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ABSTRACT 

 

pH and TEMPERATURE RESPONSIVE MULTIPLE DRUG RELEASE from 

LAYER-by-LAYER MODIFIED MICROPARTICLES 

 

 

 

Uğur, Esma 

Master of Science, Chemistry 
Supervisor : Prof. Dr. İrem Erel Göktepe 

 
 

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 

NaIO4 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℃ 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 



 
 

vi 
 

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 NaIO4 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.  In addition, 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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ÖZ 

 

KATMAN-KATMAN YÜZEYİ DEĞİŞTİRİLMİŞ 

MİKROPARÇACIKLARDAN pH ve SICAKLIK DUYARLI ÇOKLU İLAÇ 

SALIMI 

 

 

 

Uğur, Esma 
Yüksek Lisans, Kimya 

Tez Yöneticisi: Prof. Dr. İrem Erel Göktepe 
 

 

Ağustos 2022, 105 sayfa 

Bu tez çalışması, sıcaklığa duyarlı poli(2-izopropil-2-oksazolin) (PIPOX) ve pH'a 

duyarlı Tannik Asit (TA)’den oluşan çift duyarlı ve birden fazla ilaç salabilen katman-

katman (LbL) modifiye edilmiş mikropartiküllerin hazırlanmasını konu almaktadır. Alt 

kritik çözelti sıcaklığı (LCST) tipi faz davranışı sergileyen PIPOX, katyonik halka 

açılma polimerizasyonu (CROP) yoluyla sentezlendi. PIPOX daha sonra konsantre asit 

ortamında kısmen hidrolize edildi ve poli (2-izopropil-2-oksazolin-r-polietilen imin) 

(PIPOX-PEI) elde edildi. PIPOX-PEI ve TA'dan oluşmuş çok katmanlı filmler, 

PIPOX'un karbonil grupları ile TA'nın fenolik hidroksil grupları arasındaki hidrojen bağı 

etkileşimleri ve PEI'nin ikincil amin grupları ve TA'nın fenolat grupları arasındaki 

elektrostatik etkileşimler sayesinde LbL kendiliğinden yapılanma yöntemiyle üretildi. 

NaIO4 çözeltisi ile muamele sonrasında katmanlar arasına kovalent çapraz bağlar  

eklendi. Çapraz bağlı olmayan ve çapraz bağlı çok-katmanlı filmlerin kararlılıkları, 

fizyolojik pH ve sıcaklık ile ilişkili koşullarda karşılaştırıldı. Çapraz bağlanmamış 

PIPOX-PEI ve TA çok-katmanlı filmlerinin kararlılık ve su alım özelliklerinin pH ve 

sıcaklığa bağlı olduğu bulundu. En yüksek su alımı TA'nın iyonlaşması nedeniyle 

PIPOX-PEI ve TA arasındaki hidrojen bağı etkileşimlerinin kısmen bozulduğu ve 

PIPOX’un kritik sıcaklık değerinin üzerinde konformasyonal değişime uğradığı pH 7.4 



 
 

viii 
 

ve 37°C koşulunda gözlendi. Aksine, çapraz bağlı PIPOX-PEI ve TA çoklu katmanlar,  

benzer koşullar altında su alımı göstermedi. Bunun yanısıra, bazik koşullarda çapraz 

bağlı çok-katmanlı filmlerin kararlılıkları çapraz bağlı olmayan filmlere kıyasla oldukça 

yüksek bulundu. 2D substratlar üzerinde büyütülen LbL filmler hakkında üretilen bilgi, 

3D kolloidal mikropartiküller üzerinde TA/PIPOX-PEI katmanlarının biriktirilmesi için 

temel oluşturdu. Yalın ve Kurkumin (CUR) yüklü olmak üzere iki farklı CaCO 3 

mikropartikülleri sentezlendi. Yalın CaCO3 mikropartikülleri, TA ve PIPOX-PEI 

kullanılarak LbL-modifiye edildi, NaIO4 kullanılarak çapraz bağlandı ve EDTA çözeltisi 

kullanılarak CaCO3 çözülerek içi boş hale getirildi. İçi boş kapsüllerin iç kısmı ve kapsül 

duvarı, CUR ve Doksorubisin (DOX) yüklemesi için kullanıldı. Buna karşın, CUR yüklü 

mikropartiküller, TA ve PIPOX-PEI kullanılarak LbL-modifiye edildi ve sonrasında 

DOX ile yüklendi. Her iki tip LbL-modifiye mikropartiküllerin ilaç yükleme ve salım 

özellikleri karşılaştırıldı. Ayrıca, CUR ve DOX salımı üzerine pH ve sıcaklığın etkileri 

incelendi. Son olarak, CUR ve DOX'un sinerjistik etkisi ve bu tür LbL partiküllerinin 

antikanser uygulamaları için potansiyeline dair ön sonuçlar sunuldu.  

Anahtar Kelimeler: Poli(2-izopropil-2-oksazolin), Tanik Asit, Sıcaklık Duyarlı, pH 

Duyarlı, Çoklu ilaç salımı 
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CHAPTER 1  

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 different research 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. 

 

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.  
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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 obtained2. Figure 1.2 represents examples of PAOXs of varying 

chemical structures.  

 

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  3,4.  

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 
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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  3,5,6 

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.  

 

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 acids7,8, acid halides9, silyl 

halides10, alkylating agents11,3. In the recent years, mostly tosylates, alkylhalides, and 

nosylates are used as initiators1. In the propagation step, nucleophilic attack of 2-

oxazolines to oxazolinium ions provide formation of PAOX chain with oxazolinium 

end-group1. If the initiation step is fast and quantitative, there should be no chain 

transfer reaction. In this way, control in molecular weight and homogeneous molar 

mass distribution can be obtained1. In the termination step, two different terminating 

agents are used. These are categorized as softer and harder terminating agents. 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 

containing end groups are formed3. When a harder terminating agent such as nitrogen 

based terminating agent12,13, carboxylates14, or methanolic potassium hydroxide15 is 
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used, thermodynamically controlled termination occurs at 5-position of oxazolinium 

species showed in Figure 1.43.  

 

 

Figure 1.4.  A) Kinetically driven termination B) Thermodynamically driven 

termination. (Modified from ref [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 reaction3,7,8. 

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

aqueous medium 

When temperature-responsive polymers are dissolved in suitable solvents, they show 

phase separation at certain temperatures16. In other words, above or below a certain 

temperature, polymers change from being hydrophilic to hydrophobic 16. 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)16. 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 
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temperature is increased and polymer-polymer interaction becomes dominant, 

resulting in formation of polymer aggregates above the critical temperature16.  

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 solution and polymer becomes soluble above UCST17.  

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 polymer2,18. For example, LCST values of PEOX with 

molecular weights of 20,000, 50,000 and 500,000 kDa were determined to be 63.5  

oC, 63 oC, and 61oC, respectively.  They also showed that addition of NaCl into 

polymer solutions decreased LCST. For example, adding NaCl into PEtOx solution 

at a concentration of 0.3 M and 0.5 M decreased LCST by 1-2 oC and 3-5 oC, 

respectively. On the contrary, LCST was found to increase by 5-10 oC when 

tetrabutylammonium bromide was added into PEtOx solution2,18.  

In 1992, Kobayashi et al. reported the thermo-responsive behavior of poly(2-

isopropyl-2-oxazoline) (PIPOX) which has critical temperature between 36 oC – 39 

oC 19. LCST-type phase behavior of poly(2-n-propyl-2-oxazoline) (PnPrOx) was 

explored by Park et al. in 2007 and PnPrOx was found to have a critical temperature 

at 24 oC20.  

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 considered as alternatives to poly(N-isopropylacrylamide) (PNIPAM), a widely 

used temperature-responsive polymer (LCST ~ 32 oC) 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 oC 22. PNIPAM has widely been 
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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 oC22. 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 literature22. Mechanism of LCST-type phase behavior of 

PIPOX can be summarized in the following way: PIPOX chains are in hydrated state 

in aqueous solution below LCST. The hydrogen bonding between PIPOX and water 

molecules weakens as the temperature was raised to 36 oC and this induces the liquid-

liquid phase separation. Water molecules are expelled out of -C=O units of PIPOX 

when the temperature was further increased to 37 oC. 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 
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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=O and -NH of amide groups 22,24. 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)22. 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.  

1.1.4 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 carriers4.  

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 

PnPrOx4,25–30. PMeOx and PEtOx were considered as alternatives to PEG because 

of their nontoxicity, antifouling properties, and stealth effect. Of note, PEG is the 
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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 degraded4,31. 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 important in biological applications4. In general, taking cytotoxicity experiments 

performed with linear, hydrophilic, hydrophobic, amphiphilic and star-like 

PAOXs34–36 and PAOX-based particles37 in the literature as a basis, PAOXs are 

considered as biocompatible materials. Cytotoxicity of PAOXs were found to be low 

against human neural progenitor cells, Madin–Darby canine kidney cells, MCF7, 

HEP   G2, and   CATH cell lines4.   

The biocompatibility of poly(2-methyl-2-oxazoline) (PMeOX) was studied by 

Goddard et al. 33,38. It was reported that 125I-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 33,38. 

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 that PEtOX and PMeOX did not cause accumulation in tissue and showed 

rapid clearence from blood stream33,39. 

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

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



 

 
9 

Zalipsky and co-workers reported on stealth behavior and biocompatibility of 

PMeOx and PEtOx based liposomes33,40. They have also reported increased blood 

circulation time with similar clearance rate to PEO based liposomes33,40. 

1.2 CaCO3 Microparticles 

1.2.1 Synthesis and Properties of CaCO3 Microparticles 

CaCO3 is one of the most abundant minerals in nature. There are three different 

polymorphs of CaCO3. The most thermodynamically stable and abundant form is 

rhomboidal calcite, the metastable phases are needle like aragonite and spherical 

vaterite form1 41–43. Since CaCO3 microparticles 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 CO2 bubbling, slow carbonation, reverse emulsion, and solution 

precipitation45.  Among these methods, solution precipitation (also known as 

“mixing method”), which is based on mixing of CO3
2- and Ca2+ salts with or without 

additives, is the simplest and quickest method of CaCO3 synthesis 45. 

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-price mineral, 

pH-responsiveness 46,47.  The vaterite form have been used in biomedical application 

such as encapsulation of DNA, drugs, enzyme46. The vaterite form of CaCO3 is 

usually colorless. It has spherical shape and porous inner structure. It is difficult to 

synthesize vaterite CaCO3 since it is a metastable phase41.  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.   
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1.2.2 Synthesis of CaCO3 Microparticles by Mixing Method 

CaCO3 microparticle synthesis by mixing method is performed by direct mixing of 

CaCl2 and Na2CO3 solution.  

Figure 1.6 shows schematic representation of synthesis of CaCO3 microparticles by 

mixing method. 

 

Figure 1.6. Synthesis of CaCO3 microparticles by mixing method. 

1.2.3 Factors Affecting Vaterite Formation 

1.2.3.1 pH Effect 

pH of synthesis medium mainly affects the CO3
2- ion availability in the solution. 

Decreasing pH below 8 (pH≤8) results in protonation of the CO3
2- ions which 

eventually decreases CO3
2- ion concentration in the solution. This decreases the 

nucleation rate and affects crystallization morphology46. 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 oC50.  

1.2.3.2 Temperature Effect 

Temperature is another important parameter affecting the morphology of CaCO3 

microparticles. The calcite phase is mainly formed at low temperatures (below 20 

oC), whereas vaterite formation is induced between 30 oC and 40 oC and aragonite 

phase is obtained, above 70 oC46,51. 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 52. 

1.2.3.3 Concentration of the Salts 

Concentration of salts and ratio of [CO3
2-]: [Ca2+] ions affect the morphology as well 

as size of the CaCO3 microparticles46. 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)53.  It has been 

reported that when CO3
2- ion concentration was higher than Ca2+ concentration, 

ellipsoidal form was dominant in a synthesis performed at high pH (11>). However, 

isotropic spherical formation was found to be dominant when CO3
2- concentration 

was lower than Ca2+ concentration 44. 

1.2.3.4 Speed and Time of the Mixing 

Volodkin D.et al investigated the speed of mixing upon combination of CaCl2 and 

Na2CO3 solutions at varying mixing times. They showed that increasing speed and 

time of mixing decreased the size of the particles54. This result was explained by the 
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formation of more nuclei at higher mixing times and speeds, leading to formation of 

smaller crystals.  

1.2.3.5 Additives 

Surfactants, inorganic compounds, biopolymers, synthetic polymers can be used as 

additives during CaCO3 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 been reported to form and stabilize the vaterite phase 

by changing surface energy and retarding transformation from vaterite to calcite 

form46.  

1.2.4 Biomedical Applications of CaCO3 Microparticles 

The potential of CaCO3 microparticles as drug delivery vehicles for anticancer 

applications have been reported. For example, Kamba et al. demonstrated that 

CaCO3 nanocrystals could be effectively loaded with DOX due to porous structure 

of nanocrystals. In addition to large loading capacity, such CaCO3 nanocrystals were 

shown to exhibit enhanced DOX release at moderately acidic conditions, making 

them promise for controlled release of anti-cancer drugs55.   

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 growth56.  
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CaCO3 micro/nanoparticles have also been used for loading of antimicrobials46. For 

example, Isa et al. synthesized aragonite CaCO3 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 microparticles57. Another example concerning the use 

of CaCO3 microparticles for anti-bacterial applications was presented by Sahoo et al. 

silver nanoparticles loaded CaCO3 microparticles were included into paint and 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 activity58.  In another study, Ferreira et al. 

prepared PSS/PEI LbL coated CaCO3 microparticles and loaded biocide 

benzyldimethyldodecylammonium chloride (BDMDAC) as the antibacterial agent. 

The antibacterial activity of LbL-coated CaCO3 microparticles was examined against 

Pseu-domonas fluorescens. They reported that the anti-bacterial activity of 

BDMDAC agains Pseu-domonas fluorescens was not affected by the multilayer 

assembled CaCO3 microparticles59. In another example Begum G. and coworkers 

studied tetracycline release from spherical CaCO3 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 60. 

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 technique61. This 

technique was first discovered in 1966 by Iller52 in which silica and alumina particles 
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were deposited onto a glass substrate 62 . 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 layer to get rid of the loosely bound 

polymers. This cycle is repeated until desired number of layers is deposited at the 

surface51,59. The driving force LbL deposition is not limited to electrostatic 

interactions. Metal coordination65,66, hydrogen bonding67,68, covalent bonding69,70 

have been reported for LbL deposition71. Figure 1.7 shows schematic representation 

of LbL self-assembly process. 

 

 

 

 

 

 

 

 

 

 

LbL technique allows adsorption of materials of varying type, e.g.  

polyelectrolytes72,73, proteins74, inorganic substances75 onto not only two-

dimensional substrates but also three-dimensional substrates such as CaCO3
76, 

silica77, melamine formaldehyde78, polystyrene particles79 .  

Figure 1.7. Schematic representation of LbL self-assembly process. 
(Modified from ref [62]). 
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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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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 packaging80,81 , 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, 

ii) reduced dose frequency, 

iii) reduced side effects, 

iv) release of drugs in a controlled manner, providing improved drug efficacy85–87. 

LbL self-assembly is a practical and a relatively inexpensive technique to prepare 

thin films. In addition, it allows 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. Considering all 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, drug molecules 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 temperature88. 

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 solution89. For example, the 

amount of paclitaxel release from polylysine/hyaluronic acid (PLL/HA) multilayers 

which were post-loaded with paclitaxel was found to be tuned with the film thickness 

and concentration of paclitaxel solution90. 

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 (β-amino ester) as the polyanion and 

polycation, respectively. They reported more robust film growth when relatively 

high molecular weight of poly (β-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 (β-amino ester)91 . 

Another study based on poly(β-amino ester)-based multilayers was prepared by 

constructing poly(β-amino ester) and vancomycin together with either dextran 
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sulfate, chondroitin sulfate or alginate. Such multilayers have been shown 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 -assembly89. 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 films are composed of water soluble, hydrophilic polymers and 

loading capacity of polymer multilayers for hydrophobic drug molecules is 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 changes93.  

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 delivery94. For example, Christopher et al. conjugated DOX with 

poly(Lglutamic acid) (PGAAlk) via amide bond formation. DOX conjugated PGAAlk 

and poly(N-vinyl pyrrolidone) (PVPON) assembled onto silica particles via 

hydrogen bonding. PVPON was released into multilayers by manipulating pH and 

DOX conjugated PGAAlk stabilized with cross-linker agent. They investigated DOX 

conjugated PGAAlk capsules cell viability, and they reported that the covalently 

bound drug-polymer conjugated capsules decreased the cell viability95. 

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

can absorb both hydrophilic and hydrophobic drug molecules in their pores.  In other 
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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) 96 . Dissolution of the core 

material upon LbL deposition resulting in formation of hollow capsu les was also 

shown in the literature for encapsulation of functional molecules in the interior 

region. For example, Volodkin et al. prepared PAH/PSS coated CaCO3 

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 molecules97. Similar hollow capsules were 

also prepared by Zhao et al. 91. DOX and daunorubicin (DNR) loaded hollow 

capsules were found to exhibit diffusion-controlled drug release 98.  

 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 99.  

In another study Andalib et al. deposited chitosan (CS) and poly (ethy lene glycol 

dimethacrylate-co-methacrylic acid) (EM) onto CaCO3 microparticles. After CaCO3 

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 capsules100.  

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 CaCO3 microparticles. 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.  

1.5.1 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 mobility104.   

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 (Δf) due to dehydration of PnPropOX leading to more globular 
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conformation. On the other hand, LbL deposition below LCST provided low change 

in resonance frequency (Δf) due to more extended conformation of PnPropOX 105. 

LbL deposition of PiPOX and water-soluble complexes of TA and DOX was 

reported by Haktanıyan 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 surfaces107 . 

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  

Çağlı 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 multilayers108 [ref].  
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1.5.2 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 TA109. DOX 

release was triggered by both pH and temperature at physiologically related 

conditions109.  

Mathivanan et al. prepared hollow capsules by LbL modifying CaCO3 microparticles 

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 111. 

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 

delivery111.  

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 behavior112. 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 II cells113. 

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-fouling33,114. Although there are several studies concerning 

functionalization of surfaces using PAOXs through LbL self -assembly 

technique104,107,108,112, still 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 

different routes for loading hydrophobic drug molecules into LbL microparticles and 

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  

2 EXPERIMENTAL 

2.1 Materials 

Phosphate buffer saline (PBS) (tablet), calcium chloride (CaCl2, anhydrous, 

granular), sodium carbonate (Na2CO3) (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 

(NaH2PO4.2H2O), 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 (DI) H2O was purified by passage through a Milli-Q system 

(Millipore) at 18.2 MΩ. Sodium dodecyl sulphate (SDS) was purchased from 

BioShop® Canada Inc.. Ethanol (≥ 99.9%) was purchased from Isolab® Chemicals.  

Ethanolamine(>99%), cadminum acetate dihydrate (98%), ɑ-bromoisobutyrl 

bromide (98%), acetonitrile (>99.9%), 2-butanol (>99%). 

2.2 Methods 

2.2.1 Synthesis of IPOX  

Cadmium acetate dihydrate (1.08 mmol, 0.29 g) was added to ethanolamine (0.052 

mol, 3.52 mL) and isobutyronitrile (0.043 mol, 3.9 ml) under argon 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 CaH2 and distilled again.  

2.2.2 Synthesis of PIPOX 

IPOX and acetonitrile were dried with CaH2. 41 mmol of iPOX was dissolved in 

5.35 mL of acetonitrile (ACN) in an inert atmosphere. 0.4 mmol of ɑ-

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 HCl 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.  

2.2.4 Synthesis of CaCO3 Microparticles 

20 mg of PSS was added to 10 mL of 0.3 M Na2CO3 solution and mixed at 1000 rpm 

for 1 hour. 0.3 M CaCl2 solution was prepared in a separate beaker. 10 mL of 0.3 M 

CaCl2 solution was added onto 10 mL of 0.3 M Na2CO3 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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2.2.5 Synthesis of Curcumin (CUR) Loaded CaCO3 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 rpm for 1 hour. 

10 mg of PSS was added to 5 mL of 0.3 M Na2CO3 solution and stirred for 1 hour at 

1000 rpm. SDS/PVP/CUR solution in ethanol was added to 5 ml of 0.3 M Na2CO3 

solution containing PSS and mixed at 1000 rpm for 5 minutes. 5 mL of 0.3 M CaCl2 

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 μl 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 μl 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. Loading amount of Curcumin in CaCO3 Microparticles. 

 Amount of CaCO3 

Microparticles 

Loading amount of loaded 

Curcumin 

Sample 1 0.13 g 8.30 mg 

Sample 2 0.13 g 9.70 mg 

Sample 3 0.13 g 7.90 mg 

Sample 4 0.13 g 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 minutes and rinsed with 

DI water. A layer of branched polyethyleneimine (BPEI) was deposited on the 

surface of silicon wafers to 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 then rinsed 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 

(pH 6) for 1 minute each. This cycle 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 NaIO4 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 exposing multilayers to PBS at either decreasing or increasing pH values for 

30 minutes at 25 ℃ 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.  

2.2.9 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 was followed as a function 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 CaCO3 Microparticles 

LbL deposition onto bare and 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 minutes in 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 CaCO 3 

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 min and 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 CaCO 3 

microparticles. All layers except the first one was deposited for 15 minutes. 1 mg/mL 

TA solution was used for the 2nd and 3rd TA layers. The order of the layers deposited 

on the surface is 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 CaCO3 Microparticles 

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 

capsules were precipitated and the amount of 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 μL of the supernatant solution 

obtained at the end of the 1st and 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 

measuring the fluorescence intensity of CUR at 525 nm, then quantifying the amount 

of CUR in the supernatant, and finally subtracting the amount in 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 ~ 240µM ± 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 st, 

3rd and 5th hours were high, it was determined that the obtained fluorescence intensity 

was outside the linear region. Therefore, 10 μL of the supernatant solution obtained 

at the end of the 1st, 3rd, 5th hours 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 CaCO3 

Microparticles 

2 mg of CaCO3 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) CaCO3 
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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 CaCO3 

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 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 non-crosslinked and crosslinked were ~ 70.3 µM ± 3.0 

and 73.1 µM ± 2.9 respectively. 

2.2.16 DOX Release from LbL-coated CaCO3 Microparticles 

Since DOX and CUR peaks overlap in the emission spectra, bare CaCO3 

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 before release was started. Particles were precipitated 

at certain time intervals and 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 µL of the supernatant was taken and diluted by 

adding 900 µL 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 

capsules were precipitated and the amount of DOX in the supernatant was 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: CDCl3, D2O). 

2.3.2  Fourier Transform Infrared Spectroscopy 

CUR loaded CaCO3 and bare CaCO3 were characterized using a Nicolet iS10 ATR-

FTIR. 

2.3.3  pH Meter 

Ohaus Starter 3000 pH meter was used for pH adjustments.  

2.3.4  X-ray Diffractometry 

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

15mA Cu-Kα line (α =1.54 Å) as the X-ray source was used for XRD measurements. 

2.3.5 Scanning Electron Microscopy (SEM) 

The morphology and size analysis of bare CaCO3 and CUR loaded CaCO3 

microparticles were conducted using JSM-6400 Scanning Electron Microscope 



 

 
36 

(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 Elmer LS55 Fluorescence 

Spectrometer. 
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CHAPTER 3  

3 RESULTS AND DISCUSSION 

 

3.1 Synthesis of IPOX 

2-isopropyl-2-oxazoline was synthesized as a result of the reaction between 

acetonitrile and ethanolamine under a Lewis acid catalysis. Schematic representation 

of IPOX synthesis and 1H NMR spectrum of IPOX are shown in Figure 3.1. The 

peaks at 1.17 ppm and 1.19 ppm were correlated with methylene protons (d, 6H, -

CH3). The peak at 2.55 ppm (m, 1H -CH) was correlated with the proton on the 

tertiary carbon.  The peak at 3.75 ppm was correlated with the protons on the carbon,  

neighbouring the nitrogen atom (t, 2H, =NCH2). The peak at 4.25 ppm was related 

with the protons on the carbon atom, neighbouring the oxygen atom (t, 2H, -OCH2). 

The 1H NMR spectrum confirms successful synthesis of IPOX and the data is also 

in good agreement with the literature 115,116.  

 

A
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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 ɑ-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 1H-

NMR Spectroscopy (Figure 3.2B). The peak at 3.5 ppm, labelled as ‘a’ belongs to 

PIPOX backbone protons of -(CH2-CH2-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 

at 1.12 ppm, labelled as ‘d’ was correlated with methylene protons (-CH3) (s, 6H) on 

the side chain. The peaks observed in the 1H NMR spectrum of PIPOX are in good 

agreement with the peaks reported 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 

B
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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. 

 

 



 

 
41 

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.   

 

 

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

Hydrolysis of PIPOX was confirmed using 1H-NMR Spectroscopy (Figure 3.4). The 

peak at 2.94 ppm was correlated with protons which belong to 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%.  

Degree of Hydrolysis =  
𝐴𝑟𝑒𝑎 (𝑑)

𝐴𝑟𝑒𝑎(𝑑+𝑎)
𝑥100 
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Figure 3.4. 1H-NMR spectrum of 15% hydrolyzed PIPOX-PEI. 

3.4 Synthesis of CaCO3 

Two different types of CaCO3 microparticles were synthesized using co-

precipitation method. The first one, which will be denoted as “bare CaCO 3 

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-1, 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 

belong to vibrations of CO3
2- ion in vaterite form48 are found at 744 cm-1 and 876 cm-

1 and 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. 

 

 

Figure 3.5. A) FTIR spectrum of CaCO3 B) FTIR spectrum of CUR loaded CaCO3. 

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 literature118. Taking  the 

peaks at 2 ϴ = 21.004 o , 24.900 o , 27.047, 32.778 o , 42.759 o , 43.848o , 50.077 o , 

55.805 o , 62.868o , 71.967o and 73.593 o, it was concluded that vaterite form was  the 

predominance of the microparticles.  

 

 

v: vaterite 

c: calcite 

v: vaterite 

c: calcite 
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Figure 3.6. XRD patterns of A) Bare CaCO3 Microparticles B) CUR loaded CaCO3 

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 µm and 

2.0 – 5.0 µm for bare and CUR loaded CaCO3 microparticles, respectively. 

 

 

Figure 3.7. SEM image of A) Bare CaCO3 microparticles B) CUR loaded CaCO3 

Microparticles. 

A

B

40 μm20 μm

2 μm 5 μm
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Zeta potential of CaCO3 microparticles is important for the design of the further 

surface modification. Therefore, f inally, zeta potential measurements of CaCO3 

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. 

 

Figure 3.8. Zeta Potential Curve of A) Bare CaCO3 microparticles B) CUR loaded 
CaCO3 Microparticles. 
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3.5 LbL growth of 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 (pKa,1 ~ 6.5 and pKa,2 ~ 8)106. Therefore, both hydroxyl and 

phenolate groups were present on TA molecules. The pKa 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 groups of 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 

Covalent crosslinking between PIPOX-PEI and TA was achieved using NaIO4 as the 

crosslinking agent. 14-layer PIPOX-PEI/TA films were immersed into 10 mM 

NaIO4 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 IO4
- 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 other one is Schiff Base reaction, suggesting C=N bond formation. After 

treatment of the films with NaIO4, ~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℃. 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, NaIO4 induced crosslinking was indirectly shown through 

stability experiments. 
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Figure 3.10. A) Schematic representation of possible mechanisms for the 

crosslinking reaction. (Modified from ref [119]) B) Fraction retained at the surface 
of the films after NaIO4 treatment C) The thickness fraction retained at the surface 
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of crosslinked and noncross-linked multilayers upon exposure to PBS at either 
decreasing or increasing pH values at 25 ℃. 

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 ℃. To understand the 

temperature-responsive behavior of the films, stability experiments was also 

conducted at 25 ℃ at both pH values. 

Stability of TA/PIPOX-PEI multilayers in PBS at pH 7.4/37℃ and pH 5.5/37℃ was 

examined with respect to time. For comparison, similar stability experiments were 

also conducted at 25℃ to understand the temperature-dependent physicochemical 

changes within the multilayers. First, 14-layer (non-crosslinked) films were prepared 

and separately immersed into PBS at the following conditions: i) pH 7.4 /37℃; ii) 

pH 5.5/37℃; iii) 7.4/25℃; iv) 5.5/25℃. 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℃. 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℃ than pH 

5.5/37℃ 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 salt ions into the multilayers might have led to an increase in osmotic 

pressure, followed by diffusion of water molecules into the film108. At pH 7.4, TA is 

further ionized and the association between the layers weakened which might have 

facilitated the uptake of water molecules by the multilayers. It must be 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. 

ii) PIPOX exhibits LCST-type phase behavior between 36-40 ℃ depending on its 

molecular weight. PIPOX transforms from extended to coil conformation at 37℃. 

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℃ (Figure 3.11B). The extent of increase 

in thickness was lower for both films compared to 37℃. Also, the extent of swelling 

was similar at pH 7.4 and pH 5.5. These results support the water uptake arising from 

temperature-responsive behavior of PIPOX.  

The thickness of multilayers did not further increase at pH 5.5/37℃ beyond 8 hours. 

On the other hand, ~40% decrease in thickness was recorded at pH 7.4/37℃, 

associated with the loss of layers from the surface. The extent of swelling at the end 

of 8 hours at pH 7.4/37℃ could be reached at the end of 24 hours at pH 7.4/25℃.  
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Figure 3.11. Fraction retained at surface as a function of time at A) 37 oC pH 7.4 
and 5.5 B) 25 oC pH 7.4 and 5.5. 
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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 in the non-crosslinked films at pH 7.4/37°C was not recorded for covalently 

crosslinked films. The swelling observed at 24 th 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 extent of swelling was lower at pH 5.5/37°C compared to noncross-linked 

films. No swelling was observed for both crosslinked and non-crosslinked films at 

pH 5.5/25°C at all. In summary, crosslinking suppressed the swelling behavior 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 films in the presence of NaIO4 immersed 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 CaCO3 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,1 ~ 6.5 and pKa,2 ~ 8)106. The driving force for the 

adhesion of TA onto CaCO3 microparticles was electrostatic interaction between 

Ca2+ and phenolate groups of TA together with the hydrogen bonds between the 

SO3
2- units of PSS which are expected to be inside and on the surface of the CaCO3 
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microparticles and the OH groups of TA. Besides, π-π 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 surface110. 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. 
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Figure 3.13. A) Change in zeta potential after each layer deposition on CUR-loaded CaCO3 
microparticles. B) Change in zeta potential after each layer deposition on bare CaCO3 
microparticles. C) Zeta-potential distribution curves obtained after each layer deposition 

CUR-loaded CaCO3 microparticles. 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 at a greater extent 

for LbL coated CUR loaded microparticles. This was possibly due to hydrophobic 

CUR, enhancing the hydrophobic-hydrophobic interactions between the CUR loaded 

particles. 

 

Figure 3.14. (A) SEM image of CUR-loaded CaCO3 microparticles 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 NaIO4 solution. However, it 

was observed that the color of LbL-coated CUR loaded microparticles changed after 

treatment with 10 mM NaIO4 solution. To further understand the reason of the color 

change, 10 mg CUR loaded CaCO3 microparticles were exposed to NaIO4 solution at 

varying concentrations and shaked for 5 minutes using a vortex mixer. Then, NaIO4 treated 

particles were dispersed into 20% v/v EtOH-PBS solution at 25 ℃ 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 

NaIO4 treatment. The significant decrease in fluorescence intensity of CUR upon treatment 

with NaIO4 solution was attributed to degradation of CUR. For this reason, crosslinking 

was only performed to TA/PIPOX-PEI multilayer coated bare CaCO3 

microparticles. 

 

Figure 3.15. The change in fluorescence intensity of CUR after varying 

concentration of NaIO4 treatment. 
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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 CaCO3 microparticles. LbL-coated 

microparticles were dispersed into 0.25 M EDTA solution, followed by stirring using 

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 3.16A 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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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 CaCO3 

microparticles. 

As explained in detail in Section 2.2.11, approximately 0.132 ± 0.002 g of CaCO3 

microparticles were obtained after synthesis. The amount of CUR loaded into CaCO3 

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 

CaCO3 microparticles was first performed in PBS. However, CUR is a hydrophobic 

molecule, and the amount of release was very low in aqueous 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 
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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°C and 37°C pH 7.4; C) 37°C pH 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 ℃, 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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i. The evolution of fluorescence intensity of CUR (0.001 mg/mL) in 20% v/v 

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 this reason, the quantified amount of CUR might possibly 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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ii. 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 

methanol120. 
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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 
containing 20% EtOH by volume A) pH 7.4/25°C; B) pH 7.4/37°C; C) pH 5.5/25°C; 

D) pH 5.5/37°C. 

3.12.2 DOX Release from PIPOX-PEI/TA Multilayer-coated CaCO3 

microparticles 

DOX loading into LbL-coated microparticles was performed at pH 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 CaCO3 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 dispersing 2 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 DOX in the supernatant was calculated by measuring the 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 oC compared to pH 7.4 This can be explained by the protonation of the 

phenolic hydroxyl groups of TA (pKa,1 ~ 6.5 and pKa,2 ~ 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 oC than 25 

oC. PIPOX displays LCST-type phase behavior at ~36 0C. 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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Figure 3.20. Released of the DOX from TA/PIPOX-PEI coated CaCO3 

microparticles in PBS at  (A) 25°C pH 7.4 and pH 5.5; (B) 37°C pH 7.4 and pH 5.5; 
(C) 25°C and 37°C pH 5.5; (D) 25°C and 37°C pH 7.4. 
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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 

pH 5.5 and pH 7.4 at 37℃. 

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 

measuring the fluorescence intensity of CUR at 525 nm, then quantifying the amount 

of CUR in the supernatant, and finally subtracting the amount in 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 µM ± 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 not observed during DOX 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 

at pH 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 amount in the supernatant from the 

amount of DOX in the loading solution. The amount of DOX loaded into non-

crosslinked and crosslinked were ~ 73.1 µM ± 2.9 and 70.3 µM ± 3.0 mg 

respectively.  

DOX release was started by dispersing crosslinked and non-crosslinked hollow 

capsules into 2 mL of PBS solution at pH 5.5 and pH 7.4 and at 37℃ 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 DOX in the supernatant was calculated by measuring the intensity at 555 nm using 

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.  



 

 
79 

0 1 2 3 4 5

-1

0

1

2

3

4

5

6

7

8

R
e
le

a
s
e
d

 D
o

x
o

ru
b

ic
in

 (
m

M
)

Time (h)

 Crosslinked

 Non-Crosslinked

pH 5.5 37 oC

A

 

0 1 2 3 4 5

-1

0

1

2

3

4

5

6

7

 Crosslinked

 Non-Crosslinked

R
e
le

a
s
e
d

 D
o

x
o

ru
b

ic
in

 (
m

M
)

Time (h)

pH 7.4 37 oC

B

 

 

Figure 3.21. Release from non-crosslinked and crosslinked hollow LbL capsules A) 
DOX release at pH 5.5 at 37 oC and B) DOX release at pH 7.4 at 37 oC.  
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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 Çağdaş Ermiş 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 CaCO3 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 µM of DOX release 

to obtain 50 % decrease in survival. However, the required DOX concentration 

decreased to 0.2 µM when combined with 20 µM CUR release, indicating a 

synergistic effect. These studies are still in progress and will be further continued 

with hollow LbL capsules. 



 

 
81 

 

Figure 3.22. Cytotoxicity experiments on HCT 116 cell line. 

 

 

 





 

 
83 

CHAPTER 4  

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 bonding and 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℃. On the other hand, thickness 

increase was lower at pH 5.5 and 37℃ than that at pH 7.4 and 37℃.  Such a pH -

dependent difference in the behavior of the multilayers was attributed to the strength 

of association among the layers. Hydrogen bonding interactions between PIPOX and 

TA was partially disrupted at pH 7.4 and possibly allowed conformational transition 

of PIPOX around its critical temperature and a rearrangement within 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℃ 

regardless of the pH of the PBS solution when PIPOX-PEI and TA multilayers were 

crosslinked using NaIO4. 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 CaCO3 microparticles 

(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 
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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 CaCO3 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 effect of CUR and 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 at pH 5.5 
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B. Calibration Curve of DOX in PBS at pH 7.4 
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C. Calibration Curve of CUR in 60% EtOH-PBS at pH 5.5 
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D. Calibration Curve of CUR in 60% EtOH-PBS at pH 7.4 
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