications
because their LCST values are close to body temperature. For this reason, they have
been consideredasalternativesto poly(N-isopropylacrylamide) (PNIPAM), awidely

used temperature-responsive polymer (LCST ~ 32 °C) for biological applications2.

1.1.3 Comparison of Physical Properties of PIPOX and PNIPAM

PNIPAM, first synthesized in 1950s21, is a temperature-responsive polymer,
exhibiting LCST-type phase behavior at ~ 32 °C 22, PNIPAM has widely been



explored for biomedical applications due its critical temperature which is close to
body temperature. PIPOX is structural isomer of PNIPAM and exhibits LCST-type
behavior with a critical temperature at ~ 36 °C22, PIPOX is also called as
“thermoresponsive pseudopeptide” due to its temperature responsive behavior and
structural similarity to polypeptides. Figure 1.5 presents the chemical structures of
PIPOX and PNIPAM.

Figure 1.5. Chemical structure of A) PNIPAM B) PIPOX.

Despite the similarities in chemical structure and temperature-responsive behavior,
they differ in the mechanism of phase transition, the presence of a hysteresis in the
heating/cooling cycle and solubility property. Aqueous solution behavior of PIPOX
has been reported in the literature?2. Mechanism of LCST-type phase behavior of
PIPOX can be summarized inthe followingway: PIPOX chainsare in hydrated state
in agueous solution below LCST. The hydrogen bonding between PIPOX and water
molecules weakens asthe temperaturewas raised to 36 °C and thisinducesthe liquid-
liquid phase separation. Water molecules are expelled out of -C=0 units of PIPOX
when the temperature was further increased to 37 °C. This is accepted as the onset
of conformational change of PIPOX towards an ordered and dehydrated state and
formation of polymer aggregates. The phase transition process during heating and

cooling were found to display good reversibility23.

The mechanism of LCST-type phase behavior of PNIPAM is different than PIPOX.

In case of PNIPAM, stable and compact globules are formed as the temperature was



raised above LCST. In other words, coil-to globule transition occurs rather than
liquid- liquid phase separation as in the case of PIPOX. This difference was
correlated with the strong intermolecular intra- and interchain hydrogen bonding
between -C=0 and -NH of amide groups 2224, In summary, PIPOX does not display
hysteresis during phase transition. In contrast, PNIPAM shows a broad hysteresis at

cooling step because of irreversible globular to coil transition22.23,

Another difference between PNIPAM and PIPOX is the solubility properties.
PNIPAM is soluble in water and methanol but not in the mixture of methanol/water
(the phenomenon which is known as cononsolvency)?2. On the other hand, PIPOX
is soluble in water/methanol mixture and the amount of methanol in the mixture was
found to be critical on the critical temperature. It has been reported that the critical
temperature remained constant up to certain amount of methanol (20% v/v).
However, further increasing methanol amount in the mixture increased the critical
temperature of PIPOX22,

1.14 Biological Properties of Poly(2-alkyl-2-oxazoline)s

Low protein adsorption and cell or bacteria adhesion, bioavailability, stealth
behavior, low accumulation in tissue make PAOX a promising polymer class for
biomedical applications. Taking advantage of these important biological properties
of PAOX, polymer-protein conjugates, polymer drug, polymer peptide conjugates,
polymeric micelles, aggregates, nanoparticles, hydrogels have been prepared and

used as drug or gene carriers®.

Protein adsorption, cell, or bacterial adhesion onto PMeOX, PEtOX, and poly(2-n-
propyl-2-oxazoline) (PNPrOX) were studied by several groups. Protein adsorption
and cell or bacterial adhesion onto hydrophilic PAOX’s such as PEtOX, PMeOX
were found to be relatively low compared to more hydrophobic PAOX such as
PnPrOx#25-30, PMeOx and PEtOx were considered as alternatives to PEG because
of their nontoxicity, antifouling properties, and stealth effect. Of note, PEG is the



most used antifouling polymer in biomedical applications. PMeOx and PEtOx are
also advantageous with respect to ease in synthesis, stability and lower viscosity
compared to PEG22. A study by Textor and co-workers compared antifouling
behavior of PMeOX and PEG. PMeOX coating was found to be more stable than
PEG coating. Correspondingly, antifouling property of PMeOX was more stable
over time while PEG coating degraded431. Another study reported on protein
repellent properties of a triblock copolymer composed of PMeOX and PEO blocks,
namely poly(2-methyl-2-oxazoline)-b-poly(ethyleneoxide)-b-poly(2-methyl-2-
oxazoline) (PMeOX-b-PEO-b-PMeOX). However, the source of protein repellent
property was ambiguous since both PMeOX and PEO exhibit antifouling behavior

32,33,

The biocompatibility of materials which interact with biological substances such as
proteins, cell membranes through hydrophobic, electrostatic, or hydrogen bonding,
is importantin biological applications*. In general, taking cytotoxicity experiments
performed with linear, hydrophilic, hydrophobic, amphiphilic and star-like
PAOXs34-36 and PAOX-based particles®” in the literature as a basis, PAOXs are
considered asbiocompatible materials. Cytotoxicity of PAOXswere foundto be low
against human neural progenitor cells, Madin—Darby canine kidney cells, MCF7,
HEP G2,and CATH cell lines“.

The biocompatibility of poly(2-methyl-2-oxazoline) (PMeOX) was studied by
Goddard et al. 3338, |t was reported that 125]-labeled PMeOXs excreted from mice
without significant accumulation in organs. Nevertheless, some polymer was found
in the skin and muscle tissue and attributed to high molecular weight polymers 333,
Jordan and co-workers also examined accumulation of PEtOX and PMeOX in tissue
and rate of clearence from blood stream using radiolabeled polymers33.39, They
concluded thatPEtOX and PMeOX did not cause accumulation in tissue and showed

rapid clearence from blood stream3339,

Another important property of PMeOX and PEtOX is the suppressed interactions of

the polymer with proteins and immune systems, so called “stealth behavior”.



Zalipsky and co-workers reported on stealth behavior and biocompatibility of
PMeOx and PEtOx based liposomes3340, They have also reported increased blood

circulation time with similar clearance rate to PEO based liposomes3349,

1.2 CaCOsMicroparticles

1.2.1 Synthesis and Properties of CaCO3zMicroparticles

CaCOgsis one of the most abundant minerals in nature. There are three different
polymorphs of CaCOj3. The most thermodynamically stable and abundant form is
rhomboidal calcite, the metastable phases are needle like aragonite and spherical
vaterite form141-43, Since CaCOzmicroparticles have been used in drug delivery and
biomedical applications, the synthesis of the microparticles was studied excessively
in literature44. CaCO3 microparticles are synthesized through four main methods.
These are CO, bubbling, slow carbonation, reverse emulsion, and solution
precipitation’s. Among these methods, solution precipitation (also known as
“mixing method”), which is based on mixing of CO3%-and Ca2* salts with or without

additives, is the simplest and quickest method of CaCOj3 synthesis 4.

CaCO3 microparticles are considered as ideal templates for drug delivery
applications due to properties such as biodegradability, nontoxicity,
biocompatibility, high loading capacity, relatively easy synthesis, low-pricemineral,
pH-responsiveness 4647, The vaterite form have been used in biomedical application
such as encapsulation of DNA, drugs, enzyme“6. The vaterite form of CaCOs is
usually colorless. It has spherical shape and porous inner structure. It is difficult to
synthesize vaterite CaCOg since it is a metastable phase*. Among all polymorphs,
the vaterite form is highly soluble and because of this reason, it easily transforms to
other polymorphs. Vaterite formation can be promoted by controlling the
experimental conditions, i.e., chemical nature of salts, pH of mixing solution,

temperature, stirring time and speed, and type of additives 41.48.49,



1.2.2 Synthesis of CaCO3s Microparticles by Mixing Method

CaCO3 microparticle synthesis by mixing method is performed by direct mixing of
CaCl,and Na,COgssolution.

Figure 1.6 shows schematic representation of synthesis of CaCO 3 microparticles by

mixing method.
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Figure 1.6. Synthesis of CaCO3 microparticles by mixing method.

1.2.3 Factors Affecting Vaterite Formation

1.231  pH Effect

pH of synthesis medium mainly affects the CO3% ion availability in the solution.
Decreasing pH below 8 (pH<8) results in protonation of the CO3% ions which
eventually decreases CO3% ion concentration in the solution. This decreases the
nucleation rate and affects crystallization morphology“6. On the other hand, when

the solution pH is highly basic (pH>10), nucleation rate cannot be controlled, and a
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homogeneous size distribution is not obtained46. Clifford Y. et al examined various
experimental conditions and the authors showed that the vaterite form is mainly
formed between pH 8.5-10 and at 24 °C50,

1.23.2  Temperature Effect

Temperature is another important parameter affecting the morphology of CaCO;
microparticles. The calcite phase is mainly formed at low temperatures (below 20
°C), whereas vaterite formation is induced between 30 °C and 40 °C and aragonite
phase is obtained, above 70 °C4.51, Temperature affects not only the type of
polymorph, but also the pore size of the particles. Feoktistova et al. demonstrated

that pore size of microparticles increased as the temperature was increased 2.

1.233 Concentration of the Salts

Concentration of salts and ratio of [CO3%]: [Ca?*] ions affect the morphology as well
as size of the CaCO3z microparticlest. According to a study by Kitamura, calcite
phase is formed at low salt concentrations (0.05 M), while metastable phases
(vaterite and aragonite) are formed at high salt concentration (0.2 M)>%3. Ithas been
reported that when CO3% ion concentration was higher than Ca?* concentration,
ellipsoidal form was dominant in a synthesis performed at high pH (11>). However,
isotropic spherical formation was found to be dominant when CO 32 concentration

was lower than Ca2* concentration 44.

1.234  Speed and Time of the Mixing

Volodkin D.et al investigated the speed of mixing upon combination of CaCl, and
Na,COj3 solutions at varying mixing times. They showed that increasing speed and

time of mixing decreased the size of the particles®*. This result was explained by the

11



formation of more nuclei at higher mixing times and speeds, leading to formation of

smaller crystals.

1.235 Additives

Surfactants, inorganic compounds, biopolymers, synthetic polymers can be used as
additives during CaCOj3; microparticle synthesis. Additives can affect the
crystallization mechanism of microparticles, nucleation steps and promote the
formation of one polymorph. PAA and PSS have been extensively used in CaCO3
microparticle synthesis due to conservation of vaterite form of microparticles. BSA,
starch, and dopamine have also beenreported to form and stabilize the vaterite phase

by changing surface energy and retarding transformation from vaterite to calcite
forms4s,

124 Biomedical Applications of CaCOz Microparticles

The potential of CaCO3 microparticles as drug delivery vehicles for anticancer
applications have been reported. For example, Kamba et al. demonstrated that
CaCOgznanocrystals could be effectively loaded with DOX due to porous structure
of nanocrystals. Inaddition to large loading capacity, such CaCO3nanocrystals were
shown to exhibit enhanced DOX release at moderately acidic conditions, making

them promise for controlled release of anti-cancer drugs®®.

In another study, Peng et al. studied loading/release of an anticancer drug, etoposide
into/from mesoporous calcium carbonate nanospheres. They have also shown pH-
responsive release from CaCO3 nanospheres. Additionally, they showed that drug
loaded nanocrystals had higher inhibition ratio at SGC-7901 cells. The apoptosis test
showed that encapsulation of the anti-cancer drug increased the efficiency of drug
delivery and suggested that effective drug delivery through CaCO3 nanospheres

provided enhanced inhibition of the cell growth>38.
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CaCOzmicro/nanoparticles have also been used for loading of antimicrobials#6. For
example, Isa et al. synthesized aragonite CaCOj; microparticles and loaded
ciprofloxacin into the particles. Anti-bacterial activity of ciprofloxacin loaded
CaCO3; microparticles was investigated against Salmonella Typhimurium ATCC
1402. Inhibition zones of ciprofloxacin loaded CaCO3 microparticles was found to
be larger than free ciprofloxacin, indicating enhanced anti-bacterial activity for
ciprofloxacin loaded CaCO3 microparticles®’. Another example concerning the use
of CaCOzmicroparticlesforanti-bacterial applications was presented by Sahoo etal.
silver nanoparticles loaded CaCO3; microparticles were included into paintand the
anti-bacterial activity of the paint was investigated against Escherichia coli,
Psychrobacter alimentarius, and Staphylococcus equorum. While free paint did not
show any antibacterial activity, it was observed that CaCO3;-AgNPs particles
included paint showed antibacterial activity®8. In another study, Ferreira et al.
prepared PSS/PElI LbL coated CaCOj; microparticles and loaded biocide
benzyldimethyldodecylammonium chloride (BDMDAC) as the antibacterial agent
The antibacterial activity of LbL-coated CaCO3microparticles was examinedagainst
Pseu-domonas fluorescens. They reported that the anti-bacterial activity of
BDMDAC agains Pseu-domonas fluorescens was not affected by the multilayer
assembled CaCO3 microparticles®. In another example Begum G. and coworkers
studied tetracycline release from spherical CaCO3z microparticles. They showed that
tetracycline release was greater at acidic conditions and suggested that CaCO3
microparticles could be used as carriers for stimuli-responsive drug release
applications 0.

1.3 Layer-by-Layer Self Assembly and Preparation of Polymer Multilayers

Layer-by-layer (LbL) self-assembly technique is a bottom-up nanofabrication
technique. It is inexpensive and practical compared to other thin film fabrication
methods such as Langmuir-Blodgett (LB) technique, SAM technique®l. This

technique wasfirstdiscovered in 1966 by Iller>2in which silicaand alumina particles
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were deposited onto a glass substrate 2. In 1991, Decher and coworkers applied this

technique to oppositely charged polyelectrolytes to functionalize surfaces 61.63.64,

Ultrathin multilayers through LbL self-assembly technique are formed by alternating
immersion of the substrate into oppositely charged polyelectrolyte solutions.
Substrates are rinsed after deposition of each layerto get rid of the loosely bound
polymers. This cycle is repeated until desired number of layers is deposited at the
surfaced1.%9, The driving force LbL deposition is not limited to electrostatic
interactions. Metal coordination®.66, hydrogen bonding®7.68, covalent bondingt7
have been reported for LbL deposition”. Figure 1.7 shows schematic representation
of LbL self-assembly process.
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Figure 1.7. Schematic representation of LbL self-assembly process.
(Modified from ref [62]).

LbL technique allows adsorption of materials of varying type, e.qg.
polyelectrolytes’273, proteins?, inorganic substances’ onto not only two-
dimensional substrates but also three-dimensional substrates such as CaCO3’6,
silica”, melamine formaldehyde’®, polystyrene particles’™ .
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The nano/microparticles are dispersed in the polymer solution. The polymer is
expected to be adsorbed on the surface for a certain period. After the coating of the
polymer on the surface is completed, the particles are precipitated, and the rinsing
step is carried out. After the rinsing is finished, the precipitated particles are
dispersed in the second polymer solution and waited for a while. After the second
coating is completed, the rinsing process is performed, and these steps are repeated
according to the desired number of layers. After the desired number of layers is
coated, the core can be dissolved to obtain a hollow capsule. Figure 1.8 shows

schematic representation of LbL microparticles and hollow capsule preparation.
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Hollow Capsule

Figure 1.8. A) Schematic representation of fabrication of LbL Microparticles B)
Schematic representation of preparation of hollow capsule. (Modified from ref[3]).

1.4 LbL Films as Drug Delivery Platforms

Among various drug carriers, thin films have been of interest for site-specific drug
delivery applications compared to conventional tablets which are brittle and require
special packaging®®8! | liquid drug formulations with poor stability82 and patches
which may sometimes cause skin irritation83.84, Advantages of thin films for drug

delivery applications can be summarized as:

i) faster disintegration of thin films than conventional drug products, providing fast

drug action,

if) reduced dose frequency,

iii) reduced side effects,

iv) release of drugs in a controlled manner, providing improved drug efficacy8>-%7.

LbL self-assembly is a practical and a relatively inexpensive technique to prepare
thin films. In addition, itallows control in film properties during self-assembly and
post-assembly steps. Moreover, this technique does not display any restrictions for
the size and shape of the substrates. Consideringall these advantages, LbL thin films
are advantageous for drug-delivery applications. Drug molecules can be
incorporated into the multilayers during either deposition or post-deposition steps.
On the other hand, drugmolecules can be released from the multilayers through self-

diffusion, film dissolution or film degradation.
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There are various factors to be considered prior to incorporation of the drugs into the

multilayers. These are:

1) Choosing appropriate thin film materials to provide interaction with the specific
drug molecules;

2) Chemical and physical stability of multilayers;

3) Ensuring the drug molecules to reach the targeting site (generally accomplished
through constructing the multilayers using stimuli-responsive polymers which
undergo structural changes and release drug molecules in response to external
stimuli, e.g., pH, ionic strength and/or temperature®s.

4) Controlling the drug release kinetics.

There are several methods to incorporate drugs into multilayers. The simplest
method is based on loading drug molecules into multilayers at the post-assembly
step. Drug molecules can be loaded into pre-fabricated multilayers by immersing the
films into drug solution and simple adsorption of the drug molecules onto polymer
layers through hydrogen bonding, electrostatic, hydrophobic or van der Waals
interactions. The loading amount has been controlled by the thickness of the
multilayers as well as the concentration of the drug solution®. For example, the
amount of paclitaxel release from polylysine/hyaluronic acid (PLL/HA) multilayers
which were post-loaded with paclitaxel was foundto be tuned with the film thickness

and concentration of paclitaxel solution.

Another method, commonly used for incorporating drug molecules into LbL films is
to use the drug molecules as building blocks for multilayer construction. For
example, gentamicin could be used as a building block and incorporated into LbL
films composed of hyaluronic acid and poly (-amino ester) as the polyanion and
polycation, respectively. They reported more robust film growth when relatively
high molecular weight of poly (B-amino ester) was used. However, the amount of
drug per film thickness, so called “density of drug incorporation” was lower
compared to multilayers produced at low molecular weight poly (B-amino ester)® .
Another study based on poly(-amino ester)-based multilayers was prepared by

constructing poly(B-amino ester) and vancomycin together with either dextran
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sulfate, chondroitin sulfate or alginate. Such multilayers have beenshown to degrade

and release vancomycin in a controlled manner and present activity against S.aureus
92

Another way to load drug molecules into multilayers is to load drug molecules into
cargo materials such as block copolymer micelles and use the drug loaded cargo
materials as building blocks during LbL self-assembly®d. This way of film
preparation is advantageous when protection of the drug against decomposition is
required until the target site is reached. In addition, loading capacity of multilayers
for hydrophobic molecules can also be increased owing to hydrophobic micellar
cores. Note that, LbL filmsare composed of water soluble, hydrophilic polymers and
loading capacity of polymer multilayers for hydrophobic drugmoleculesis relatively
low. Thus, use of block copolymer micelles not only provides protection of the drug
molecules but also increases the hydrophobic drug loading capacity of the
multilayers. An example to block copolymer micelle containing multilayers was
built up by LbL deposition of Coumarin-6 loaded block copolymer micelles of PS-
b-PAA and graphene oxide. These films were found to release Coumarin-6 in
response to pH changes®.

Drugs can also be incorporated into multilayers through covalent coupling of the
drug to polymers via responsive bonds and use polymer-drug conjugates as building
blocks in LbL assembly. Such multilayers were shown to provide stimuli-responsive
drug delivery®4. For example, Christopher et al. conjugated DOX with
poly(Lglutamic acid) (PGAaik) via amide bond formation. DOX conjugated PGA ak
and poly(N-vinyl pyrrolidone) (PVPON) assembled onto silica particles via
hydrogen bonding. PVPON was released into multilayers by manipulating pH and
DOX conjugated PGAastabilized with cross-linker agent. They investigated DOX
conjugated PGAAak capsules cell viability, and they reported that the covalently

bound drug-polymer conjugated capsules decreased the cell viability %.

LbL assembly has also been applied to coat inorganic micro-/nano particles which

canabsorb both hydrophilic and hydrophobic drugmoleculesin their pores. Inother
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words, drug containing inorganic particles are used as substrates for LbL deposition.
Multilayers have been reported to control the drug release from the interior region.
For example, DOX encapsulated silica microparticles, LbL modified using bis-
aminated poly (glycerol methacrylate)s (BA-PGOHMAS) and cucurbit[7]uril
(CB[7]), were shown to release DOX in response to pH or presence of competitive
agents such as adamantaneamine hydrochloride (AH) °¢ . Dissolution of the core
material upon LbL deposition resulting in formation of hollow capsules was also
shown in the literature for encapsulation of functional molecules in the interior
region. For example, Volodkin et al. prepared PAH/PSS coated CaCOj;
microparticles in a LbL fashion, followed by core dissolution. The resulting hollow
LbL capsules could be loaded with Bovine Serum Albumin (BSA) and dextran
without losing activity of the biological molecules®’. Similar hollow capsules were
also prepared by Zhao et al. %2, DOX and daunorubicin (DNR) loaded hollow

capsules were found to exhibit diffusion-controlled drug release %.

Liu et al. constructed multilayer film system with PAH/PSS deposited onto
melamine formaldehyde (MF) colloidal particles. Hollow polyelectrolyte hollow
capsule was obtained by dissolving core particles at acidic conditions. Daunorubicin
(DNR) was loaded into hollow capsules. The loading amount of DNR was found to

be controlled with concentration of drug, concentration of salt and temperature 9.

In another study Andalib et al. deposited chitosan (CS) and poly (ethylene glycol
dimethacrylate-co-methacrylic acid) (EM) onto CaCOgzmicroparticles. After CaCO;
core dissolution with EDTA, anticancer drugs of gemcitabine (Gem) and curcumin
(Cur) were loaded into the hollow capsules. They reported that Gem and Cur loaded
hollow capsules showed high toxicity on HCT-116 colorectal carcinoma cells

depending on the concentration of hollow capsules1.

Wang et.al. modified CaCO3 microparticles through LbL deposition using poly-L-
ornithine (PLO) and fucoidan was deposited onto CaCO3 microparticles. DOX was
loaded into LbL-coated microparticles, and such particles were shown to display

significant cell inhibition on MCF-7 cells101,
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LbL modification of CaCO3 microparticles using sodium poly (styrene sulfonate)
(PSS) and aliphatic poly(urethane-amine) (PUA) was reported to prevent burst
release of DOX from CaCOszmicroparticles. Additionally, DOX release was found
to be increased with increasing temperature and decreasing pH due to core

dissolution and 102,

1.5 Layer-by-Layer Assemblies of Poly(2-alkyl-2-oxazoline)s

Multilayers of PAOXs, constructed onto both 2D and 3D substrates have been
reported in the literature.

151 PAOX-based multilayers constructed onto 2D-subtrates

Thickness dependent antifouling behavior of thermally crosslinked PAA and
partially hydrolyzed PEOX multilayers (deposited onto silicon wafers) was
demonstrated by Jiang et.al. Multilayers were found to be resistant against
attachment of bovine serum albumin (BSA), fibroblasts, gram-positive (S.aureus)
and gram-negative (E.coli) bacteria. They found that increasing multilayer thickness
adversely affected the anti-adhesiveness against protein attachment. 103

Thermally crosslinked multilayers of partially hydrolyzed PEtOX (7%) and PAA
displayed antifouling property against bacterial attachment when incubated with
gram positive B.subtils and gram negative bacteria E.coli for 6 hours. The authors
also examined healability of the same multilayers and found that healability

decreased as the crosslinking degree due to restriction of polymer chain mobility 1%,

In another study, Antunes et.al. examined LbL deposition of temperature responsive
PnPrOX and TA onto gold coated quartz chip below and above LCST of the
PnPropOX. Their findings showed that deposition temperature was critical on the
multilayer growth mechanism. Deposition above LCST resulted in high change in

resonance frequency (Af) due to dehydration of PnPropOX leading to more globular
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conformation. Onthe other hand, LbL deposition below LCST provided low change

in resonance frequency (Af) due to more extended conformation of PnPropOX 105,

LbL deposition of PiPOX and water-soluble complexes of TA and DOX was
reported by Haktaniyan et.al. They found that DOX release from multilayers was
greater at acidic conditions than neutral pH. pH-responsive release was explained by
protonation of TA as the pH decreased resulting in disruption of electrostatic
association among DOX and TA, providing greater amount of DOX release from

multilayers 106,

Hendessi et.al demonstrated that functionalization of coating Ag nanoparticles with
PEOX enhanced stability of the particles and molecular weight of PEOX together
with the pH of the solution were both critical on the stability. In the same study,
PEOX stabilized Ag nanoparticles were co-assembled with TA onto quartz and
silicon wafer substrates. Such multilayers were shown to display pH-responsive Ag

release, providing antibacterial activity to the surfacest0’.

A contrastive study on surface morphology, stability, wettability, stimuli-responsive
drug release properties, anti-adhesive and antibacterial properties of PEOX/TA and
PIPOX/TA was reported by

Cagl et.al. Wettability of multilayers was found to be critical on the resistivity
against Bovine Serum Albumin (BSA) adsorption and were more effective to reduce
adherence of E. coli. Both PEOX/TA and PIPOX/TA multilayers did not display
antiadhesiveness against S. aureus. Although PIPOX/TA multilayers released
greater amount of CIP especially at acidic pH and 37 °C, PAOX-multilayers showed
similar antibacterial activity against E. coli under all conditions. On the other hand,
antibacterial activity of the films against S. aureus was in good agreement with the

amounts of CIP released from multilayersi08 [ref].
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152 PAOX-based multilayers constructed onto 3D-subtrates

LbL coating of super magnetic iron oxide nanoparticles by TA and PiPrOx was
demonstrated by Erel and co-workers. DOX was post-loaded into the particles via
electrostatic and hydrogen bonding interactions between DOX and TA1%, DOX
release was triggered by both pH and temperature at physiologically related

conditions109,

Mathivanan etal. prepared hollow capsules by LbL modifying CaCO3zmicroparticles
using temperature sensitive poly(2-n-propyl-2-oxazoline) (PnPropOx) and TA
through hydrogen bonding interactions. CaCO3 microparticle template was then
dissolved using EDTA resulting in PnPropOx/TA hollow capsules. pH-dependent
stability of hollow capsules was examined through confocal laser scanning
microscopy (CLSM) using TRITC-dextran and FITC-dextran as fluorescence
probes. PnPropOx/TA hollow capsules were found to be stable between pH 3 and
8.5. They observed that the capsules shrunk at pH 9, swelled below pH 3 and
completely dissolved at pH 2. The permability of capsule walls was examined using
4 different fluorescent dyes, i.e., FITC-dextran, TRITC-dextran, rhodamine, and
carboxyfluorescein. Capsules were permeable to all these fluorescence molecules
between pH 2 and 5. At pH 7, capsules were permeable to all the dyes except FITC-
dextran. This was explained with the decreasing pore size within the PnPropOx/TA
multilayers, making capsule walls impermeable to FITC-dextran with relatively big
size. The electrostatic repulsion between FITC-dextran and TA or PSS in the capsule
interior could have also contributed to impermeability of the wall towards FITC-
dextran. On the contrary, relatively small molecules such as rhodamine and
carboxyfluorescein were found to diffuse into the capsules even above pH 8.5 when

the pores were closed 110,

LbL capsules composed of TA and poly(2-n-propyl-2-oxazoline)s (PnPrOX) with
LCST-type phase behavior were prepared by Paramasivam et. al. The effect of
temperature on the morphological changes of the capsule wall was investigated 11,

Their findings showed that pores were formed on the capsule wall beyond LCST of
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PnPrOX and these pores could be opened or closed below or above the critical
temperature of PnPrOX, which may be promising for temperature-controlled drug

deliverylil,

Kempe and co-workers synthesized both linear- and brush-like PEOX. LbL
deposition of these PEOX onto silica particles was achieved using poly (methacrylic
acid) (PMA). Stabilization of linear PEOX with alkene functionality and PMA
multilayers was assured through thiol-ene chemistry, whereas for brush-like PEOX
with alkyne moieties, copper-catalyzed azide-alkyne cycloaddition reaction was
performed. Hollow capsules obtained after removal of the silica particles using
hydrofluoric acid were shown to exhibit low-fouling behaviort!2, Same authors also
reported on LbL deposition of thiol-containing poly(2-ethyl-2-oxazoline) and PMA
which were crosslinked through disulfide bond formation. Redox-responsive
behavior of the capsules arising from disulfide crosslinking introduced degradability
to the capsules under simulated intracellular conditions (pH 5.9- and 5-mM
glutathione). Capsule degradation was also observed after incubation with dendritic
JAWS Il cellstis,

1.6 Aim of Thesis

Poly(2-oxazoline)s (PAOXs) have attracted increasing attention in the recent years
especially due to their important biological properties such as biocompatibility, non-
toxicity and anti-fouling®3.114, Although there are several studies concerning
functionalization of surfaces using PAOXs through LbL self-assembly
techniquel04.107.108,112 'stjl| there are challenges to address in the use of PAOX-based
LbL films for biomedical applications. For example, PAOXs are neutral polymers
and their LbL films are constructed through physical interactions such as hydrogen
bonding. This sometimes brings together long-term stability problems in biomedical
applications since hydrogen bonding is sensitive to the pH, ionic strength and
temperature of the environment. There are only two studies, reporting on thermal

crosslinking of partially hydrolyzed poly(2-ethyl-2-oxazoline) (PEOX-PEI) and
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polyacrylic acid multilayers through amide bond formation. Note that this
crosslinking is only possible when the counterpart polymer in the LbL self-assembly

is a polycarboxylic acid.

In this context, this thesis study first aimed to investigate a new crosslinking
chemistry for LbL films composed of a PAOX, namely poly(2-isopropyl-2-
oxazoline) and a polyphenol, TA and then contrast the physicochemical properties
of crosslinked and noncross-linked PIPOX-PEI and TA with respect to stability at
physiologically related pH and temperature conditions. The second aim was to
transfer the knowledge generated on 2D studies to prepare LbL-modified
microparticles and LbL hollow capsules. The third aim of the study was to explore
differentroutesforloadinghydrophobic drugmoleculesinto LbL microparticlesand
hollow capsules. The fourth and last aim was to demonstrate dual responsive (pH
and temperature) release of multiple drug molecules from the particles and the
synergistic effect of the two drug molecules to assess their potential for anticancer

applications.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

Phosphate buffer saline (PBS) (tablet), calcium chloride (CaCl,, anhydrous,
granular), sodium carbonate (Na,CO3) (powder, >99.5%, ACS reagent), Curcumin
(CUR) and poly(sodium 4-styrenesulfonate) (PSS) (70,000 g/mol) were purchased
from SigmaAldrich Chemical Co. Sodium dihydrogen phosphate dihydrate
(NaH2P0O4.2H,0), Tannic Acid (TA, Mw 1701). sodium hydroxide (NaOH) (pellet),
SpectroPor7 regenerated cellulose dialysis membrane (molecular weight cut off: 3.5
kDa) and Spectra/Por Float-A-Lyzer G2 Dialysis device were purchased from Merck
Chemicals. Deionized (DI1) H,O was purified by passage through a Milli-Q system
(Millipore) at 18.2 MQ. Sodium dodecyl sulphate (SDS) was purchased from
BioShop® Canada Inc.. Ethanol (>99.9%) was purchased from Isolab® Chemicals.
Ethanolamine(>99%), cadminum acetate dihydrate (98%), a-bromoisobutyrl
bromide (98%), acetonitrile (>99.9%), 2-butanol (>99%).

2.2 Methods

221 Synthesis of IPOX

Cadmium acetate dihydrate (1.08 mmol, 0.29 g) was added to ethanolamine (0.052
mol, 3.52 mL)and isobutyronitrile (0.043mol, 3.9 ml) underargon atmosphere. This

mixture was refluxed at 130°C for 20 hours. The product was distilled under low
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pressure at 50°C and separated from unreacted ethanolamine and isobutyronitrile. It

was dried with CaH; and distilled again.

2.2.2 Synthesis of PIPOX

IPOX and acetonitrile were dried with CaH,. 41 mmol of iPOX was dissolved in
5.35 mL of acetonitrile (ACN) in an inert atmosphere. 0.4 mmol of a-
bromoisobutyryl bromide was added to the solution. After mixing, the reaction
vessel was placed in an oil bath at 80°C. After 72 hours, the mixture was cooled to
room temperature. Polymerization was terminated by adding 1.2 mmol of 2-butanol
and the reaction solution was stirred at 80°C for another 2 days. Afterwards, the
solvent was removed in the rotavap. The product was dissolved in deionized water
and dialyzed against deionized water for 2 days. Finally, the solution was freeze-
dried.

2.2.3 Synthesis of Poly (2-isopropyl-2-oxazoline-r-polyethylene imine)

0.16 g of PIPOX was dissolved in 3 mL of concentrated HCI solution. This solution
was stirred at 500 rpm at 100 °C for 6 hours. Afterwards, the solution was cooled to
room temperature.15 mL of 6 M NaOH was added to the polymer solution until it
became basic. The basic polymer solution was dialyzed against deionized water for

2 days and freeze-dried.

2.24 Synthesis of CaCOz Microparticles

20 mg of PSS was added to 10 mL of 0.3 M Na,CO3 solution and mixed at 1000 rpm
for 1 hour. 0.3 M CacCl; solution was prepared in a separate beaker. 10 mL of 0.3 M
CaCl; solution was added onto 10 mL of 0.3 M Na,COj3 solution containing PSS and
mixed at 1000 rpm for 30 seconds. CaCO3 microparticles were separated by vacuum
filtration, washed with 50 mL of DI water and dried in an oven at 60 °C for 1 hour.
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2.25 Synthesis of Curcumin (CUR) Loaded CaCOz Microparticles

25 mg of CUR was dissolved in 5 mL of ethanol. 50 mg of SDS and 50 mg of PVP
were added into this solution and mixed on a magnetic stirrer at 1000 rpmfor 1 hour.
10 mg of PSS was added to 5 mL of 0.3 M Na,COg solution and stirred for 1 hour at
1000 rpm. SDS/PVP/CUR solution in ethanol was added to 5 ml of 0.3 M Na,CO;
solution containing PSS and mixed at 1000 rpm for 5 minutes. 5 mL of 0.3 M CaCl,
solution was added to this mixture in a controlled manner for 40 seconds and then
mixed for 2 minutes. CUR-loaded CaCO3; microparticles were separated by vacuum

filtration, washed with 50 mL of DI water and dried in an oven at 60 °C for 1 hour.

2.2.6 Calculation of Loading amount of Curcumin in CaCO3
Microparticles:

25 ul of 15 mL filtrate obtained after the filtration of CaCO3 microparticles was
added onto 4 mL of 60% v/v PBS-EtOH solution. Then, 100 ul of this solution was
taken and diluted to 2 mL with 60% v/v PBS-EtOH solution. The fluorescence
intensity of CUR in the obtained solution was measured and the amount of CUR was
determined using calibration curves prepared under similar conditions. The reason
for dilution was the high fluorescence intensity of CUR in the solution which lied
outside the linear range. The amount of CUR in 15 mL filtrate was calculated. To
calculate the amount of CUR loaded into the CaCO3 microparticles, the amount of
CUR in the filtrate was subtracted from the amount of CUR (25 mg) added during
particle synthesis. The values obtained after the calculations for 4 different samples
are summarized in the table below and the amount of CUR loaded into 0.13195 +
0.00225 CaCO3 microparticles was accepted as ~ 8.2 + 1.1 mg.
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Table 1. Loadingamount of Curcumin in CaCO3 Microparticles.

Amount of CaCOs Loading amount of loaded
Microparticles Curcumin
Sample 1 0.13g 8.30 mg
Sample 2 0.13¢g 9.70 mg
Sample 3 0.13g 7.90 mg
Sample 4 0.13g 7.00 mg

2.2.7 Fabrication of TA/PIPOX-PEI Multilayers onto Silicon Wafer

To clean the surfaces of the silicon wafers, the wafers were first immersed in
concentrated sulfuric acid for 85 minutes and then rinsed with DI water. Then, the
surfaces were immersed into 0.25 M NaOH solution for 10 minutesand rinsed with
DI water. A layer of branched polyethyleneimine (BPEI) was deposited on the
surface of silicon wafersto improve the adhesion of subsequent layers. For this, the
cleaned wafers were dipped into 0.5 mg/mL BPEI solution (pH 5.5, prepared in 10
mM phosphate buffer solution), waited for 30 minutes and thenrinsed for 1 minute
in 10 mM phosphate buffer solution (pH 5.5).

0.2 mg/mL (pH 6.5) TA solution and 0.2 mg/mL (pH 6) PIPOX-PEI solution were
prepared by dissolving TA and PIPOX-PEI in 10 mM phosphate buffer. The cleaned
and BPEI coated silicon wafers were first immersed in the TA solution for 15
minutes. Afterwards, the silicon wafers were washed twice, for 1 min each, by
immersion in 10 mM phosphate buffer solution (pH 6.5). In the second step, these

wafers were immersed in the PIPOX-PEI solution for 15 minutes. Afterwards, the
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silicon wafers were washed twice by immersion in 10 mM phosphate buffer solution
(pH6) for 1 minute each. Thiscycle was continued until the desired number of layers
were deposited on the surface. Film thickness was measured after each layer using a

spectroscopic ellipsometer.

2.2.8 Fabrication of covalently crosslinked TA/PIPOX-PEI Multilayers

14-layer PIPOX-PEI/TA films were prepared as described in section 2.9. The films
were incubated in 1 mM NalO,4 solution (prepared in pH 5, 10 mM phosphate buffer
solution) for 5 minutes. Afterwards, the films were rinsed by immersing into 10 mM
phosphate buffer solution (pH 5) for 1 min. Crosslinking was indirectly confirmed
through exposingmultilayersto PBS at either decreasingorincreasingpH values for
30 minutes at 25 °C and following the fraction retained at the surface at each pH
value. Fractions were calculated by dividing the thickness at each pH to the initial

thickness of the film.

2.29 Stability of Multilayers in PBS at neutral and acidic pH

The stability of the 14-layer non-crosslinked or covalently cross-linked PIPOX-
PEI/TA films was examined in phosphate buffer saline (PBS) at pH 5.5/25°C; pH
7.4/25°C; pH 5.5/37°C and pH 7.4/37°C. Films were exposed to PBS solution,
waited for certain time, dried and the thickness was measured. Fraction retained at
the surface wasfollowed asafunction of time. Fractions were calculated by dividing
the thickness of multilayers to the initial thickness. Similar experiment was also
carried out for non- crosslinked films in PBS containing 20% by volume of ethanol

under the above-mentioned conditions.
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2.2.10 Deposition of TA/PIPOX-PEI onto CaCOz Microparticles

LbL deposition onto bareand CUR-loaded CaCO3 microparticles was performed as
explained in the following paragraph:

10 mg of CaCO3 microparticles were placed in an eppendorf centrifuge tube and
dispersed in 2 mL of 10 mM phosphate buffer solution (pH 6) for 2 hours using a
vortex shaker. Microparticles were precipitated by centrifugation at 3500 rpm for 1
minute. The precipitate was dispersed for 20 minutesin 2 mL of 2 mg/ml TA solution
(prepared in pH 6.5, 10 mM phosphate buffer solution) with the vortex shaker.
Microparticles were precipitated by centrifugation at 3500 rpm for 1 minute. For
rinsing, the precipitate was dispersed for 1 minute in 10 mM phosphate buffer
solution (pH 6.5) and precipitated again for 1 minute at 3500 rpm. The rinsing
process was repeated 2 times. For the second layer, the precipitated CaCO3;
microparticles were dispersed in 2 mL of 0.5 mg/mL PIPOX-PEI solution (prepared
in pH 6, 10 mM phosphate buffer solution) for 15 minutes using a vortex shaker.
Microparticles were precipitated by centrifugation at 3500 rpm for 1 minute. For
rinsing, the precipitate was dispersed in 10 mM phosphate buffer solution (pH 6) for
1 minand precipitated again at 3500 rpm for 1 min. The rinsing process was repeated
2 times. This cycle continued until 5 layers were deposited on the CaCOj;
microparticles. All layers exceptthe firstone was deposited for 15 minutes. 1 mg/mL
TA solutionwas used forthe 2ndand 3rd TA layers. The order of the layers deposited
on the surface s as follows: 1st layer: TA; 2nd layer: PIPOX-PEI; 3rd layer: TA,; 4th
layer: PIPOX-PEI; 5th layer: TA.

2.2.11 CUR Release from LbL-coated CaCO3zMicroparticles

5 mg of LbL-coated CaCO3 microparticles were dispersed in 4 mL of 80% PBS-
EtOH solution and mixed on a vortex shaker at 100 rpm. After a certain time, the
capsuleswere precipitatedand the amountof CUR in the supernatant was determined

by fluorescence spectroscopy method. Fresh 4 mL of 80% PBS-EtOH solution was
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added on the precipitated LbL capsules and CUR release was continued. CUR was
excited at 425 nm (excitation wavelength) and fluorescence intensity was followed
at 525 nm. Since the amount of CUR in the supernatant solution obtained at the end
of the 1st and 3rd hours was high, it was determined that the obtained fluorescence
intensity was outside the linear region. Therefore, 200 puL of the supernatant solution
obtained at the end of the 1stand 3rd hours was taken, completed to 1 ml with 20%
v/v EtOH-PBS solution, and then 1 mL of pure EtOH was added to the measurement.
In summary, the amount of EtOH in the mixture was 60% by volume prior to
fluorescence intensity measurements. The concentration of released CUR was
calculated with the help of calibration curve. The amounts of CUR released at the
end of the 5th, 7th and 24th hours were low compared to the first and third hours.
For this reason, dilution with 20% v/v EtOH-PBS mixture was not performed before
the fluorescence intensity measurement. Instead, 1 mL of pure EtOH was added to 1
mL of sample taken from the supernatant and the % EtOH ratio in the solution was
similarly increased to 60%. Since the supernatant was discarded after each
measurement and replaced with fresh 20% v/v EtOH-PBS, the concentration values

shown in Figure 3.17 are cumulative concentration values.

2.2.12 CUR Loading into Crosslinked and Non-Crosslinked Hollow

Capsules

CUR loading into crosslinked and non-crosslinked hollow capsules was performed
at pH 5. Crosslinked and non-crosslinked hollow capsules were dispersed in 2 mL
of 0.2 mg/mL CUR solution (prepared in 20% EtOH-10 mM phosphate buffer) and
mixed using a vortex shaker for 4 hours at room temperature. The amount of CUR
loaded into crosslinked and non-crosslinked hollow capsules were calculated by
measuringthe fluorescence intensity of CUR at525 nm, then quantifying the amount
of CURIn the supernatant, andfinally subtractingthe amountin the supernatant from
the amount of CUR in the loading solution. The amount of CUR loaded into non-
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crosslinked and crosslinked were ~240uM £ 7.5 for both crosslinked and noncross-

linked hollow capsules.

2.2.13 CUR Release from Hollow Capsule

TA/PIPOX-PEI crosslinked and non-crosslinked hollow capsules were dispersed in
2 mL of 80% PBS-EtOH solution and mixed on a vortex shaker at 100 rpm. After a
certain time, the capsules were precipitated and the amount of CUR in the
supernatant was determined by fluorescence spectroscopy method. Fresh 2 mL of
80% PBS-EtOH solution was added on the precipitated crosslinked and non-
crosslinked hollow capsules and CUR release was continued. CUR was excited at
425 nm (excitation wavelength) and fluorescence intensity was followed at 525 nm.
Since the amount of CUR in the supernatant solution obtained at the end of the 1+,
3rdand 5t"hourswere high, itwas determined that the obtained fluorescence intensity
was outside the linear region. Therefore, 10 uL of the supernatant solution obtained
atthe end of the 1st, 31, 5thhours were taken, completed to 1 ml with 20% v/v EtOH-
PBS solution, and then 1 mL of pure EtOH was added to the measurement. In
summary, the amount of EtOH in the mixture was 60% by volume prior to
fluorescence intensity measurements. The concentration of released CUR was
calculated with the help of calibration curve presented in Appendix 3 and 4. Since
the supernatant was discarded after each measurement and replaced with fresh 20%
v/v EtOH-PBS.

2.2.14 Doxorubicin (DOX) Loading into LbL-coated CaCOs

Microparticles

2 mg of CaCOg3 microparticles coated with 5-layers of PIPOX-PEI/TA multilayer
films were dispersed in 1 mL of 0.1 mg/ml DOX solution (prepared in pH 7.4, 10
mM phosphate buffer solution) and stirred at 1200 rpm for 1 hour using a vortex
shaker. As explained in more detail in section 2.15, CUR-free (bare) CaCO;
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microparticles were used for DOX loading and release studies. The particles, which
were precipitated by centrifugation at 3500 rpm for 1 minute, were dispersed again
in pH 7.4, 10 mM phosphate buffer solution to get rid of weakly attached DOX
molecules. Supernatants were collected and the amount of DOX was calculated with
the help of calibration curves. The amount of DOX loaded into LbL-coated CaCOs
microparticles was approximated by subtracting the DOX amount in the supernatant
from the amount of DOX in the loading solution. The amount of DOX loaded on 2
mg LbL coated CaCO3 microparticles was calculated to be approximately 0.045 +
0.006 mg.

2.2.15 Doxorubicin (DOX) Loading into Crosslinked and Non-Crosslinked

Hollow Capsules

DOX loading into crosslinked and non-crosslinked hollow capsules were performed
at pH 7.4 in 10 mM phosphate buffer. Crosslinked and non-crosslinked hollow
capsules were dispersed in 1 mL of 0.1 mg/mL DOX solution (prepared in 10 mM
phosphate buffer) and mixed using a vortex shaker for 1 hour at room temperature.
The amount of DOX loaded into crosslinked and non-crosslinked hollow capsules
were calculated by firstmeasuringthe fluorescence intensity of DOX at555 nm, then
quantifying the amount of DOX in the supernatant, and finally subtracting the
amount in the supernatant from the amount of DOX in the loading solution. The
amount of DOX loaded into non-crosslinked and crosslinked were ~ 70.3 uM £ 3.0

and 73.1 uM = 2.9 respectively.

2.2.16 DOX Release from LbL-coated CaCOsz Microparticles

Since DOX and CUR peaks overlap in the emission spectra, bare CaCOj;
microparticles were used for DOX release experiments. In addition to the overlap,
the amount of CUR released was higher than DOX which made DOX peak

undetectable. This is another reason why bare microparticles (no CUR loaded) were
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used for DOX release experiments. 2 mg CaCO3 microparticles coated with PIPOX-
PEI/TA multilayer films and post-loaded with DOX were dispersed in 2 mL of PBS
and mixed at 100 rpm on a magnetic stirrer. DOX release was followed at pH
5.5/25°C; pH 7.4/25°C; pH 5.5/37°C and pH 7.4/37°C. The pH and temperature of
the PBS solution were adjusted beforerelease was started. Particles were precipitated
at certain time intervalsand DOX release was followed by fluorescence spectroscopy
(excited at 490 nm). Due to the high DOX concentration in the supernatant which
did not lie in the linear region, 100 uL of the supernatant was taken and diluted by
adding 900 pL of PBS. The intensity of the peak at 555 nm in the emission spectrum
was monitored as a function of time. The amount of DOX released was calculated

with the help of the calibration curves presented in Appendix 1 and 2.

2.2.17 DOX Release from Crosslinked and Non-crosslinked Hollow

Capsules

DOX release was started by dispersing crosslinked and non-crosslinked hollow
capsules into 2 mL of PBS which was then placed on a magnetic stirrer and stirred
at 100 rpm. At determined time intervals, crosslinked and non-crosslinked hollow
capsuleswere precipitated and the amountof DOX in the supernatantwas calculated
by measuring the intensity at 555 nm using fluorescence spectroscopy. After each
measurement, 2 mL of fresh PBS solution was added onto precipitated the hollow
capsules, and DOX release was continued. DOX was quantified using calibration

curves prepared under release conditions.

The amount of DOX in the supernatant was too high and the fluorescence intensities
lied outside of the linear range in the calibration curve. Therefore, the supernatants
obtained at the end of the first and third hours were diluted with PBS solution with

1:19 ratio and fifth hours was diluted with 1:1.5 ratio. DOX release was quantified
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using calibration curves presented in Appendix 1 and 2 Since the supernatant was

discarded after each measurement and fresh PBS mixture was added instead.

2.3 Instrumentation

2.3.1 1H Nuclear Magnetic Resonance Spectroscopy

IPOX, PIPOX and PIPOX-PEI were characterized through NMR spectroscopy using
a Brucker Spectrospin Avance DPX-400 Ultra shield instrument, operating at 400
MHz.

(Solvent: CDCls, D,0).

2.32 Fourier Transform Infrared Spectroscopy

CUR loaded CaCOzand bare CaCOzwere characterized using a Nicolet iS10 ATR-
FTIR.

2.3.3 pH Meter

Ohaus Starter 3000 pH meter was used for pH adjustments.

2.34 X-ray Diffractometry

Rigaku X-ray Diffractometer with a miniflex goniometer operated at 30 kV and

15mA Cu-Ka line (o =1.54 A)as the X-ray source was used for XRD measurements.

2.35 Scanning Electron Microscopy (SEM)

The morphology and size analysis of bare CaCO3; and CUR loaded CaCOj;
microparticles were conducted using JSM-6400 Scanning Electron Microscope
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(SEM) (JEOL, equipped with NORAN system 6 X-ray Micro-analysis system and
semaphore digitizer, Westhorst, NL).

2.3.6 Dynamic Light Scattering and Zeta Potential Measurements

Zetasizer Nano-ZS equipment (Malvern Instruments Ltd., U.K.) was used for zeta

potential measurements of CaCO3 microparticles.

2.3.7 Fluorescence Spectroscopy

Release studies were conducted using a Perkin EImer LS55 Fluorescence

Spectrometer.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1  Synthesis of IPOX

2-isopropyl-2-oxazoline was synthesized as a result of the reaction between
acetonitrileand ethanolamine under a Lewisacid catalysis. Schematic representation
of IPOX synthesis and IH NMR spectrum of IPOX are shown in Figure 3.1. The
peaksat 1.17 ppmand 1.19 ppm were correlated with methylene protons (d, 6H, -
CHg). The peak at 2.55 ppm (m, 1H -CH) was correlated with the proton on the
tertiary carbon. The peak at3.75 ppmwas correlated with the protons on the carbon,
neighbouring the nitrogen atom (t, 2H, =NCH,). The peak at 4.25 ppm was related
with the protons on the carbon atom, neighbouring the oxygen atom (t, 2H, -OCH,).
The IH NMR spectrum confirms successful synthesis of IPOX and the data is also
in good agreement with the literature 115116,

A

+  H.N 20h, 130°C N o
\|/ 2 \/\OH - j/\

CN Cd(OAc), . 2H,0
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Figure 3.1. A) Schematic representation of IPOX synthesis and B) 1H-NMR
spectrum of IPOX.

3.2 Synthesis of PIPOX

PIPOX was synthesized through cationic ring opening polymerization of 2-
isopropyl-2-oxazoline in acetonitrile, using a-bromoisobutyrl bromide as the
initiator. The mechanism for cationic ring-opening polymerization (CROP) of IPOX
is represented in Figure 3.2A. The chemical structure of IPOX was identified by H-
NMR Spectroscopy (Figure 3.2B). The peak at 3.5 ppm, labelled as ‘a’ belongs to
PIPOX backbone protons of -(CH,-CH,-N)- (s, 4H). The peaks at 2.9 and 2.7 ppm,
labelled as ‘b’, belong to methine proton (-CH) (m, 1H) on the side group The peak
at1.12 ppm, labelled as ‘d” was correlated with methylene protons (-CHs) (s, 6H) on
the side chain. The peaks observed in the tH NMR spectrum of PIPOX are in good
agreementwith the peaksreported for the same polymer in the literature116, The peak
at 1.6 ppm was associated with the protons of the water molecules remaining after
drying. Molecular weight of PIPOX was determined through Gel Permeation
Chromatography (GPC). Figure 3.2C shows GPC chromatogram of PIPOX. The

number average molecular weight of PIPOX was ~ 6100 g/mol, the weight average
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molecular weight was ~ 7400, and the polydispersity index was 1.2. Since the

polydispersity index was close to 1, it can be suggested that the controlled synthesis

of PIPOX was achieved.
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Figure 3.2. A) Schematic representation of mechanism of PIPOX synthesis, B) 1H-
NMR Spectrum of PIPOX and C) GPC Chromatogram of PIPOX.
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3.3  Synthesis of PIPOX-PEI

Random copolymer of PIPOX and PEI was synthesized by time controlled partial
hydrolysis of PIPOX in concentrated acid medium. In other words, PEI units were
randomly introduced to PIPOX. The resulting polymer is denoted as PIPOX-PEI.
Figure 3.3 shows hydrolysis reaction of PIPOX.

o) ONa

H
HCl,, N N * o
—_—
N 100 °C . 1-x X
partial hydrolysis n
n

Figure 3.3. Synthesis of random copolymer of PIPOX-PEI.

Hydrolysis of PIPOX was confirmed using tH-NMR Spectroscopy (Figure 3.4). The
peak at 2.94 ppm was correlated with protons which belongto ethyleneimine unit
indicating successful hydrolysis of PIPOX. The percent (%) hydrolysis of PIPOX-
PEI was calculated by dividing the area of the peak at 2.94 ppm, associated with the
methylene protons of PEI (labelled as “d”) by the sum of the areas of the peaks of
methylene protons of PIPOX and PEI (labelled as “a” and “d”, respectively) 117, 1H-
NMR analysis program (Mestrelab) was used for peak integration. % hydrolysis was
calculated as ~15%.

Area (d)

———x100
Area(d+a)

Degree of Hydrolysis =
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D,0

Figure 3.4. 1H-NMR spectrum of 15% hydrolyzed PIPOX-PEI.

3.4 Synthesis of CaCOs

Two different types of CaCOjz; microparticles were synthesized using co-
precipitation method. The first one, which will be denoted as “bare CaCOj
microparticles” was synthesized using a procedure reported by Wang et.al. The
second one, which will be denoted as “CUR loaded CaCO3 microparticles” was

synthesized by a procedure which was described earlier by Elbaz et al.

Infrared Spectroscopy has been used to distinguish calcium carbonate polymorphs.
Absorption bands which are specific to the calcite polymorph of the carbonate ion
are observed at 713 cm-t, 848 cm-1, and 1080 cm-1, while the absorption bands of the
vaterite form are recorded at 744 cm-1, 876 cm-1, and 1087 cm-1. The peaks which
belongto vibrations of COz%ionin vaterite form48are found at 744 cm-1and 876 cm-

Land these peaks are usually used to distinguish the vaterite form. Figure 3.5 display
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FTIR spectra of bare and CUR loaded CaCO3 microparticles, respectively. Both
particles present the characteristic peaks of the vaterite form.
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Figure 3.5. A) FTIR spectrum of CaCO3 B) FTIR spectrum of CUR loaded CaCO:s.

The polymorph structure of CaCO3 microparticles was further characterized by XRD

analysis. XRD patterns of both microparticles (bare and CUR loaded) were
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contrasted with X-ray diffraction standards reported in the literature!18, Taking the
peaksat2 © =21.004°,24.900°,27.047,32.778°,42.759°,43.848°,50.077°,
55.8050,62.8680°,71.967°and 73.593 ¢, itwas concluded that vaterite form was the

predominance of the microparticles.
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Figure 3.6. XRD patterns of A) Bare CaCO3Microparticles B) CUR loaded CaCOg3
Microparticles.

Morphology of CaCO3; microparticles were characterized by Scanning Electron
Microscopy (SEM) (Figure 3.7). Both bare and CUR loaded CaCO3; microparticles
were found to be spherical. The size of the particles ranged between 2.5-4 um and

2.0—-5.0 um for bare and CUR loaded CaCO3microparticles, respectively.

Figure 3.7. SEM image of A) Bare CaCO3; microparticles B) CUR loaded CaCO3
Microparticles.
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Zeta potential of CaCO3 microparticles is important for the design of the further
surface modification. Therefore, finally, zeta potential measurements of CaCO;
microparticles were conducted. As seen in Figure 3.8, both types of microparticles
(bare and CUR loaded) have negative zeta potential which fall in the range of -27.3
+1.97. mV and -29.1 £ 061 mV for bare and CUR loaded microparticles,
respectively.
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Figure 3.8. Zeta Potential Curve of A) Bare CaCO3 microparticles B) CUR loaded
CaCOg3; Microparticles.
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3.5  LbL growthof TA and PIPOX-PEI on 2D substrate

Prior to LbL deposition onto CaCO3 microparticles, LbL growth of TA and PIPOX-
PEI was confirmed by depositing the polymer layers onto silicon wafers and
measuring the dry thickness of the films after each layer construction. As seen in
Figure 3.9, the film thickness increased linearly as the layer number increased,
indicating successful LbL growth of TA and PIPOX-PEI. The thickness increment
per bilayer was measured as ~4 nm. At pH 6.5, where TA layers are deposited, TA
is partially ionized (pK,1 ~ 6.5 and pK,, ~ 8)1%. Therefore, both hydroxyl and
phenolate groups were present on TA molecules. The pK, for secondary amine
groups is reported as ~ 8.5 in the literature 35. At pH 6, where PIPOX-PEI layers
were deposited, PEI units were expected to be positively charged. Therefore, the

driving force for multilayer layer growth can be attributed to:

i) hydrogen bonding interactions between hydroxyl groupsof TA and amide groups
of PIPOX;
ii) electrostatic interactions between the phenolate groups of TA and the protonated

secondary amine groups on the PEI units of PIPOX-PEI.
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Figure 3.9. LbL growth of TA and PIPOX-PEI. Multilayers were deposited onto
BPEI coated silicon wafers. The thickness of BPEI precursor layer was 3 nm and is
included in the thickness values.

3.6 Covalent Crosslinking of TA/PIPOX-PEI Multilayers

Covalentcrosslinkingbetween PIPOX-PEl and TA wasachieved usingNalO,as the
crosslinking agent. 14-layer PIPOX-PEI/TA films were immersed into 10 mM
NalO,4 solution at pH 5 for 5 minutes. The covalent bond formation was expected to
occur between PEI units of PIPOX-PEI and TA through oxidation of phenolic
hydroxyl groups of TA to quinone groups by 104 anions and the formation of
covalent bonds between the quinone groups and the secondary amine groups of PEI
units. As shown in Figure 3.10A, there are two possible mechanisms for the
crosslinking reaction. One of them is Michael addition, suggesting formation of N-
C bond. The otherone is Schiff Base reaction, suggesting C=N bond formation. After
treatment of the films with NalO,4, ~10% loss in film thickness was recorded (Figure
3.10B)119, This decrease in film thickness has been attributed to stronger interaction

among the layers and entrapment of less water molecules within the film structure.
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Unfortunately, the covalent crosslinking between PIPOX-PEI and TA could not be
confirmed through FTIR Spectroscopy. Formation of covalent crosslinks between
the layers was indirectly verified through the difference in the stability of the
crosslinked and non-crosslinked films. 14-layer PIPOX-PEI and TA films were
prepared and exposed to PBS at either decreasing or increasing pH at 25°C. The
starting point for the decreasing and increasing pH directions was 6.5 and 7.5,
respectively. Figure 3.10C contrasts the thickness fraction retained at the surface at
each pH value. Fractions were calculated by dividing the thickness to the initial film
thickness. Both films showed increase in the fraction as the pH was decreased.
Protonation of TA and loss of electrostatic interactions between TA and PIPOX-PEI
led to weakening of the interactions within the multilayers and entrapment of water
molecules, resulting in an increase in the fraction. When the films were exposed to
increasing pH conditions, the onset of film disintegration for non-crosslinked films
was observed at pH 9.5. Multilayers were totally erased from the surface at pH 10.5.
The dissolution of the multilayers can be explained by ionization of TA and loss of
hydrogen bonding interactions between PIPOX-PEI and TA. For crosslinked films,
~80 % of the film retained at the surface even at pH 11.5. The enhanced stability of
crosslinked films was attributed to the formation of covalent crosslinks between the
layers. In this way, NalO, induced crosslinking was indirectly shown through

stability experiments.
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of crosslinked and noncross-linked multilayers upon exposure to PBS at either
decreasing or increasing pH values at 25 °C.

3.7  Stability of TA/PIPOX-PEI Multilayers under drug release conditions

As will be discussed in the further sections, two different anticancer drugs will be
encapsulated in the particles as well as in the multilayers. Considering the acidic
nature of tumor tissues, release of both drugs will be investigated at both neutral and
acidic environment. Therefore, prior to drug release studies, stability of multilayers
was examined in PBS at both pH 7.4 and pH 5.5 at 37 °C. To understand the
temperature-responsive behavior of the films, stability experiments was also

conducted at 25 °C at both pH values.

Stability of TA/PIPOX-PEI multilayers in PBS at pH 7.4/37°C and pH 5.5/37°C was
examined with respect to time. For comparison, similar stability experiments were
also conducted at 25°C to understand the temperature-dependent physicochemical
changeswithin the multilayers. First, 14-layer (non-crosslinked) filmswere prepared
and separately immersed into PBS at the following conditions: i) pH 7.4/37°C; ii)
pH 5.5/37°C;1i1) 7.4/25°C; iv) 5.5/25°C. The films were removed from the solution
at certain time intervals, followed by drying and thickness measurements. Figure
3.11A contrasts the thickness fraction retained at the surface at pH 7.4/37°C and pH
5.5/37°C. An increase in film thickness (~ 10 %) was recorded for both films in the
first 4 hours. The increase in thickness was x4 times greater at pH 7.4/37°C than pH
5.5/37°C after hours of immersion in PBS. The increase in thickness was correlated

with water molecules entrapped within the multilayers due to the following reasons:

i) Penetration of saltions into the multilayers might have led to an increase in osmotic
pressure, followed by diffusion of water molecules into the film1%, AtpH 7.4, TAis
further ionized and the association between the layers weakened which might have
facilitated the uptake of water molecules by the multilayers. Itmustbe borne in mind
that deposition pH was 6 and 6.5 for PIPOX and TA, respectively. At pH 5.5, the
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hydrogen bonding driven association among the layers was greater, making

multilayers more intense and uptaken water molecules less compared to pH 7.4.

i) PIPOX exhibits LCST-type phase behavior between 36-40 °C depending on its
molecular weight. PIPOX transforms from extended to coil conformation at 37°C.
This conformational change was expected to be more possible within the multilayers
at pH 7.4 where the layers associated relatively weak compared to pH 5.5. The more
compact form of PIPOX possibly formed voids within the film which at the end
resulted in greater amount of water uptake by the film at pH 7.4. To confirm that the
swelling of multilayers originated from LCST-type phase behavior of PIPOX,
similar experiments were conducted at 25°C (Figure 3.11B). The extent of increase
in thickness was lower for both films compared to 37°C. Also, the extent of swelling
wassimilarat pH 7.4 and pH 5.5. These results supportthe water uptake arising from

temperature-responsive behavior of PIPOX.

The thickness of multilayers did not further increase at pH 5.5/37°C beyond 8 hours.
On the other hand, ~40% decrease in thickness was recorded at pH 7.4/37°C,
associated with the loss of layers from the surface. The extent of swelling at the end
of 8 hours atpH 7.4/37°C could bereached at the end of 24 hours at pH 7.4/25°C.

52



1.8 ] A

(O] . \

S 16t Cl

5

2 14} \

: 5 0 B

= @

s 10+ B

2

- 08t

o

o 06}

E 37°C
0.4 -[J-pH 7.4
02k ~-O-pH55
00 1 1 1 1 1 1

0 5 10 15 20 25
Time (hour)
B
1.8}

()

8 16l [

2 14t

©
1.2} -

o Bz

g l0f O—0Q —H—0

(O]

- 08t

o

o 06}

E 25 °C
04 ‘O pH7.4
02k ~-O-pH55
00 1 1 1 1 1 1

0 5 10 15 20 25
Time (hour)

Figure 3.11. Fraction retained at surface as a function of time at A) 37 °C pH 7.4
and 5.5B)25°CpH7.4and5.5.

53



3.8  Stability of covalently cross-linked TA/PIPOX-PEI Multilayers under

release conditions

Similar to the stability experiments discussed in the previous section, stability of
covalently crosslinked TA/PIPOX-PEI multilayers were followed in PBS at pH
7.4/37°C; pH 7.4/25°C; pH 5.5/37°C and pH 5.5/25°C, Figure 3.12 presents the
fraction retained at the surface of crosslinked films under various conditions. The
data for non-crosslinked films was plotted for comparison. Importantly, the swelling
observed inthe non-crosslinked films atpH 7.4/37°C was not recorded for covalently
crosslinked films. The swellingobserved at 24t hours in non-crosslinked films at pH
7.4/25°C was also not observed in the crosslinked films. As mentioned earlier, the
films show less swelling at pH 5.5, where the layers interact more strongly with each
other. The extentof swelling was lower at pH 5.5/37°C comparedto noncross-linked
films. No swelling was observed for both crosslinked and non-crosslinked films at
pH5.5/25°C atall. In summary, crosslinking suppressed the swellingbehavior of the
films depending on pH, temperature, and salt concentration. This was most evident
at pH 7.4 and 37°C, where the films swelled the most.
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Figure 3.12. Time-dependent variation of the fraction retained at surface of
crosslinked filmsin the presence of NalO4immersed in PBS at (A) pH 7.4/37°C; (B)
pH 7.4/25°C; (C) pH 5.5/37°C; (D) pH 5.5/25°C.

3.9  LbL Deposition of TA and PIPOX-PEI onto CaCO3s microparticles

After assuring the LbL deposition on 2D substrates, TA and PIPOX-PEI layers were
deposited onto both bare and CUR loaded CaCO3; microparticles. LbL growth was
followed by measuring the zeta potential of the microparticles after each layer
deposition. The change in zeta potential was assumed as an indication of LbL
growth. Figure 3.13A and 3.13B presents the the zeta potential measured after each
layer for both particles. Both particles provided similar zeta potential values after
deposition of each TA and PIPOX-PEI layer. The mean zeta potential value changed
from-27.3 £ 1.97 mV to -31.8 £ 0.7 mV after the first TA layer deposition due to
phenolate groups of TA (pKa,; ~ 6.5 and pKa,, ~ 8)1%, The driving force for the
adhesion of TA onto CaCO3 microparticles was electrostatic interaction between
Caz* and phenolate groups of TA together with the hydrogen bonds between the

SO32-units of PSS which are expected to be inside and on the surface of the CaCO;
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microparticles and the OH groups of TA. Besides, n-x stacking interactions between
the aromatic rings of TA and the phenyl rings of PSS could have also contributed to
the deposition of TA at the surfacell0, After the deposition of the second layer
(PIPOX-PEI), the zeta potential value was recorded as ~-18.8 + 0.6 mV. The shift of
the zeta potential towards less negative value was due to the neutral units of PIPOX
screening the negative charges on the microparticles. For the rest of the layers, the
zeta potential changed to more negative values after each TA layer and to lower
negative values after each PIPOX-PEI deposition. Figure 3.13C and 3.13D show the

zeta potential distribution curve of the microparticles after each layer.

LbL deposition onto CUR loaded CaCO, microparticles

40 A
30 -
20 |
10 -

0

-10

Zeta Potential (mV)

Ed

20
B0 H—1[E

-40

57



Zeta Potential (mV)

40

30

20

LbL deposition onto CaCO, microparticles

58




Total Courts

£

1Layer

Tatal Counts

i 8§ 8

2 Layer

-

Tetal Courte

3. Layer

Total Counts.

:

5 Layer

0
Apoarent Zota Potertal im)

59



Zeta Potential Distribution
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Figure 3.13. A) Change in zeta potential after each layer deposition on CUR-loaded CaCOs
microparticles. B) Change in zeta potential after each layer deposition on bare CaCOg
microparticles. C) Zeta-potential distribution curves obtained after each layer deposition
CUR-loaded CaCOsmicroparticles. D) Zeta-potential distribution curves obtained after each
layer deposition on bare CaCO3 microparticles.
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Morphology of LbL coated bare and CUR loaded microparticles was examined
through SEM imaging. As seen in Figure 3.14, the aggregation was ata greater extent
for LbL coated CUR loaded microparticles. This was possibly due to hydrophaobic
CUR, enhancingthe hydrophobic-hydrophobic interactionsbetweenthe CUR loaded

particles.

LbL Coated CUR Loaded CaCO; Microparticles ~ LbL CoatedBare CaCO; Microparticles

Figure 3.14. (A) SEM image of CUR-loaded CaCOsmicroparticles coated with 5-
layer PIPOX-PEI/TA. B) SEM image of bare CaCO3 microparticles coated with 5-
layer PIPOX-PEI/TA.
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3.10 Crosslinking of LbL coated particles

Crosslinking of both types of LbL-coated microparticles (deposited onto bare and
CUR loaded CaCO3 microparticles) was performed using NalO4 solution. However, it
was observed that the color of LbL-coated CUR loaded microparticles changed after
treatment with 10 mM NalO, solution. To further understand the reason of the color
change, 10 mg CUR loaded CaCOs microparticles were exposed to NalO4 solution at
varyingconcentrations and shaked for 5 minutesusing a vortex mixer. Then, Nal O treated
particles were dispersed into 20% v/v EtOH-PBS solution at 25 °C and the fluorescence
intensity was measured. As a control, non-treated microparticles were also dispersed into
EtOH-PBS mixture. Figure 3.15 contrasts the change in fluorescence intensity of CUR after
NalO4 treatment. The significant decrease in fluorescence intensity of CUR upon treatment
with NalO4 solution was attributed to degradation of CUR. For this reason, crosslinking
was only performed to TA/PIPOX-PEI multilayer coated bare CaCOg3

microparticles.
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3.11 Preparation of hollow capsules

Preparation of hollow capsules was performed with non-crosslinked and crosslinked
TA/PIPOX-PEI multilayer coated bare CaCOjz; microparticles. LbL-coated
microparticles were dispersedinto 0.25 MEDTA solution, followed by stirringusing
a vortex mixer for 15 minutes. The microparticles were precipitated and rinsed with
10 mM phosphate buffer. This cycle was repeated for 3 times to assure core
dissolution. Figure 3.16 A shows SEM image of hollow noncross-linked TA/PIPOX-
PEI multilayer capsules. The absence of Ca in the EDX analysis of hollow LbL

capsules confirm successful core dissolution.
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EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element Wt % At % K-Ratio Z A F
C K 34.70 5941 0.0337 10323 0.0940 1.0001
SiK 65.30 44 .59 0.6184 0.9821 0.9642 1.0000
Total 100.00 100.00

Element Net Inte. Bkgd Inte. Inte. Error P/B
C K 18.52 2.47 3.99 1:50
SiK 2282.85 6.66 0.32 342.64

Figure 3.16. A) SEM image of hollow noncross-linked capsule. B) EDX analysis of
hollow noncross-linked capsule.

3.12 Drug release studies

3.12.1 CUR release from LBL coated CUR loaded microparticles

CUR release was followed from TA/PIPOX-PEI coated CUR loaded CaCOg3
microparticles.

As explained in detail in Section 2.2.11, approximately 0.132 + 0.002 g of CaCO3
microparticles were obtained after synthesis. Theamountof CUR loaded into CaCOg3
microparticles was quantified through fluorescence spectroscopy and the amount of
CUR was found as ~ 8.2 + 1.1 mg. CUR release from LbL coated CUR loaded
CaCOg3 microparticles was first performed in PBS. However, CUR is a hydrophabic
molecule, and the amount of release was very low in agueous environment.
Therefore, it could not be successfully quantified. To induce CUR release from
microparticles, ethanol was added into PBS at 20 % in volume and CUR release was

monitored under different pH and temperature conditions.

5 mg LbL modified particles were dispersed in 4 mL of 80% PBS-EtOH mixture and
stirred at 100 rpm. The particles were precipitated and the amount of CUR in the

supernatant was determined by following the fluorescence intensity of CUR at 525

65



nm nm. 4 mL of fresh 80% PBS-EtOH mixture was then added onto the precipitated
LbL microparticles and CUR release was continued.

The amount of CUR in the supernatant was too high and the fluorescence intensities
lied outside of the linear range in the calibration curve. Therefore, the supernatants
obtained at the end of the first and third hours were first diluted with PBS-EtOH
solution containing 20% vol. with 1:5 ratio. Then, this solution was rediluted with
pure ethanol with 1:1 ratio, finally resulting in 60 % ethanol in the solution. CUR
release was quantified using calibration curves presented in Appendix 3 and 4 The
amounts of CUR released at the end of the fifth and seventh hours were relatively
low compared to the first and third hours. Therefore, dilution of the release solution
was not required. Since the supernatant was discarded after each measurement and
fresh 20% v/v EtOH-PBS mixture was added instead, the concentration values

indicated in Figure 3.17 are cumulative concentration values.
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Figure 3.17. Released CUR from PIPOX-PEI/TA coated CUR loaded CaCO3
microparticles A) 25°C and 37°C pH 5.5; B) 25°Cand 37°CpH 7.4; C) 37°CpH 7.4
and pH 5.5; D) 25°C pH 7.4 and pH 5.5.

Figure 3.17A and 3.17B show the effect of temperature on CUR release at pH 5.5
and pH 7.4, respectively. No significant difference in the amount of CUR release
was observed between 25°C and 37 °C at both pH values. Figure 3.17C and 3.17D
show the effect of pH on CUR release at 25°C and 37 °C, respectively. Similarly, no
significant effect of pH on the amount of CUR release from the particles was
recorded. Despite the pH and temperature responsive LbL coating, stimuli
responsive release of CUR was not observed. As obvious from the large error bars
especially at 37 °C, batch-to-batch variation was also remarkable. The challenges
and the sources of errors during CUR release in 20% v/v EtOH-PBS mixture and

quantification are summarized below:
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The evolution of fluorescence intensity of CUR (0.001 mg/mL) in 20% viv
EtOH-PBS mixture was followed as a function of time. Before each
measurement, 1 ml of pure EtOH was added to 1 ml of CUR solution placed
in the cuvette. Thus, similar to the release experiments, the final % EtOH (by
volume) in the mixture was 60%. As seen in Figure 3.18, a decrease in the
fluorescence intensity of CUR was observed over time at pH 7.4, both at 25
°C and at 37 °C. This decrease in fluorescence intensity was more
pronounced at 37 °C. This decrease was correlated with the degradation of
CUR. For thisreason, the quantified amountof CUR mightpossibly be lower
than the actual released amount, especially for pH 7.4/37 °C condition.
Therefore, the discussion on pH and temperature sensitive release of CUR

need reassessment after cell culture studies.
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Figure 3.18. Time dependent variation of fluorescence intensity of CUR.
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It was also found that PIPOX-PEI/TA films lost their pH and temperature-
dependent swelling properties when 20 % by volume ethanol was added into
PBS. Figure 3.19 contrasts the time-dependent variation of the fraction
retained at the surface of PIPOX-PEI/TA films upon exposure to either PBS
or PBS solution containing 20 % vol. EtOH. The difference in the behavior
of the multilayers was attributed to the shift in the critical temperature of
PIPOX-PEI in the presence of ethanol. Note that, Pooch et al. reported a shift
in the critical temperature of PIPOX to higher values in the presence of

methanol20,
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Figure 3.19. Time dependent variation of the fraction retained at the surface of ionic
bonded PIPOX-PEI/TA multilayer films immersed in PBS and PBS solution
containing20% EtOH by volume A) pH 7.4/25°C; B)pH 7.4/37°C; C) pH 5.5/25°C;
D) pH5.5/37°C.

3.12.2 DOX Release from PIPOX-PEI/TA Multilayer-coated CaCOs3

microparticles

DOXloadinginto LbL-coated microparticles was performedatpH 7.4.2 mg of LbL-
coated CaCO3; microparticles were dispersed in 1 mL of 0.1 mg/mL DOX solution
(prepared in 10 mM phosphate buffer) and mixed using a vortex shaker for 1 hour at
room temperature. The amount of DOX loaded into LbL CaCO3z microparticles was
calculated by first measuring the fluorescence intensity of DOX at 555 nm, then
quantifying the amount of DOX in the supernatant, and finally subtracting the
amount in the supernatant from the amount of DOX in the loading solution. The
amount of DOX loaded into microparticles was ~0.045 + 0.006 mg per 2 mg

microparticles.
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DOX release was started by dispersing2 mg LbL-coated microparticles into 2 mL
of PBS solution which was then placed on a magnetic stirrer and stirred at 100 rpm.
At determined time intervals, LbL microparticles were precipitated and the amount
of DOXin the supernatant was calculated by measuringthe intensity at 555 nm using
fluorescence spectroscopy. After each measurement, 2 mL of fresh PBS solution was
added onto precipitated microparticles, and DOX release was continued. DOX was

quantified using calibration curves prepared under release conditions.

Figure 3.20 shows the effects of pH and temperature on the DOX release. The
amount of DOX released from LbL-coated microparticles was more at pH 5.5 both
at 25 and 37 °C compared to pH 7.4 This can be explained by the protonation of the
phenolic hydroxyl groups of TA (pKa,1~6.5and pKa,,~ 8) at pH 5.5 which resulted
in disruption of electrostatic interaction between TA and DOX and induced DOX
release from multilayers. In addition, the DOX release was higher at 37 °C than 25
°C. PIPOX displays LCST-type phase behavior at ~36 °C. As discussed earlier in
Section 1.1.3, when temperature was increased, PIPOX-PEI possibly transformed
from extended to globular form. This conformational change might have caused
formation of voids between the layers within the film, leading to enhanced DOX

release.
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3.12.3 CUR and DOX loading and release into/from hollow LbL capsules

Both non-crosslinked and crosslinked TA/PIPOX-PEI multilayer capsules were used
for loading and release studies of CUR and DOX. Release studies was performed at
pHS5.5and pH 7.4 at 37°C.

3.12.4 CUR loading and release into/from hollow LbL capsules

CUR loading into crosslinked and non-crosslinked hollow capsules were performed
at pH 5. Crosslinked and non-crosslinked hollow capsules were dispersed in 2 mL
of 0.2 mg/mL CUR solution (prepared in 20% EtOH-10 mM phosphate buffer) and
mixed using a vortex shaker for 4 hours at room temperature. The amount of CUR
loaded into crosslinked and non-crosslinked hollow capsules were calculated by first
measuringthe fluorescence intensity of CUR at 525 nm, then quantifying the amount
of CURIn the supernatant, andfinally subtractingthe amountin the supernatant from
the amount of CUR in the loading solution. The amount of CUR loaded into non-

crosslinked and crosslinked hollow capsules were similar and ~ 240 uM £ 7.5.

Crosslinked and non-crosslinked hollow capsules were dispersed in 2 mL of 80%
PBS-EtOH mixture and stirred at 100 rpm. The hollow capsules were precipitated
and the amount of CUR in the supernatant was determined by following the
fluorescence intensity of CUR at 525 nm. After each measurement, 2 mL of fresh
80% PBS-EtOH solution was added onto precipitated hollow capsules, and CUR
release was continued. CUR was quantified using calibration curves prepared under

release conditions.

The amount of CUR in the supernatant was too high also and the fluorescence

intensities lied outside of the linear range in the calibration curve. Therefore, the
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supernatants obtained at the end of the first, third and fifth hours were first diluted
with PBS-EtOH solution (containing 20% vol. ethanol) with 1:100 ratio. Then, this
solution was rediluted with pure ethanol with 1:1 ratio, finally resulting in 60 %
ethanol in the solution. CUR release was quantified using calibration curves
presented in Appendix 3 and 4. Since the supernatant was discarded after each
measurement and fresh 20% v/v EtOH-PBS mixture was added instead, the
concentration values were assessed as cumulative concentration values.
Unfortunately, the difference in the amount of CUR released from different samples
was remarkable for both crosslinked and noncrosslinked hollow capsules. Similar
problem was notobserved duringDOX release studies. Therefore, CUR release from
crosslinked and noncrosslinked capsules was not preferred to be represented
graphically. Further studies will be conducted to optimize CUR release from hollow

capsules.

3.12.5 DOX loading and release into/from hollow LbL capsules

DOX loading into crosslinked and non-crosslinked hollow capsules were performed
atpH 7.4. Crosslinked and non-crosslinked hollow capsules were dispersed in 2 mL
of 0.1 mg/mL DOX solution (prepared in 10 mM phosphate buffer) and mixed using
a vortex shaker for 1 hour at room temperature. The amount of DOX loaded into
crosslinked and non-crosslinked hollow capsules were calculated by first measuring
the fluorescence intensity of DOX at 555 nm, then quantifying the amount of DOX
in the supernatant, and finally subtracting the amountin the supernatant from the
amount of DOX in the loading solution. The amount of DOX loaded into non-
crosslinked and crosslinked were ~ 73.1 uM £ 2.9 and 70.3 uM = 3.0 mg

respectively.

DOX release was started by dispersing crosslinked and non-crosslinked hollow
capsulesinto 2 mL of PBS solutionatpH 5.5 and pH 7.4 and at 37°C which was then
placed on a magnetic stirrer and stirred at 100 rpm. At determined time intervals,

crosslinked and non-crosslinked hollow capsules were precipitated and the amount
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of DOXin the supernatantwas calculated by measuringthe intensity at555 nmusing
fluorescence spectroscopy. After each measurement, 2 mL of fresh PBS solution was
added onto precipitated hollow capsules, and DOX release was continued. DOX was
quantified using calibration curves prepared under release conditions. The amount
of DOX in the supernatant was too high and the fluorescence intensities lied outside
of the linear range in the calibration curve. Therefore, the supernatants obtained at
the end of the first and third hours were diluted with PBS solution with 1:100 ratio.
DOX release was quantified using calibration curves presented in Appendix 1 and 2.
Since the supernatant was discarded after each measurement and fresh PBS mixture
was added instead, the concentration values indicated in Figure 3.21A are cumulative

concentration values.

The amount of DOX release from noncross-linked hollow capsules was greater
compared to crosslinked capsules. As discussed earlier in the context of studies
performed on 2D, crosslinking multilayers resulted in loss of conformational
changes and a rearrangement within the multilayers which was possibly the reason
of not observing stimuli-responsive release behavior. The amount of DOX release
from hollow capsules (both crosslinked and noncrosslinked) was higher compared
to DOX release from TA/PIPOX-PEI multilayer coated CaCO3 microparticles (non-
hollow). This was possibly due to relatively large and available empty space for

DOX loading in hollow LbL capsules.
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DOX release at pH 5.5 at 37 °C and B) DOX release at pH 7.4 at 37 °C.

79



3.13 Preliminary result on the effect of synergistic effect of DOX and CUR
on HCT 116 cell line

Cytotoxicity tests were only conducted with TA/PIPOX-PEI multilayer coated CUR
loaded CaCO3; microparticles which were then post-loaded with DOX. Experiments
were conducted on HCT 116 cell line by Cagdas Ermis in Department of Biology in
Prof.Sreeparna Banerjee’s Laboratory. Cytotoxicity studies will also be continued
using hollow LbL capsules. Three different samples were prepared: i) LbL-coated
CUR loaded CaCO3 microparticles; ii) LbL-coated bare CaCO3 microparticles,
postloaded with DOX; iii) LbL-coated CUR loaded CaCOj3; microparticles,
postloaded with DOX and iv) LbL-coated bare CaCO3 microparticles. As seen in
Figure 3.22, only CUR loaded LbL microparticles was not effective on killing the
cancer cells. Only DOX loaded LbL microparticles required 1.5 uM of DOX release
to obtain 50 % decrease in survival. However, the required DOX concentration
decreased to 0.2 pM when combined with 20 pM CUR release, indicating a
synergistic effect. These studies are still in progress and will be further continued

with hollow LbL capsules.
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CHAPTER 4

CONCLUSION

In this thesis study, temperature sensitive PIPOX was synthesized through cationic
ring opening polymerization. PIPOX-PEI was then synthesized by partial hydrolysis
of PIPOX at acidic medium. LbL deposition and crosslinking of temperature-
responsive PIPOX-PEI and pH-responsive TA were first studied on 2D substrates.
TA and PIPOX-PEI multilayers could be successfully deposited at the surface
through hydrogen bondingand electrostatic interactions. Cross-linked and noncross-
linked films were contrasted with respect to stability under physiologically related
pH and temperature conditions. Noncross-linked multilayers displayed thickness
increment upon exposure to PBS at pH 7.4 and 37°C. On the other hand, thickness
increase was lower at pH 5.5 and 37°C than that at pH 7.4 and 37°C. Such a pH-
dependent difference in the behavior of the multilayers was attributed to the strength
of association amongthe layers. Hydrogenbondinginteractions between PIPOX and
TA was partially disrupted at pH 7.4 and possibly allowed conformational transition
of PIPOX around its critical temperature and a rearrangementwithin the multilayers,
facilitating water uptake. The association between the layers was more intense at pH
5.5, making a conformational re-arrangement within the multilayers less likely.
Importantly, thickness increment upon exposure to PBS was not observed at 37°C
regardless of the pH of the PBS solution when PIPOX-PEI and TA multilayers were
crosslinked using NalO,. This can be explained by the covalent bonding among the

layers, suppressing such a conformational transition.

The fundamental knowledge generated on 2D surfaces was then applied to deposit
multilayers onto CaCO3 microparticles. Two different CaCO3 microparticles were
synthesized through co-precipitation method, i.e. CUR loaded CaCO3microparticles
(Type 1) and bare CaCO3 microparticles (Type 2). TA and PIPOX-PEI multilayers
could be deposited successfully onto both types of CaCO3 microparticles. Type 1

83



was post-loaded with DOX. On the other hand, Type 2 was made hollow using
EDTA solution and both CUR and DOX were post-loaded into TA/PIPOX-PEI
hollow capsules. These two different particles exhibited different amount of drug
uptake. DOX release from hollow LbL capsules was higher than TA/PIPOX-PEI
coated CaCO3z microparticles (Type 1), pointing out the importance of the empty
available space in the particles. Both pH and temperature affected the amount of
DOX released from LbL coated particles and hollow capsules. Importantly, DOX
release from noncross-linked hollow capsules was greater than cross-linked hollow
capsules. CUR release from Type 1 and Type 2 particles could not be contrasted due

to challenges in quantification of CUR release arising from degradation of CUR.

Preliminary studies on cytotoxicity tests, conducted using Type 1 microparticles
demonstrated synergistic effectof CURand DOX on HCT 116 cell line. Cytotoxicity
tests will be conducted using LbL hollow capsules. Considering the higher CUR and
DOX release from hollow capsules, Type 2 microparticles may be more efficient for

anticancer applications.

Overall, this study generated fundamental knowledge on LbL deposition and
crosslinking of TA and PIPOX-PEI multilayers. The structure-property relationship
in PIPOX-PEI/TA multilayers have been explored on both 2D and 3D substrates.
These dual stimuli-responsive microparticles, capable of releasing multiple drugs

may be promising carriers for anticancer applications.
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APPENDICES

A. Calibration Curve of DOX in PBS atpH 5.5
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B. Calibration Curve of DOXin PBS atpH 7.4

® Known Samples Intercept 57.77298 +8.27079
Linear Fit of B"Known Y" Slope 98.72929 +1.20749
® Unknown Samples Adj. R-Square 0.99791
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C. Calibration Curve of CUR in 60% EtOH-PBS at pH 5.5

® Known Samples Intercept 195.71351 +13.19342
Linear Fit of B"Known Y" Slope 4809806.43344 + 2997
® Unknown Samples Adj. R-Square 0.99942
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D. Calibration Curve of CUR in 60% EtOH-PBS atpH 7.4
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