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ABSTRACT

PREPARATION AND CHARACTERIZATION OF HYDROGEN-BONDED LAYER-
BY-LAYER POLYMER FILMS CONTAINING MAGNETIC NANOPARTICLES

Khan, Muhammad Alyaan Ahmed
M.S. Department of Polymer Science and Technology

Supervisor: Assist. Prof. Dr. Irem Erel Goktepe

August 2014, 77 pages

Stimuli responsive layer-by-layer (LbL) polymer films are promising materials as
platforms for controlled release of functional biological molecules such as drugs,
proteins, growth hormones, etc. from surfaces. Recently, there has been a growing
interest for preparation of LbL polymer platforms containing superparamagnetic iron
oxide nanoparticles for dual functionality, i.e. bioimaging and controlled delivery of
biological molecules. Moreover, if superparamagnetic iron oxide nanoparticles are
embedded into temperature-responsive polymer films, an external trigger mechanism,
i.e. magnetothermal trigger can also be used to release functional biological molecules

on demand from the surfaces.

The study presented in this thesis presents a strategy to incorporate charged iron oxide
nanoparticles into neutral hydrogen-bonded polymer LbL films. First, iron oxide
nanoparticles with size smaller than 20 nm were synthesized by co-precipitation
technique using ultrasonication during synthesis. Iron oxide nanoparticles were

characterized using dynamic light scattering, zeta-potential measurements, Fourier



Transform Infrared Microscopy (FTIR) Spectroscopy, X-ray Diffraction (XRD) and
Transmission Electron Microscopy (TEM) imaging. For multilayer assembly, polyvinyl
caprolactam (PVCL) and tannic acid (TA) were used as polymer building blocks. PVCL
is a hydrogen accepting neutral polymer whereas TA has hydrogen donating hydroxyl
groups with a pK, of ~ 8.5. At moderately acidic conditions, TA carries both protonated
and ionized hydroxyl groups, thus can interact with PVCL through hydrogen bonding
interactions, whereas it associates with positively charged iron oxide nanoparticles
through electrostatic interactions. LbL films were constructed at pH 4 by immersing the
substrate into solutions of TA, PVCL, TA and iron oxide nanoparticles. This process is
repeated in the same order of solutions until desired number of layers is deposited at the
surface. Stability of multilayers against pH was examined in detail. Multilayer growth
and pH-stability were followed by UV-Visible Spectroscopy. Morphology of the
multilayers were characterized using Atomic Force Microscopy (AFM). Information
about magnetic properties of multilayers was obtained using Magnetic force Microscopy
(MFM).

Multilayers of TA/PVCL/TA/iron oxide nanoparticles were highly stable at acidic and
slightly basic conditions. Moreover, these multilayers were capable of releasing
ciprofloxacin, an antibiotic used for treatment of different bacterial infections in the
body, at neutral and slightly basic conditions at body temperature. Release of

ciprofloxacin from the multilayers was followed using UV-Visible Spectroscopy.

The work in this thesis presents the first example of preparation of temperature
responsive hydrogen-bonded multilayers containing magnetic iron oxide nanoparticles.
In addition to temperature response, multilayers were capable of releasing ciprofloxacin
by a pH trigger. Results obtained in this study form a basis for the development of more
advanced responsive multilayer films for theranostic (therapeutic and diagnostic)

applications.
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MANYETIK NANOPARCACIKLAR ICEREN HIDROJEN-BAGLI KATMAN-
KATMAN POLIMER FILMLERIN HAZIRLANMASI VE TANIMLANMASI

Khan, Muhammad Alyaan Ahmed
Yiksek Lisans, Polimer Bilim ve Tecknoloji Bolumu

TezYoneticisi: Y.Dog.Dr. Irem Erel Goktepe

Agustos 2014, 77 sayfa

Ortam kosullarina duyarli katman-katman polimer filmler ilag, protein, buyime
hormonlar1 gibi islevsel biyolojik molekiillerin kontrollii salimi i¢in iimit verici
polimerik platformlardir. Son yillarda, hem biyogoriintileme hem de biyolojik
molekiillerin ~ kontrollii  salimin1  gerceklestirebilecek  iki islevsellige  sahip
sliperparamanyetik nanoparcaciklar iceren katman-katman filmlerin hazirlanmasi yogun
ilgi c¢ekmektedir. Siiperparamanyetik nanoparcaciklarin sicakliga duyarli polimer
filmlerin igerisine yerlestirilmesi durumunda ise harici tetikleme yontemlerinden biri
olan manyetotermal tetikleme araciligiyla islevsel biyolojik molekiillerin istenildigi

zaman yiizeyden salinmasini miimkiin kilmaktadir.

Bu tez calismasi elektriks yiiklii demir oksit nanopargaciklarinin nétr hidrojen
bagli katman-katman polimer filmlerin igerisine yerlestirilmesi i¢in bir yolsunmaktadir.
Ik olarak, boyutlar1 20 nm’den kiigiik manyetik demir oksit nanopargaciklari “birlikte
cOktiirme” teknigi ile ultrasound uygulamasi esliginde sentezlenmistir. Demir oksit
nanopargaciklari dinamik 11k sagilimi, zeta-potansiyel 6l¢imu, Infrared Spektroskopisi
(IR), X-1ism1 kirmim yontemi (XRD), taramali elektron mikroskobu (TEM) ile

gorintuleme yontemleri ile tanimlanmistir. Film iretimi i¢in poli (vinil kaprolaktam)
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(PVCL) ve Tanik Asit(TA) yapi-taslar1 olarak kullanilmistir. PVCL hidrojen alict
gruplara sahip nétr bir polimer, TA ise hidrojen verici hidroksil gruplara sahip olup
yaklagik pKy degeri ~ 8.5°tir. Orta derecede asitlie sahip ortamlarda, TA hem
protonlanmis hem de iyonize hidroksil gruplarina sahiptir. Béylece hidrojen baglari
aracihigiyla PVCL ile etkilesmesi, elektrostatik baglar aracilifiyla da demir oksit
nanopargaciklar1 ile etkilesmesi miimkiindiir. Katman-katman filmler pH 4’te
substratinsirayla TA, PVCL, TA and demir oksit nanoparcaciklar igeren ¢ozeltilere
ardisik olarakdaldirilmast suretiyle {iretilmistir. Bu islemistenilen katman sayisina
ulasana kadar substratin ayni sirayr takip ederek c¢ozeltilerin igerisine daldirilmasi
yoluyla devam eder. Filmlerin pH degisimlerine karst kararligi detayli olarak
idelenmistir. Cok-katmanli filmlerin {retimi ve pH kararligi UV-Gorinir Bolge
Spektroskopisi kullanilarak takip edilmistir. Filmlerin morfolojisi Atomik Kuvvet
Mikroskobu (AFM), manyetik 6zellikleri ise Manyetik Kuvvet Mikroskobu (MFM)

kullanarak tanimlanmuistir.

TA/PVCL/TA/demir oksit nanopargaciklarindan olusan c¢ok-katmanli filmler
asidik ve bazik kosullarda oldukca kararli davranig gosterdiler. Ayrica, ¢ok-katmanl
filmlerin yiizeyinden viicut igerisinde farkli bakteriyel infeksiyonlarin tedavisinde
kullanilan ciprofloxacin isimli antibiyotigin salimi1 nétr ve hafif bazik pH degerlerinde
viicut sicakliginda basariyla gergeklestirilmistir. Cok-katmanli filmlerin yiizeyinden

ciprofloxacin salim1 UV-Goriiniir Bolge Spektroskopisi kullanilarak takip edilmistir.

Bu c¢alisma bilgimiz dahilinde, manyetik demir oksit nanopargaciklari
icerenhidrojen-bagl sicakliga duyarlipolimer filmlerin hazirlanmasini ve tanimlanmasini
gosteren ilk calismadir. Filmler, sicaklik duyarliklarinin yanisira pH tetiklemesi ile
ciprofloxacin isimli antibiyotigin salimini miimkiin kilmaktadir. Bu calismadan elde
edilen sonuglar teranostik (tedavi ve teshis) uygulamalar i¢in daha gelismis duyarlt film

sistemlerinin {iretimi i¢in temel bilgi birikimini olugturmaktadir.



Anahtar kelimeler: manyetik demir oksit nanoparcaciklari, katman-katman
kendiliginden yapilanma yontemi, hidrojen-bagli ¢ok-katmanli filmler, biyolojik olarak

islevsel molekiillerin kontrollii salim1
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CHAPTER 1

INTRODUCTION

1.1. Polymer Multilayer Films:

1.1.1. Polyelectrolyte complexation in solution

Polyelectrolytes are macromolecules whose repeating units bear ionizable groups so that
they acquire charges along the macromolecular chain when dissolved in a polar solvent,
which is generally water. Basically, there are 2 types of polyelectrolytes, i.e. strong and
weak polyelectrolytes. A strong polyelectrolyte dissociates in solution in a wide pH
range, whereas a weak polyelectrolyte has a dissociation constant and ionizes partially in
solution depending on the solution pH. Figure 1.1 shows examples of strong and weak

polyelectrolytes.
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Figure 1.1 Examples of strong polyelectrolyte: (A) Polystyrene sulfonate (PSS) and (B)
Polydiallyldimethylammonium chloride (PDADMAC), Examples of weak
polyelectrolytes: (C) Polyallylamine hydrochloride (PAH) and (D) Polyacrylic acid
(PAA).

Polyelectrolytes behave as both polymers and salts. That’s why they are also called
“polysalts”. The low molar mass counterions are strongly bound to the ionizable groups
in the solid state and a polar solvent. Similar to the behaviour of low molar mass salts,
the ionizable groups of the polyelectrolytes become solvated in aqueous solution
resulting in enhanced mobility of the low molar mass counterions. Polyelectrolyte
complexes are formed when solutions of oppositely charged polyelectrolytes are mixed
under proper stoichiometry and the oppositely charged polyions associate through
electrostatic interactions. Polyelectrolyte complexes exhibit completely different
properties than their constituting polyelectrolytes. The major driving force for
polyelectrolyte complexation is the gain in entropy caused by the release of low molar



mass salt ions [1]. However, ion-dipole forces and/or hydrophobic interactions also
contribute to the complexation process [2]. Figure 1.2 shows schematic representation of
polyelectrolyte complexation in solution. As seen in Figure 1.2, polyelectrolyte
complexes may consist of both relatively more ordered so called “ladder —like” or

disordered co called “scrambled egg” regions [3].

\ ”Scrambled

Interpolyelectrolyte
Complex

Polyanion Polycation

Figure 1.2 Schematic representation of polyelectrolyte complexation and release of low

molar mass counterions reprinted with permission from reference [3].

The ratio of the positive to negative charges of the oppositely charged polyelectrolytes is
an important parameter in  polyelectrolyte complexation.  Stoichiometric
interpolyelectrolyte complexes are hydrophobic due to mutual screening of the charges
and precipitate in solution [3]. However, use of polyelectrolytes with significantly
different molecular weights or mixing weak polyelectrolytes with non-stoichiometric
ratio result in overcharging due to excess of the either of the polyelectrolytes and
formation of water-soluble polyelectrolyte complexes [1,3]. In the latter case, the
complex adopts a conformation which is similar to ladder-like structure. Figure 1.3

shows a schematic representation of a water-soluble complex which was suggested by



Kabanov and Zezin [1]. Single-stranded segments show the hydrophilic, whereas

double-stranded segments show the hydrophobic parts of the complex.

~

Figure 1.3 Schematic representation of a water-soluble complex based on the schematic
presented in reference [1] (Modified from C. Ankerfors, Licentiate, Royal Institute of
Technology, 2008).

The structure of the complexes highly depends on the nature of the polyelectrolytes and
the external conditions [1,2]. The properties of the polyelectrolyte complexes are
specifically affected by the pH, molecular weight of the polyelectrolytes, charge density,
concentration of the polyelectrolyte solutions, ionic strength of the solutions and
temperature [1]. The first work on interpolyelectrolyte complexation using natural
polyelectrolytes with low charge density has been made in the 20" century.
Interpolyelectrolyte complexation using synthetic polyelectrolytes was first performed
by Fuoss et al in 1949 [6] and followed by Michaels et al. in 1961 [7]. Many other
leading studies were reported by Tsuchida [8], Kabanov [9] and Zezin [10] in the
following years.

Similar to complexation among polyelectrolytes, polymer complexes can also be

obtained through hydrogen bonding interactions among hydrogen accepting and



hydrogen donating polymers. Although the strength of a hydrogen bond is relatively
lower than that of an electrostatic bond, the large number of hydrogen bonds which are
formed simultaneously among the two hydrogen bonding polymers (cooperative
phenomenon) make the interaction strong enough to form hydrogen-bonded
interpolymer complexes [4]. Both electrostatic interpolyelectrolyte complexes and
hydrogen-bonded interpolymer complexes are of interest due to their wide range of
applications. Both types of complexes will be denoted as “interpolymer complexes” in

the rest of the thesis.

Interpolymer complexes have recently been of interest in the design of drug delivery
systems. The drug molecules can be incorporated into the complexes: i) during
complexation, ii) after complexation by absorbing from the solution into the already
prepared complexes, iii) by chemically coupling to one of the polymers prior to
complexation and iv) the drug molecule itself can participate in complexation.
Interpolymer complexes also find use in membrane technology [11], isolation of
proteins [12] and nucleic acids [13], fuel cell technology [14], as supports for catalyst
[15], preparation of polymer multilayer films at flat [16] and colloidal substrates [17] via

layer-by-layer (LbL) technique.

1.1.2. Polyelectrolyte complexation at surfaces: Multilayer Film Assembly

Similar to formation of interpolyelectrolyte complexes by mixing solutions of oppositely
charged polymers, polyelectrolyte complexes can also be obtained at the surface by
consecutive deposition of oppositely charged polyelectrolytes onto a substrate, so called
“layer-by-layer self-assembly technique”. This results in construction of polyelectrolyte

multilayers at the surface.

In fact, LbL was first introduced by ller nearly 50 years ago in 1966 [18], by showing

alternating deposition of oppositely charged colloidal particles on a glass surface. LbL



was not so popular until it was redeemed by Decher et al. during early 1990°s by using
charged polymers for functionalization of surfaces [19]. Rediscovery of LbL by Decher
et al. caused a lot of researchers to use LbL technique for functionalization of surfaces
which is proved with a huge increase in publications since last two decades [20].

Multilayers of oppositely charged polymers, so called “electrostatic multilayers” using
LbL technique is prepared by the following steps: 1) dipping the substrate into a
positively charged polyelectrolyte solution; 2) rinsing the substrate with de-ionized
water to remove loosely bonded polyelectrolyte chains; 3) immersing the substrate into
the counter charge polyelectrolyte solution; 4) rinsing the substrate with de-ionized
water to remove the loosely bonded polyelectrolyte chains. The above mentioned
process is termed as one bi-layer and it is continued until desired number of layers is
achieved. Coating of the polymer on the surface is continued until the charge on the
surface is fully compensated. Figure 1.4 shows schematic representation of LbL film
preparation process.

S i S
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1} Polycation Solution 2} Rinsing Solution 3) Polyanion Solution 4) Rinsing Solution

Figure 1.4 Schematic representation of LbL film deposition based on the schematic
presented in reference [21] (Modified from Koehler et al., Chem.Commun., 2008).



As alternatives to dipping process, spray deposition [22, 23] and spin-coating [24]
technologies have been developed to speed up the film fabrication process. However, it
was found that multilayer film properties are highly affected by the technology used for
LbL assembly. For example, spin-coated multilayers are thinner, more transparent and
elastic than that produced by dipping technology [47]. Figure 1.5 is obtained from a
review by Vincent Ball et al. and summarizes the advantages and disadvantages of the

three technologies.

Dip <oating Spray coating Spin coating

v
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efficaent A waste of Ful\\:ln\hn]yk\ surface ancas

Figure 1.5 lllustration of the dip-, spray-, and spin- coating technologies for fabrication
of LbL films presented in reference [47] (Modified from Ball et al. ISRN Material
Science, 2012).

LbL self assembly technique offers wide range of advantages over other surface
functionalizing techniques for preparation of ultra thin films. The first and the foremost
advantage of LbL technique is its simplicity. No expensive or delicate instruments are
required for the robust assembly of the layers on the surface [19]. There is no substrate
limitation. Glass, quartz, silicon wafer or mica [25] as well as colloidal silica or calcium
carbonate nanoparticles can be used as substrates in LbL assembly [26, 27]. LbL films

can be prepared in agueous environment. Therefore, it is an environmentally friendly as



well as a suitable method for biomedical applications [28]. LbL technique does not
require any complex chemical reactions as the assembly is accomplished by electrostatic
attraction between the polyelectrolytes. Another advantage of LbL technique is that the
film properties can be controlled at the assembly and post-assembly steps. Deposition
conditions such as pH, ionic strength, polymer concentration, deposition time etc. or
post-assembly conditions can all affect the growth as well as ultimate properties of the

multilayers [29].

Not only LbL is used to assemble polyelectrolytes but it also provides a wide range of
materials to be incorporated within the multilayers. These materials may include
inorganic molecular clusters [30, 31], nanoparticles [32, 33], nanotubes and nanowires
[34, 35], nanoplates [36, 37], organic dyes [38], dendrimers [39], poryphins [40], nucleic
acids and DNA [41], proteins [42-45], and viruses [46]. Providing incorporation of
different materials within the multilayers increases the functionality of the surfaces [34].

Similar to interpolyelectrolyte complex formation in solution, multilayer film formation
is also not limited to electrostatic interactions among the polymer pairs. Many other
interactions such as hydrogen bonding [48-51], electrostatic interactions [52-55], step by
step reactions [56-59], sol-gel processes [60-64], molecular recognition and bio
recognition [65-68], charge transfer interactions [69-72], electrochemical reactions [73-
75] etc. can drive the multilayer film assembly.

Surface functionalizations via LbL assembly technique are in exceeding interest to the
researchers because of its potential applications from electronics to biomedical

engineering.

1.1.2.1. Stimuli responsive polymer multilayers:

Polymers which are capable of forming non-covalent interactions respond to changes in

external stimuli. For example, hydrogen bonding which plays an important role in



determining the secondary structure of biological molecules can be altered by changes in
pH, temperature or chemical environment. Thus, polymers capable of forming hydrogen
bonding also show response to changes in pH, temperature or chemical environment. In
addition to hydrogen bonding polymers, weak polyelectrolytes also show response to pH
since the charge density on the polymer can simply be tuned by changing the pH of the
solution. In general, small changes in pH and temperature result in an abrupt change in
the polymer-polymer and polymer- solvent interactions and conformational changes
(transition between extended and compacted coil states) in the polymer. In temperature
responsive polymers, small temperature changes around the critical temperature i.e.
lower critical solution temperature (LCST) or upper critical solution temperature
(UCST) make the chains collapse or to expand responding to the new adjustments of the
hydrophobic and hydrophilic interactions between the polymeric chain and the solvent
[76]. Similarly, upon ionization of the weak polyelectrolyte, the coiled chains extend
dramatically responding to the electrostatic repulsion of the charges (anions or cations)
[77]. Non-covalent interactions are not limited to electrostatic or hydrogen bonding
interactions. For example, metal-ligand coordination bonding in polymers brings in
response to pH and temperature due to reversible breakage and formation of metal-
coordination bonds. Stimuli responsive polymers are attracting increasing attention for
biomedical applications such as drug delivery, tissue engineering, and bio-sensing [78-
82].

Multilayer films which are constructed using responsive polymers or species also show
response to changes in environmental stimuli. Stimuli responsive LbL films also pose
great application in the fields of nonlinear optics [83], solid state ion conducting
materials [84], solar energy conversions [85], and separation membrane [86]. The
following subsections will scrutinize the response of LbL films to most common

triggers, i.e. pH, ionic strength, temperature and magnetic field.



i.  pH response:

The degree of ionization of the weak polyelectrolytes depends on the pH of their
solutions. So the interactions within the multilayers can be easily tuned by just simply
changing the pH of the environment. The variation in the pH can result in an increment
in the amount of charge and lead to structural changes within the multilayers due to
rearrangements of polymeric chains. By taking advantage of these structural changes,
properties of the electrostatic multilayers such as permeability, morphology or
wettability can be tuned. For example, electrostatic LbL assembly of weak
polyelectrolytes, i.e. polyallylamine hydrochloride (PAH) and polyacrylic acid (PAA)
when both PAH (pH 7.5) and PAA (pH 3.5) were partially charged resulted in
multilayers with loopy layer structure and porous structures were obtained within the
multilayers when the multilayers were exposed to strongly acidic conditions followed by
a rinse with water at neutral pH. It was also reported that the pH of the solution which
the multilayers were exposed to was critical for tuning the size of the pores [87]. For
example, exposure to pH 1.8 resulted in pore sizes of 20-40 nm, whereas exposure to pH
2.4 resulted in pore sizes of ~ lum. Moreover, sequential exposure to 1.8 and 2.4
resulted in a honey-comb like structure (Figure 1.6).Thus, by simply changing the pH of
the medium, internal morphology of the films could be changed which might have

significant outcomes in the permeability properties of the multilayers [87].
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Figure 1.6 Scanning Electron Microscopy images of PAH/PAA multilayers after

exposure to pH 1.8 (Panel A); pH 2.4 (Panel B) and sequential exposure to pH 1.8 and
2.4 as presented in reference [87].

Among all types of LbL films, hydrogen bonding-driven multilayers are the most
sensitive to pH variations. Sukhishvili and Granick were the first reporting the
erasebility of hydrogen-bonded multilayers by a pH trigger. They found that hydrogen-
bonded multilayers of a hydrogen accepting neutral polymer, e.g. polyethylene oxide
(PEO) and hydrogen donor weak polyacid e.g. polyacrylic acid (PAA) which were
constructed at pH 2 when the polyacid was in the protonated form, can be totally erased
from the surface by simply increasing the pH to 3.6 [174]. Similarly, hydrogen-bonded
multilayers of poly(vinyl pyrrolidone) (PVPON) and polymethyacrylic acid (PMAA) or
PEO and PMAA which were prepared at strongly acidic conditions could also be
disintegrated when the solution pH was raised to 6.9 and 4.6, respectively [174]. The
reason for dissolution of the multilayers was the ionization of the carboxylic acid groups
of the polyacids resulting in electrostatic repulsion as well as an increase in osmotic
pressure followed by swelling and complete disintegration of the multilayers [88-89].
Response of hydrogen-bonded multilayers at mild pH values makes them promising for

controlled delivery of drugs, e.g. wound healing applications.
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Complete disintegration of hydrogen bonded multilayers by a simple pH trigger is also
advantageous to produce free standing films. For example, by depositing
electrostatically bound polyallylamine hydrochloride (PAH) and polystyrene sulfonate
(PSS) multilayers onto hydrogen-bonded polyethylene glycol (PEG) and PAA
multilayers and exposing the films to pH 5.6-6.3, Decher and co-workers obtained free-
standing PAH/PSS multilayers [90]. At pH 5.6-6.3, hydrogen-bonded multilayers of
PEG/PAA completely disintegrated, whereas PAH/PSS films remained intact and
released into the solution as free-standing films.

ii. lonic strength:

The change in ionic strength of the surrounding medium can disrupt electrostatic
interactions among the polyelectrolyte pairs due to interactions of the polyelectrolytes
with the salt ions. In this ion exchange process, polyelectrolytes do not leave the film but
the films remain intact with less number of binding points between the polyelectrolyte
layers. Further increasing salt concentration may result in complete disintegration of the
multilayers if the remaining polyelectrolyte-polyelectrolyte pairs could no longer keep
the multilayers intact. This feature of electrostatic multilayers can be advantageous for

controlled release of drug molecules from surfaces.

Weakening the polyelectrolyte-polyelectrolyte interactions by increasing ionic strength
of the medium can also result in changes in the permeability of the multilayers. Ibarz et
al. showed that LbL capsules produced by using PAH and PSS were impermeable by
nature but became permeable to large molecules even when the salt concentration was
very low, i.e. 10° to 10® M [91]. This was due to a change in polymer conformation
(transition from extended to a coiled conformation), providing free path for the
molecules to pass through the multilayers. Similarly, nanoporosity can be introduced
within the multilayers by increasing ionic strength of the medium. Caruso et al. showed
that nanopores could be obtained within the multilayers of polyacrylic acid (PAA) and

polyallylamine hydrochloride (PAH) when the films were exposed to salt solutions [92].
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These porous membranes could be used as platforms for controlled drug delivery

applications.

Response of hydrogen-bonded multilayers to increasing salt concentration of the
medium depends on the concentration and type of salt. Kharlampieva and Sukhishvili
reported that critical disintegration pH for PVPON/PMAA shifted to lower pH values in
the presence of 0.5 M NaCl due to enhanced ionization of the PMAA within the
multilayers [93]. Another study reported by Hammond and co-workers showed that
multilayers of hydrogen-bonded PEO/PAA could be disintegrated at pH 2.5 only when
the concentration of lithium triflate salt was increased to 2 M. High stability of the
multilayers can be explained by screening of the negative charges on the partially
ionized PAA chains by salt cations resulting in a decrease in the electrostatic repulsion

among the PAA chains within the multilayers [94].
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iii. Temperature response:

Polymer multilayers can also be made temperature-responsive if at least one of the films
components shows temperature-responsive behaviour. Similar to pH-response,
temperature-response is mostly observed in hydrogen-bonded multilayers since majority
of the temperature responsive polymers are neutral and do not contain ionizable groups
for electrostatic self-assembly. The only way to incorporate a neutral polymer into
electrostatic multilayers is to introduce monomers with ionizable groups to the neutral

polymer through copolymerization.

For example, poly(N-isopropyl acrylamide) (PNIPAM) which is a neutral polymer, has
been extensively used in biomedical applications [47] due to its lower critical solution
temperature (LCST) of 30-34 °C which is close to body temperature. It has hydrogen
accepting carbonyl groups (Figure 1.7), thus can be easily LbL assembled at the surface
using a hydrogen donating polymer. There are many examples of hydrogen-bonded
multilayers containing PNIPAM [95-97]. In contrast, PNIPAM cannot be used in
electrostatic self-assembly unless it is copolymerized with monomers having ionizable

groups [98].
IR
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Figure 1.7 Structure of poly(N-isopropyl acrylamide) (PNIPAM).

Temperature response can also trigger the release of drugs from the multilayers.

Sukhishvili et al. reported that release of Thymol Blue from hydrogen-bonded
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multilayers of poly (methacrylic acid) (PMAA) and temperature responsive poly(N-
vinyl caprolactam) (PVCL) or PMAA and temperature responsive poly(vinyl methyl
ether) (PVME) increased at temperatures close to the LCSTs of PVCL and PVME,
respectively. This was due to phase separation of P\VCL or PVME at temperatures close
to their LCST, resulting in formation of voids within the multilayers and thereof

increased amount of Thymol Blue from the surface [99].
iv. Magnetic field response:

Magnetic field responsive polymeric multilayers can be produced by incorporating
magnetic nanoparticles into the film structure. For example, Lu et al. introduced gold
coated ferromagnetic cobalt nanoparticles into LbL capsules prepared from polystyrene
sulfonate (PSS) and polyallylamine hydrochloride (PAH) and applied alternating
magnetic fields at 100-300 Hz and 1200 Oe strength. They observed permeability of
dextran from the multilayers within 30 minutes, indicating the increase in the
permeability of LbL capsules. Note that no release of the dextran was observed prior to
magnetic field application, proving low or negligible permeability of the capsules [100,
101].

Multilayers containing magnetic nanoparticles are not only of interest for controlled
release of functional molecules from the multilayers. Magnetic nanoparticle containing
multilayers is also promising for imaging purposes. In addition, exposing magnetic
nanoparticle containing multilayers to magnetic field results in localized heating within
the film due to hysteresis produced by the nanoparticles. This localized heating effect
within the multilayers can trigger release of drug molecules from the surface if the
multilayers contain a temperature responsive polymer. Therefore, magnetic nanoparticle
containing multilayers are promising for theranostic (therapeutic + diagnostic)

applications.
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1.2. Preparation of nanometer- scale magnetic nanoparticles:

1.2.1. Introduction to nanoparticles:

Inorganic and/or polymer based nanoparticles have great potential for many different
biological and medical applications, e.g. diagnostic test for detection of diseases and

drug release applications [102-104].

Super paramagnetic iron oxide nanoparticles (SPIONs) are inorganic nanoparticles,
exhibiting magnetic properties which allow directing them to a defined location or
heating them in the presence of an externally applied AC magnetic field [105]. For this
reason, SPIONs are of interest for many different applications such as separation
techniques, magnetic resonance imaging for drug delivery systems, magnetic

hyperthermia, and magnetically assisted transfection of cells [106-109].

Among many potential applications of SPIONs, hyperthermia therapy is of growing
interest. Magnetic hyperthermia makes use of magnetic nanoparticles as a heat source
[110] to raise the temperature to slightly higher values, e.g.to 43 °C [111] at the tumor
cells. When the SPIONs reach the target tumor site, magnetic hyperthermia is induced
with an AC magnetic field which causes the magnetic particles to dissipate heat to the
tumor sites [110, 112-115]. The most important factor for a successful treatment is the
localization of the SPIONSs in order to heat only the tumor cells but not the healthy cells.
Until now, different magnetic field strengths, alternating field frequencies and exposure
times have been examined for an efficient magnetic hyperthermia therapy [116].
Moreover, different approaches have been developed for localization and/or delivery of
SPIONS [116].

16



1.2.2. Properties of magnetic particles:

1.2.2.1. Magnetic Properties:

The sum of the moments ‘m’ of the all the atoms per unit volume ‘V’ is known as

magnetization ‘M’.

M =

<| 3

Susceptibility and permeability describe the response to a magnetic field. Susceptibility
‘¥’ shows the magnetization level ‘M’ of a substance under an influence of an external
magnetic field ‘H’ and it is a dimensionless proportionality constant. Permeability, ‘p’,

is the change in magnetic induction ‘B’ with the applied magnetic field ‘H’.

Permeability can also be described as the measure of conductivity of a material to an
applied magnetic field. Therefore, the higher the permeability, the lower will be the
resistance of a material to magnetic field. Permeability is measured in Henries per meter
(H/m); SI Units. Relative permeability ‘u,” is calculated as the ratio of materials

permeability ‘i’ to the permeability of vacuum ‘p,’.

M =—
T 1,

When a material experiences a magnetic field, that material can be classified as the

following:

i Diamagnetic
ii. Paramagnetic
iii. Ferromagnetic

iv. Super-paramagnetic
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i Diamagnetic:

When a diamagnetic material is under exposure of a magnetic field, it produces a weak
magnetic field in the opposite direction of the applied field. After the removal of the
magnetic field, the relaxation of spin occurs and then they settle to their original
positions. Diamagnetic has a relative permeability ‘.’ of less than 1 and susceptibility
‘x’ in the range of -10°to -107 (it is negative due opposite direction of induced magnetic
field) [117].

ii. Paramagnetic:

When a paramagnetic material is under the exposure of an external magnetic field, it
experiences a weak magnetic field in the direction of the field applied. Similar to
diamagnetic materials, after the removal of the magnetic field, the attracted spin returns
back to normal position and the material becomes demagnetized. Relative permeability
‘w’> 1, susceptibility ‘¢’ = 102 —10°. Similar to diamagnetic materials, the response of
paramagnetic materials is also weak to an applied magnetic field. Example for the

paramagnetic materials is aluminum, oxygen, magnesium, lithium [117].
iii. Ferromagnetic:

Ferromagnetic materials are the materials with significant amount of magnetic
properties. The magnetic moments with or without external magnetic field align in one
direction and establish an overall high magnetic moment. The high magnetic moment is
observed under a critical temperature known as Curie Temperature. Above Curie
Temperature ferromagnetic properties disappear. The material behaves like a
paramagnetic material which means that the magnetic moment becomes disordered.
Relative permeability is p, >> 1 and susceptibility ‘x> >> 1. Ferromagnetic materials
have a multi domain structure. All the moments in one domain are arranged in one
direction. The location of the alignment of the moments depends on the crystal structure

or crystal defect. Even after the removal of all the external magnetic field, ferromagnetic
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materials tend to preserve some amount of magnetization. This feature is known as
“remanence magnetization”. Examples of ferromagnetic materials are iron, nickel,

cobalt and their oxides and alloys of gadolinium, therbium [117].
v, Superparamagnetic:

Superparamagnetic materials are specialized form of ferromagnetic materials. When the
size of the ferromagnetic material is decreased, this causes a decrease in number of
domains. The decreases in the number of domains led the particles turn into a single

domain structure [117].

1.2.2.2. Iron Oxides:

Most common materials for the superparamagnetic cores of iron oxide are: magnetite
(FesO4) and maghemite (y-Fe,O3). No magnetic properties were recorded for Wustit

(FeO) [118]. Magnetite and maghemite have cubic spinel structures [119].
i Magnetite:

Magnetite is formulated with divalent and trivalent Fe ions. IUPAC name of magnetite
is iron (II, 1) oxide. The chemical formula of magnetite is Fe3O, or FeO.Fe,Os.
Magnetite is found in black or grayish black color mineral. Saturation magnetization of
the magnetite at 25 °C is 90-92 emu/g [120]. Structural formula [Fe**]4 [Fe** Fe**]on0™
[121], shows tetrahedral magnetic sublattice, which contains Fe** ions and also an
octahedral sublattice which contains Fe*®* and Fe*? ions. Spins of the subsequent
sublattices are anti-parallel to each other. This means that the net magnetization is due to
the Fe*? ions occurring in the octahedral sublattice [122]. Oxidation is a great concern

for magnetite because it forms maghemite as soon as it reacts with oxygen.
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ii. Maghemite:

Maghemite is synthesized by the oxidation of magnetite. It contains the trivalent Fe ions.
IUPAC name of maghemite is iron (II) oxide and its chemical formula is y-Fe,Os
Maghemite is brown in color. Saturation magnetization of bulk material at 25 °C is
approximately 80 emu/g. Its crystal structure is almost similar to magnetite but the
octahedral regions are occupied by divalent iron ions due to oxidation. Oxidation also

causes maghemite to become ferrimagnetic [123].

1.2.2.3. Synthesis of super paramagnetic iron oxide nanoparticles (SPIONS):

A lot of different techniques can be found in literature for the synthesis of SPIONs such
as water-in-oil micro-emulsion [124], co-precipitation [125], thermal decomposition of
organic iron precursor [126] and others. The SPIONs obtained from these procedures
show also different properties such as particle size, shape, size distribution, crystallinity,

magnetic properties, etc.
I. Co-precipitation Method:

One of the easiest as well as earliest methods for synthesis of iron oxide nanoparticles is
the co-precipitation of the iron salt such as iron chlorides or sulfates. The first co-
precipitation synthesis was performed by Massart et al. more than 30 years ago [127].

The chemistry behind this method is as follows:
Fe*” + 2Fe*® + 80H > Fe;0, + 4H,0
The above mentioned reaction is consisted of the following steps:
(Fe*(H,0)6)™> FeOOH + 3H" + 4H,0

Fe*? + 20H™> Fe(OH),
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2FeOOH + Fe(OH),~> Fe304 + 4H,0

When the iron salts (Fe*? and Fe*® with 1:2 molar ratios) come in contact with an
alkaline solution, magnetite is obtained as the precipitate. As discussed before,
magnetite is very sensitive to oxidation, thus the process is often carried out under
nitrogen or argon gas to prevent the formation of maghemite. This procedure is
advantageous as it gives off very high yield [128]. Nanoparticle properties such as size,
morphology, magnetic properties are controllable by varying the parameters such as

solution pH, ionic strength, temperature, reaction time and nature of the salts.
ii. Thermal decomposition of iron organic precursor method:

It is possible to obtain mono-dispersed nanoparticles using organometallic precursors
through  the thermal decomposition method. Organometallic  precursors,
e.g.hydroxylamineferron [Fe(Cup)s] [129], iron pentacarbonyl [Fe(CO)s] [130], ferric
acetylaccetonate [Fe(acac)s] [126], iron oleate [Fe(oleate)s] [131,132] are dissolved in a
non-polar solvent and exposed to high temperature. General phenomena in this method
are: i) the precursor is heated up to the boiling point of the non-polar solvent under
constant heating rate; ii) the mixture is kept at that temperature for desired amount of
time. Note that both nucleation and growth are carried out during the heating at the
boiling point of the solvent. Thermal decomposition method provides narrow size
distribution, high crystallinity and well controlled shape of the nanoparticles [133]. The
narrow size distribution is due to the fact that the nucleation and the growth occur at
different temperature ranges. Nucleation starts with in the temperature range of 200° -
230 °C and growth starts within the range of 260°C - 290°C.

Size and shape of the particles can be controlled by varying some of the reaction
parameters, e.g. temperature of the decomposition reaction, precursor, and duration of
the reaction after reaching the boiling point of the solvent. Morphology of the particles
can be controlled by the heating rate as well as the precursor: solvent volumetric ratio
[134].
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The main disadvantage of thermal decomposition method is that the yield per reaction is
too low. In addition, organometallic precursors are not environmental friendly, so the
researchers look for green synthesis using precursors such as ferric chloride or sodium
oleate which are non toxic and environment friendly [135].

1.2.2.4. Incorporation of iron oxide nanoparticles within multilayers:

Size, morphological properties and surface/volume ratio of the magnetic nanoparticles
play important role in building up multilayers at surfaces. Size [136] and morphology
[137] of the superparamagnetic nanoparticles are advantageous for incorporation into 2D
and 3D polymer multilayers assemblies. Magnetic nanoparticles draw attention of

polymer chemists to bring also magnetic properties to polymer multilayer films.

LbL technique offers a simple method to incorporate magnetic nanoparticles into
multilayers. Using PAH and PSS as the polymer building blocks, Decher et al.
successfully incorporated magnetic nanoparticles into electrostatically bound polymer
multilayer films and examined the properties of the films with different spatial
arrangement of the magnetic nanoparticles [138]. In another study, Liu et al. showed that
the iron oxide nanoparticles can be coated with poly (diallyldimethylammonium
chloride) (PDDA) and PDDA coated nanoparticles can be LbL assembled at the surface
using polyamic acid salt (PAATEA) as the polymer counterpart. It was also reported that
coating iron oxide nanoparticles with PDDA increased the monodispersity of the iron
oxide nanoparticles by decreasing the coagulation due to electrostatic repulsion among
the particles and allowed proper arrangement of nanoparticles within the multilayers
[139].

As discussed before in Section 2.2.3. (i), co-precipitation is the most commonly used
technique for the synthesis of iron oxide nanoparticles. However, nanoparticles

produced by co-precipitation method form aggregates when dissolved in water.
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Therefore, iron oxide nanoparticles produced through co-precipitation method are not
proper for multilayer assembly due to random distribution of nanoparticles at the surface

and difficulty in tuning the magnetic properties [140].

As discussed before in Section 2.2.3. (ii), iron oxide can also be synthesized by thermal
decomposition technique. In contrast to co-precipitation technique, thermal
decomposition technique provides monodisperse super-paramagnetic nanoparticles via
surfactant coating [129]. These monodispersed nanoparticles have good dispersion
characteristics, thus are more convenient for multilayer assembly and tuning magnetic

properties of the multilayers.

It is worth to note that when the magnetic nanoparticles are incorporated within the
polymer multilayers, magnetic properties of nanoparticles are also affected by the
dipolar interactions among the nanoparticles. The dipolar interactions among the
magnetic nanoparticles are strong enough even to drive the self-assembly of particles
onto a surface. For example, the first studies on multilayers of magnetic nanoparticles
could be prepared through Langmuir-Blodgett technique [141-144]. Therefore, dipolar
interactions among the iron oxide nanoparticles within the polymer multilayers need to

be controlled via dimensional arrangement and inter-particle spacing.

Magnetic nanoparticle containing polymer multilayers may find applications in magnetic
resonance imaging guided therapy [145] or as adsorbents [146, 147], micromanipulators
[147], sensors [148, 149] and microactuators [150, 151].

1.3. Aim of the thesis:

Ultra-thin LbL polymer films are promising materials to functionalize surfaces. If the
multilayers show response to environmental conditions, these multilayers can also be
used as platforms to release functional molecules from surfaces. Recently, there has

been a growing interest to incorporate superparamagnetic iron oxide nanoparticles into
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these polymer platforms for bioimaging. In this way, a polymer film can be rendered
dually functional, i.e. a surface which can be used for both controlled delivery and
bioimaging applications. Polymer coatings containing superparamagnetic iron oxide
nanoparticles may also have a potential for controlled delivery of functional molecules
through magnetothermal trigger if temperature responsive polymer(s) and
superparamagnetic iron oxide nanoparticles reside in the same coating. Application of
AC magnetic field will induce heating within the multilayers leading to conformational
changes in the temperature responsive polymer which may trigger the release of
functional molecules from the surface. Therefore, temperature-responsive multilayers
containing superparamagnetic iron oxide nanoparticles can be attractive to prepare

theranostic (therapeutic and diagnostic) platforms for treatment of diseases.

As discussed in Section 1.1.2.1, polymers that show response to changes in temperature
are mostly neutral polymers with hydrogen accepting groups, e.g. PNIPAM, PVCL,
PVME, PEO. These polymers can only be introduced into the multilayers through
hydrogen bonding interactions. In contrast, iron oxide nanoparticles are charged species
and could be co-assembled at the surface with polymers via electrostatic interactions.
For this reason, most of the studies concerning iron oxide nanoparticle containing
multilayers are based on electrostatic self-assembly [138, 139]. In this thesis, we aimed
to develop a strategy to incorporate iron oxide nanoparticles into hydrogen-bonded
multilayers and also examine potential of such multilayers as platforms for controlled
release of drug molecules through pH and temperature trigger. Iron oxide nanoparticles
with an approximate average diameter of ~ 8 £ 1.5 nm were synthesized through
ultrasound based co-precipitation method. For multilayer film assembly, PVCL and TA
were used as polymer building blocks. PVCL is a temperature responsive polymer with
LCST of 30°C [166] and has hydrogen accepting carbonyl groups. TA, is a natural
polyphenol with 25 phenolic hydroxyl groups per molecule and can donate hydrogens to
PVCL during multilayer assembly. At the same time, TA can also be rendered partially

negatively charged by tuning the solution pH to associate with positively charged iron
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oxide nanoparticles. In other words, TA can act as a bridge between PVCL and iron
oxide nanoparticles during film assembly. It was found that multilayers of PVCL, TA
and iron oxide nanoparticles can be constructed at pH 4 through hydrogen bonding
interactions among PVCL and TA and electrostatic interactions among TA and iron
oxide nanoparticles. These multilayers were highly stable against pH. Increasing pH to
neutral and even basic conditions did not remove materials from the surface. Surface
morphology and magnetic properties of iron oxide nanoparticle containing multilayers
were examined in detail using AFM and MFM. Finally, potential of the multilayers was
examined for controlled release of ciprofloxacin (an antibiotic which is used to treat
different types of bacterial infection in the body) at neutral and slightly basic conditions
at 37°C. Multilayers were found to release ciprofloxacin at neutral and basic pH at 37-
40°C.

In conclusion, the work presented in this thesis shows the first example of preparation
and characterization of iron oxide nanoparticle containing hydrogen-bonded multilayers.
To the best of our knowledge, use of MFM was the first attempt to characterize the
magnetic properties of polymer multilayers containing iron oxide nanoparticles. Also,
loading and pH induced release of ciprofloxacin from hydrogen-bonded polymer
multilayers were first demonstrated in this study. These multilayers are promising for

both controlled release of functional molecules from surfaces and bioimaging.
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CHAPTER 2

EXPERIMENTAL AND APPARATUS

2.1. Materials:

Iron chloride tetrahydrate (FeCl,.4H,0) and iron chloride hexahydrate(FeCls.6H,0)
were purchased from Merck Chemicals and Fischer Scientific Company, respectively.,
Ammonium hydroxide (NH4OH) (26%) and branched polyethylenimine (BPEI, M,, =
25,000) were purchased from Sigma Aldrich. Tannic Acid (TA, My, = 1701.20) was
purchased from Merck Chemicals. Polyvinyl caprolactam (PVCL, M,, = 1800) was
purchased from Polymer Source. Ciprofloxacin was purchased from Fluka Analytical.

Table 2.1 shows the structures of the chemicals used and polymers used in this study.

Name of the
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Table 2.1 Structures of the chemicals and polymers.

2.2. Synthesis of Iron Oxide Nanoparticles:

FeCl,.4H,0 (0.34 g, 1.7 mmol) and FeCl3.6H,0 (0.95 g, 3.5 mmol) were added into a
three-necked round bottom flask which was previously purged with nitrogen gas.
Deaerated DI water (20 mL) was added into the three-necked round bottom flask under
nitrogen purge and ultrasonication. The mixture was heated for 30 minutes at 50°C
under sonication. After 30 minutes, ammonium hydroxide (2mL) was added dropwise to
the reaction mixture. The temperature was kept constant at 50°C for an additional 30
minutes. Then the resulting mixture was cooled to room temperature. The magnetic
particles were collected by a strong magnet. The particles were washed for 6 times with
DI water by dispersing the iron oxide nanoparticles in DI water and collecting them
using a neodymium strong magnet. The pH of the solution after dispersing iron oxide

nanoparticle in DI water was found to be ~ pH 4 [160].

2.3. Multilayer Film Assembly:

Multilayers films were assembled on quartz slides. Quartz slides were cut into 2.5 x 2.5
cm?sized squares. The slides were initially treated with concentrated sulfuric acid for 1
hour and 25 minutes to remove the impurities on the surface followed by thorough

rinsing with tap water, distilled water and finally with DI water, respectively. Then, the
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slides were treated with 0.25 M NaOH solution for 10 minutes. Washing process was

repeated as done after acid treatment. The slides were dried by nitrogen gas flow.

PVCL and TA were dissolved in 0.01 M phosphate buffer at pH 4.0. Concentrations of
PVCL and TA were 0.2 mg/mL and 0.5 mg/mL, respectively. Prior to multilayer
assembly, 1 layer of BPEI was deposited at the surface as a precursor layer for 30
minutes at pH 5. BPEI coated substrates were then immersed into TA, PVCL, TA and
iron oxide nanoparticle solutions for 15 minutes in an alternating fashion. Multilayers of
TA/PVCL/TA/iron oxide nanoparticles were called as 1-tetralayer throughout the whole
thesis. Multilayer growth was followed by measuring the changes in the intensity of the
peak centered at 220 nm using UV-Visible Spectroscopy after drying the film coated

quartz slides.
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Figure 2.1 Multilayer architecture.
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2.4. pH-stability of Multilayers

pH stability of the multilayers were examined by immersing the films into buffer
solutions of either decreasing or increasing pH values for 30 minutes. pH-stability of the
multilayers were followed by following the evolution of the intensity of the peak
centered at 220 nm using UV-Visible Spectroscopy after drying the film coated quartz

slides.

2.5. Release of ciprofloxacin from multilayers:

The model drug, ciprofloxacin (CIPRO) was loaded into the multilayers during
multilayer assembly. A CIPRO+TA complex was produced by mixing 1.6 mL of 0.25
mg/mL CIPRO solution with 10 mL of 0.5 mg/mL of TA at pH 4.0.Then the multilayers
were constructed in a similar fashion as discussed in Section 2.2 (1 tetralayer:
TA+CIPRO/PVCL/TA+CIPRO/iron oxide nanoparticles). For ciprofloxacin release
experiments, multilayers were coated on both sides of the multilayers (15 tetralayers on
each side of the glass slide). Ciprofloxacin release was followed by immersing the
multilayer coated glass slides into 0.01 M phosphate buffer solution at pH 7.5 at 37-40
°C. When the release is complete at pH 7.5, release of ciprofloxacin was followed at pH

8.5 at the same temperature.

2.6. Apparatus and Measurement

2.6.1. UV/Vis spectroscopy: Absorption spectra were recorded using a VARIAN Cary
100 Bio-UV/Vis Spectrometer.

2.6.2. Dynamic light scattering (DLS) and zeta-potential measurements:

Hydrodynamic sizes and zeta potential measurements of iron oxide nanoparticles were
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measured using a ZetasizerNano-ZS equipment (Malvern Instruments Ltd.). Number
average hydrodynamic sizes were obtained by cumulative analysis of autocorrelation
data. Zeta-potential values were obtained from electrophoretic mobility values using the

Smoluchowski approximation.

2.6.3. Atomic force microscopy (AFM): The changes in morphology and roughness of
the multilayers and were followed using AFM. AFM imaging of the multilayers was

performed using Veeco MultiMode V instrument in dynamic mode.

2.6.4. Magnetic force microscopy (MFM): To obtain information about magnetic
properties of iron oxide nanoparticle containing multilayers, MFM was performed using

Veeco MultiMode V instrument. Magnetized tip was used under tapping mode.

2.6.5. Fourier Transform Infrared (FTIR) Spectroscopy: Fourier transform infrared
(FTIR) spectrum of iron oxide nanoparticles was recorded using a ThermoScientic FTIR
instrument (Nicolet iS10). Magnetic nanoparticles were freeze-dried prior to

measurement.

2.6.6. X-ray Diffraction: To characterize crystallinity and obtain structural information
about the iron oxide particles, XRD analysis of freeze-dried iron oxide nanoparticles was
performed using Rigaku X-Ray Diffraction (Model, Miniflex) with CuKa (30 kV, 15
mA, A = 1.54051 °A). Freeze dried sample of iron oxide nanoparticles were used for

measurement within 2 theta range of 20 — 90°.

2.6.7. Transmission Electron Microscopy (TEM): A drop of iron oxide nanoparticle
solution was placed on a surface of copper grid coated with carbon substrate with 3 mm
diameter. After deposition of the iron oxide nanoparticles at the surface, samples were
air-dried. Transmission electron microscopy (TEM) images were obtained using FEI
Tecnai G2 within the voltage range of 20-120 kV.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Characterization of magnetic iron oxide nanoparticles:

3.1.1. Structural characterization:

For the structural analysis of iron oxide nanoparticles Fourier Transform Infrared
Spectroscopy (FTIR) and XRD analyses were performed (Figure 3.1 and Figure 3.2,

respectively).

The broad peak observed at 3400 cm™ is associated with the —OH stretching band of the
hydroxyl groups of water molecules. It is also possible that some water molecules
remained adsorbed at the surface of the particles and —OH stretching band of the
hydroxyl groups of water also appear at the same place. The peak observed at 1598 cm™
is related to -OH deformation modes of hydroxyl groups of ammonium hydroxide and
water molecules. Also a peak is observed at 550 cm™ corresponding to Fe-O bonds,
hence proving the presence of iron oxide particles. Also the peaks at 1029 cm™ and 820
cm™ belong to the Fe-OH vibrations. Fe-OH and Fe-O vibrational peaks confirm the
presence of iron oxide nanoparticles. Our results are in good agreement with the FTIR
spectra of magnetite nanoparticles previously reported in the literature [152, 153, 154,
155].
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Figure 3.1 FTIR spectrum of iron oxide nanoparticles.

To characterize crystallinity and obtain structural information about the iron oxide
particles, samples were analyzed by XRD. As seen in the XRD pattern (Figure 2),
the iron oxide particles had 6 diffraction peaks at 20 of 30, 35.6, 43, 53.5, 57, and 63
representing the corresponding [220, 311, 400, 422, 511, 440] planes of Fe304
crystals, respectively. This indicates the presence of magnetite phase of iron oxide
particles with spinel structure [156]. Note that the peaks for maghemite particles (y-
Fe,03), i.e. (110), (210) and (211) were not recorded [157]. The XRD patterns were
in good agreement with XRD patterns of magnetite phase of iron oxide which were
previously reported in the literature [154, 158, 159]. Scherrer Equation was used to

estimate the mean particle size. The mean particle size was calculated as 9.27 nm.
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Figure 3.2 XRD pattern of iron oxide nanoparticles.
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3.1.2. Particle size analysis:

Morphological and size characterizations were performed using transmission electron
microscopy (TEM). Figure 3.3 shows TEM images of iron oxide nanoparticles
synthesized via co-precipitation technique using ultrasonication.

b———— 50 nm _  —1 1L )

Figure 3.3 TEM images of magnetite nanoparticles synthesized via ultra-sonication

technique.
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As seen in Figure 3.3, most of the particles had spherical shape. The diameter of the
particles varied between 9 nm and 26 nm. The maximum size even for the agglomerated
particles was recorded to be ~26 nm. For a more detailed particle size analysis via TEM
imaging, we used Image J software. The average particle size of the particles as depicted
by the histogram (Figure 3.4) was found to be 8 = 1.5 nm (Standard Deviation (o) =
18%). S. Szunerits et al. has also followed a similar synthesis procedure. They reported
the particle size as 25 £ 1.5 nm (o = 6%). Although we succeeded to synthesize smaller
particles, our particles exhibited slightly less mono-dispersity. The reason for obtaining
smaller particle size might be a difference in the experimental procedure. In contrast to
Szunerits [160], refluxing system was used in our experiments to prevent the
evaporation of the solvent during the synthesis of iron oxide nanoparticles. This might
have decreased the dipolar attraction among the iron oxide nanoparticles and provided

particles with smaller size.

80

Frequency

Diameter (nm)

Figure 3.4 Particle size histogram for the TEM images of magnetite nanoparticles using

Image J software.
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Particle size measurements were also performed using dynamic light scattering (DLS)
technique. The number average particle size recorded by DLS (Figure 3.5) was found to
be 40 + 13.8 nm (c = 34.5%). Standard deviation was measured using standard deviation

formula.

1 N
_ 2
o =\ & 2 (i —n)
N =
i=1

where,
o is standard deviation,
N is the total number of measurements

Xi IS @ measurement

M is the arithmetic mean of the measurements
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Figure 3.5 Number average hydrodynamic size distribution of iron oxide nanoparticles
by DLS.
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Comparing the DLS and TEM measurements, a clear difference in the size was
observed. This is because DLS measures hydrodynamic diameter, whereas TEM
provides information about the projected area diameter. In other words, hydrodynamic
diameter determines the size of the particle together with the solvent layer attached to it,
while TEM imaging provides information only about the particle since there is no
hydration layer. Another reason for obtaining higher particle size via DLS is the
enhanced aggregation of the magnetic nanoparticles in aqueous environment due to their
magnetic nature leading to dipolar attraction among the particles.

3.1.3. pH stability of iron oxide nanoparticles:

The pH of the solution was found to be 4 right after the synthesis and the zeta-potential
was recorded as +40.85 +2.11 mV. The electrostatic repulsion among the iron oxide
nanoparticles provided colloidal stability in aqueous solution for more than 24 hours.

Figure 3.6 shows evolution of number average hydrodynamic size as a function of time.

pH-stability of the magnetite particles was followed by measuring the hydrodynamic
size and zeta-potential of the particles as a function of pH (Figure 3.7A and 3.7B). To
examine the pH-stability, two different samples were used. The pH of the solution
containing iron oxide nanoparticles was either increased above pH 4 or decreased below
pH 4. Note that the pH of the solution after synthesis was recorded to be ~ 4. As seen in
Figure 3.7A, hydrodynamic size increased above pH 4 and showed a sharp jump above
pH 5 indicating the aggregation of the particles and loss in aqueous solution stability.
Aggregation of the particles can be correlated with the decrease in zeta-potential of the
particles as the pH was increased. When the pH was gradually decreased below pH 4, a
decrease in the zeta-potential of the magnetite particles was also recorded. Although the
zeta-potential decreased down to +18.95+4.9 mV at pH 3, colloidal stability was not
affected. No significant change in hydrodynamic size was recorded at pH 3. Further

decreasing pH below 3 resulted in instantaneous precipitation of the particles. The
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isoelectric point was determined to be at pH 6.8 by linear interpolation of the data. These
results suggest that the workable range with magnetite particles was between pH 3-4.

The results were observed were in agreement with the literature [161].
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Figure 3.6 Evolution of number average hydrodynamic size of iron oxide nanoparticles

as a function of time.
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3.2. Characterization of the multilayers:

3.2.1. Layer-by-Layer growth of the films:

As mentioned in Section 3.1.2, magnetite nanoparticles were stable in a very narrow pH
range. Therefore, multilayers were fabricated at pH 4 - the pH at which magnetite
particles showed the highest pH-stability in the long term - to avoid the precipitation of
the particles during film assembly process. PVCL and TA were chosen as the polymer
building blocks of the films. Multilayers were constructed in the following order: 1) TA;
2) PVCL,; 3) TA; 4) Magnetite nanoparticles and this cycle was repeated until desired
number of layers were deposited at the surface. Figure 3.8 shows schematic
representation of the multilayer architecture. These 4 layers will be denoted as 1

tetralayer in the rest of the thesis.
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Figure 3.8 Multilayer architecture.
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PVCL is a neutral polymer and has hydrogen accepting carbonyl groups. TA is a
polyphenol with 25 hydroxyl groups per molecule which may act as hydrogen donors.
TA has a pK, of 8.5. At the deposition pH of 4, TA has most of its hydroxyl groups in
the protonated form. Therefore, the driving force for deposition of PVCL onto TA layer
is hydrogen bonding interactions. In contrast, the driving force for the deposition of
positively charged magnetite particles onto TA layer is electrostatic interactions. Note
that ionization of TA is enhanced even at pH 4 when exposed to positively charged iron
oxide nanoparticle solution, resulting in an increase in the number phenolate ions.
Enhanced ionization of polyacids in the presence of salt cations [162] and/or polycations

[98] has been reported earlier.

Film growth was followed using UV-Vis Spectroscopy. Multilayers were constructed on
quartz slides and the change in intensity of the peak centered at 220 nm was followed as
a function of number of TA layers. Note that pure TA solution exhibits 2 peaks centered
at 219 nm and 276 nm in its neutral form (Figure 3.9A inset) [163]. As seen in Figure
3.9A, the intensity of the peak at 220 nm was increased with increasing number of TA
layers, indicating successful growth of the film. When the intensity of the peak at 220
nm is plotted as a function of TA layer number, a linear growth profile is obtained for
the multilayers (Figure 3.9B). In contrast to TA, PVCL and iron oxide nanoparticles do
not show absorbance in the UV-Vis region. However, the absorbance of the multilayer
films progressively increased between 300 nm and 600 nm with increasing number of

layers, indicating the successful growth of the film.
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Figure 3.9 UV-vis spectrum of multilayers after TA deposition after every tetralayer
(Panel A). Intensity of the peak centered at 220 nm vs number of TA layers after every
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Multilayer growth was also confirmed by thickness measurements using AFM. Figure
3.10 shows evolution of film thickness obtained via AFM with increasing number of
tetralayers. Different from the data obtained via UV-Vis Spectroscopy, a deviation from
linearity was recorded at the end of 4™ tetralayer. This is probably due to significant
increase in surface roughness and enhanced aggregation of iron oxide nanoparticles at

higher number of layers, making film surfaces inhomogeneous and leads to unreliable

thickness measurements via AFM.
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Figure 3.10 Evolution of film thickness with increasing number of tetralayers via atomic

force microscopy (AFM).

To further examine the change in morphology and surface roughness of the multilayers
with increasing number of tetralayers, topographical view of the multilayers were
obtained. Figure 3.11 shows AFM height images of the multilayers composed of 1, 2, 3
and 4 tetralayers. As visually observed in the images, surface roughness increases with

45



increasing number of layers. Figure 3.11E shows the change in roughness values with
increasing number of layers. The increase in surface roughness can be explained by
higher interpenetration of the layers as moving away from the substrate. Increase in
surface roughness also resulted in enhanced aggregation of iron oxide nanoparticles at
the surface. The aggregation as well as the increment in the number of iron oxide
nanoparticles were remarkable at higher number of layers which was evident by the
clusters of iron oxide nanoparticles observed in the images (Figure 3.11D). In addition to
increasing surface roughness, another reason behind the aggregation of the iron oxide
nanoparticles at the surface is the enhanced attraction among the iron oxide
nanoparticles due to the dipolar attractions as the amount of iron oxide nanoparticles
increase within the multilayers with increasing number of tetralayers. Decher et al. [139]
also showed that aggregation of the magnetic nanoparticles and surface roughness
increase with increasing number of layers in case of electrostatic multilayers of
polyallylamine hydrochloride (PAH) and polystyrene sulfonate (PSS) containing iron

oxide nanoparticles.
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Figure 3.11 Atomic force microscopy images of 1 tetralayer (Panel A); 2 tetralayers
(Panel B); 3 tetralayers (Panel C); 4 tetralayers (Panel D) of multilayers of TA, PVCL
and iron oxide nanoparticles. Panel E shows evolution of surface roughness with

increasing number of layers.
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Figure 3.11 Continued.

3.2.2. Characterization of magnetic properties of the multilayers:

Magnetic force microscopy measurements were carried out to prove the magnetic
properties of the iron oxide nanoparticles within the multilayer films. Magnetic force
microscopic measurements were performed using a special tip which was magnetized
prior to measurements to provide interaction with the magnetic field of the multilayer
films. At each measurement, scan line was consisted of 2 passes, i.e. trace and re-trace.
In the first scan, the topographical image was obtained in the tapping mode (tracing and
re-tracing the surface topography). Then, the tip is raised up to a certain distance (~ 16
nm) and a second pass (trace/re-trace cycle) was carried out. The lift mode minimized

the influence of surface topography and allowed measuring magnetic interactions. In
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other words, magnetic interactions were detected during the second pass [170-172]. To
confirm the magnetic properties of multilayers containing iron oxide nanoparticles, we
first contrasted MFM phase images (Figure 3.12) of a 1-bilayer film containing tannic
acid and polyvinyl caprolactam but no iron oxide nanoparticles (Panel A) and 1 layer of

iron oxide nanoparticles (Panel B).

Figure 3.12 MFM phase images of 1-bilayer pure polymer film of tannic acid (TA) and
polyvinyl caprolactam (Panel A) and 1 layer of iron oxide nanoparticles (Panel B).

As seen in Figure 3.12, only polymeric lumps could be observed on the surface of the
multilayers containing no iron oxide nanoparticles. On the other hand, light and dark
regions were observed on the surface of a 1 layer of iron oxide nanoparticles. The
difference between the 2 phase images arises from dipolar effect, observed in the layer
containing iron oxide nanoparticles. Magnetic nanoparticles have two poles, i.e. north
and south pole. The tip was also magnetized with either of the poles, i.e. north or south
during magnetization. When the tip interacts with the similar pole on the surface, it
repels the surface and a lighter region on the surface is observed. The darker region is

observed due attraction of the tip and particles on the surface.
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Figure 3.13 shows the phase images of 1-, 2-, 3- and 4- tetralayer films. In Figure 3.13A,
the film contained only 1 layer of iron oxide nanoparticles and the dipolar effect of the
magnetic iron oxide nanoparticles can be clearly observed by the contrast of the light
and dark regions. However, further depositing tetralayers at the surface resulted in a
significant increase in the amount of lighter regions (Figure 3.13D) and the contrast of
the lighter and darker regions could no longer be observed. Couple of suggestions can be

made for this phenomenon:

1) Alignment of the iron oxide nanoparticles is affected by the alignment of the
previously deposited iron oxide nanoparticles which would induce the appearance of
either the lighter or darker regions at the surface. For example, if the number of iron
oxide nanoparticles facing the tip with a similar pole is higher in number than that facing
the tip with an opposite pole, then the formation of lighter regions on the surface will be
induced. This is the case observed in Figure 3.13D. However, the opposite case might
also be possible resulting in formation of darker regions. Both cases would result in an

increase in the contrast of dark and light regions.

2) The tip used during MFM measurements is capable of interacting with the iron oxide
nanoparticles which are maximum 100 nm beneath the top of the film. This means that
the interaction of the tip with the topmost iron oxide nanoparticles might be affected by
the iron oxide nanoparticles which were deposited previously into the multilayers. The
tip interacts with higher number of iron oxide particles as the number of tetralayers at
the surface increases. If the total number of iron oxide nanoparticles which interacts with
the tip with a similar pole is greater than that which interacts with the tip with an
opposite mole, the enhanced repulsion among the nanoparticles and the tip would result

in formation of larger amount of lighter regions.

3) The increase in surface roughness with increasing number of tetralayers resulted in
deposition of higher amount of iron oxide nanoparticles at the surface. However, higher

number of iron oxide nanoparticles at a particular layer might have induced aggregation
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of the iron oxide nanoparticles at the surface through the lateral position due to stronger
dipolar effect as the distance between the iron oxide nanoparticles gets shorter. This
enhanced dipolar affect among the aggregated nanoparticles could be another reason of
the repulsion between the tip and the iron oxide nanoparticles resulting in an increase in

the lighter domains.

In conclusion, MFM images fortify the presence of higher amount of iron oxide
nanoparticles at the surface as the number of layers of iron oxide nanoparticles increase.
However, no matter how the iron oxide nanoparticles align within the multilayers, the
contrast of the light and dark regions will be lost with increasing number of iron oxide
layers. Therefore, MFM may not be a proper technique to characterize magnetic
properties of the multilayer films with more than one layer of iron oxide nanoparticles.
Further analysis of the multilayers will be performed using MFM to scrutinize the
convenience of the technique for characterization of magnetic properties of ultra-thin

polymer multilayer films containing more than one iron oxide layers.
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Figure 3.13 MFM images of 1tetralayer-(Panel A); 2tetralayer- (Panel B); 3tetralayer-
(Panel C) and 4tetralayer- (Panel D) films.

3.2.3. pH stability:

pH stability of the multilayers was determined by immersing the multilayers into buffer
solutions at different pH values for 30 minutes and then tracking the amount of material
remained at the surface using UV-vis Spectroscopy. As mentioned in the experimental

section, the multilayers were prepared at pH 4.0. pH stability was evaluated by
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immersing the films to either lower or higher pH values. Figure 3.14A shows the change
in intensity of the peak centered at 220 nm as the acidity increased. Almost no change in
peak intensity was recorded indicating the stability of the multilayers. Similarly, no
significant change in the intensity of the peak was recorded when the pH was gradually
increased from pH 4 to pH 9 (Figure 3.14B). To further understand the effect of iron
oxide nanoparticles on the pH-stability of the multilayers, pH-stability of pure PVCL
and TA multilayers which was constructed at pH 4 was also examined. Filled squares (in
Figure 3.14B) show the change in the normalized absorbance at 220 nm for PVCL/TA
layers (in the absence of iron oxide nanoparticles). As seen in Figure 3.14B,
incorporation of iron oxide nanoparticles within the multilayers did not cause a
significant change in the pH-stability of the multilayers. Therefore, it can be concluded
that the stability of the multilayers against pH was mostly due to nature of the

association among the polymer building blocks.
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Figure 3.14 pH stability of multilayers of TA/PVCL/TA/iron nanoparticles at
decreasing (Panel A) and increasing (Panel B) pH values. Filled squares show the pH-
stability of pure polymer multilayers (TA/PVCL constructed at pH 4) as the acidity was

decreased and is plotted for comparison.
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The stability of the multilayers has also been checked by following the change in the
UV-visible spectra of multilayers between 300 and 600 nm at different pH values.
Remember that the peak centered at 220 nm belongs to TA. Neither PVCL nor iron
oxide nanoparticles has a peak between 200 nm and 800 nm. However, the absorbance
of the multilayer films progressively increased between 300 nm and 600 nm as the
number of iron oxide nanoparticle layers increased within the multilayers. Therefore,
contrasting the UV-Visible spectra of the multilayers at different pH values could
provide information about the retention of iron oxide nanoparticles at the surface. Figure
3.15 shows the UV-Visible spectrum of the multilayers at pH 4, pH 6, and pH 9. As seen
in Figure 3.15, no significant change in the UV-Visible spectra of multilayers were

recorded, indicating also the retention of iron oxide nanoparticles within the multilayers.
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Figure 3.15 UV-Vis spectra of multilayers at pH 4, pH 6 and pH 9.
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Changes in morphology of the multilayers with decreasing or increasing pH have also
been examined using AFM. AFM images (figure 3.16) show that roughness of the films
did not show a significant change when the multilayers were exposed to pH 2. In
contrast, when the multilayers were exposed to pH 7.5 for 30 minutes, films became
rougher due to increased ionization of TA resulting in partial disruption of the hydrogen

bonds among PVCL and TA molecules and loosening of the film structure.
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Figure 3.16 AFM images of 4 tetralayers ot | A/PVCL/TA/iron oxide nanoparticles
after exposure to pH 2 and pH 7.5 for 30 minutes. AFM image of the multilayers which

were constructed at pH 4 was plotted for comparison.

Multilayers of TA/PVCL/TA/iron oxide nanoparticles have also been examined using
MFM (Figure 3.17). As seen in the MFM images, we did not observe a significant
difference in MFM images of the films at pH 4 and pH 2. In contrast, we have a
decrease in the amount of lighter regions. This could be due to loosening of the
multilayer structure with increasing pH which might have resulted in a decrease in the

interaction among the iron oxide nanoparticles.
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Figure 3.17 MFM images of 4 tetralayers of TA/PVCL/TA/iron oxide nanoparticles
after exposure to pH 2 and pH 7.5 for 30 minutes. MFM image of the multilayers which

were constructed at pH 4 was plotted for comparison.

3.3. Controlled release of ciprofloxacin from multilayers:

In this part of the study, potential of multilayers were examined for their controlled

release properties at physiologically related pH values and temperature.

CIPRO was loaded into the multilayers during film preparation process (Figure 3.18).
CIPRO has a two pKavalues, the first one is 6.43 [167, 168, 169] and the second is 8.68
[167, 168, 169]. At the multilayer deposition pH of 4, CIPRO is positively charged,
whereas TA is partially negatively charged. Thus, CIPRO and TA can interact with each
other through electrostatic interactions. Complexes of CIPRO and TA were prepared in
aqueous solution by simply mixing the CIPRO and TA solutions at certain molar ratios
(details are given in experimental section). Then, multilayers were constructed by
immersing the substrate into solutions following the order of (CIPRO+TA)
complexes/PVCL/(CIPRO+TA) complexes/iron oxide nanoparticles. For release

experiments, 15 tetralayer films were constructed on both sides of the glass slides.
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Release experiments were followed at 2 different pH and temperature values, i.e. pH 7.5
at 25°C and 37°Cand pH 8.5 at 25°C and 37°C.
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Figure 3.18 Architecture of ciprofloxacin loaded multilayers.

Prior to releasing CIPRO from the multilayers, aqueous solution of CIPRO was
examined using UV-Vis Spectroscopy. To make sure that the peak centered at 270 nm
belonged only to CIPRO, UV-Visible spectra of CIPRO and TA were contrasted at pH
7.5 and pH 8.5. As seen in Figure 3.19, CIPRO in aqueous solution has a peak centered
at 270 nm and this peak does not overlap with any of the peaks of TA. Thus, for release
experiments, the change in the intensity of the peak at 270 nm was monitored as a
function of time. Figure 3.20 shows the normalized intensity of the peak centered at 270

nm as a function of time at pH 7.5 and pH 8.5 at 37°C.Note that once the release at pH
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7.5 was complete, multilayers were immersed to pH 8.5 buffer solutions at the same
temperature. As seen in Figure 3.20, multilayers release around half of the amount of
CIPRO at pH 7.5. The reason is: 1) At pH 7.5, CIPRO is electrically neutral (first pK, of
CIPRO is 6.43) [167, 168, 169]. Thus, it loses its electrostatic interactions with TA and
releases from the multilayers. At pH 8.5, CIPRO carries more negative charge and its
release from the multilayers should be facilitated due to electrostatic repulsion between
negatively charged TA and negatively charged CIPRO. Also, at neutral and basic
conditions the binding strength among the layers are weakened due to ionization of TA
and loss in hydrogen bonding interactions among PVCL and TA. As also observed in
AFM images (Figure 3.16) in Section 3.2.3, multilayers go into morphological changes
after exposure to neutral pH conditions resulting in rough and loosened multilayer
structure. The morphological changes observed within the multilayer structure provides
a pathway and facilitates the release of CIPRO from the multilayers. One more
parameter which might have affected the release of CIPRO is the formation of voids
within the multilayers at 38-40 °C due to the phase separation of PVCL above its LCST.
Such a structure could have facilitated the release of CIPRO molecules from the
multilayers. Note that Sukhushvili and co-workers [174] and Erel et al [175] have earlier
reported on the enhanced release of functional molecules above the LCST of the

hydrogen accepting polymer component of the multilayers.
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CHAPTER 4

CONCLUSION AND OUTLOOK

Iron oxide nanoparticles with an average particle size of 9 nm (based on TEM imaging)
were synthesized through ultrasound based co-precipitation. These iron oxide
nanoparticles were successfully incorporated into temperature-responsive hydrogen-
bonded polymer multilayers of PVCL and TA. Multilayers of PVCL, TA and iron oxide
nanoparticles have been successfully constructed at pH 4 through hydrogen bonding
interactions among PVCL and TA as well as electrostatic interactions among TA and
iron oxide nanoparticles. Multilayers were highly stable at neutral and basic pH
conditions. Magnetic properties of the multilayers were confirmed using MFM. It was
also found that an antibiotic which is used for the treatment of different bacterial
infections in the body, ciprofloxacin, can be successfully incorporated into the
multilayers during film assembly and released from the multilayers simply by a pH

trigger.

The work presented in this thesis can form a basis for the development of more
advanced polymer platforms for bio-imaging and controlled release of functional
molecules from surfaces. This study is also important for gathering a temperature-
responsive polymer and iron oxide nanoparticles in the same polymer LbL film matrix.
Therefore, these multilayers can be promising materials for future application as

platforms for magnetothermally triggered release of functional molecules from surfaces.
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The future work on this study will consist of the following parts:

1) Multilayers will be examined for magnetothermal trigger of drug molecules from the
surface by applying AC magnetic field. An increase in temperature is expected to be
induced within the multilayers after exposure to AC magnetic field followed by heating
of iron oxide nanoparticles. Increase in temperature will probably induce conformational
changes in the PVCL chains above the LCST. Such a conformational change in PVCL
chain will probably result in formation of voids within the multilayers and release of

drug molecules.

2) The multilayers presented in this thesis are capable of releasing the drug molecules at
neutral and basic conditions, while retaining the iron oxide nanoparticles within
themselves. It is also of interest to design multilayers which release both drug molecules
and iron oxide nanoparticles simultaneously. Hydrogen-bonded multilayers which are

capable of releasing both drug molecules and iron oxide nanoparticles will be designed.
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