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ABSTRACT

MODIFICATION OF SURFACES USING POLYMERS TOWARDS
PREPARATION OF FUNCTIONAL COATINGS

Terzioglu, ipek
Master of Science, Polimer Science and Technology
Supervisor: Prof. Dr. irem Erel Goktepe
Co-Supervisor: Prof. Dr. Sreeparna Banerjee

December 2024, 101 pages

In this thesis study, self-polymerization of dopamine (DOP) in the presence of tannic
acid (TA) was examined in 0.05 M Tris HCI buffer at pH 8.5 and 25 °C. Single-and
multi-layer films of co-deposited polydopamine (PDA) and TA (PDATA) were
prepared. The properties of PDATA films such as thickness, wettability, morphology
and stability were compared with PDA films. PDA films exhibited higher thickness
and rougher surfaces. TA provided control on the size of PDA particles and surface
roughness of the films. Drying between each layer deposition and extended

polymerization time reduced thickness for both PDA and PDATA films.

Additionally, layer-by-layer (LbL) assembly of PDATA and PDA was examined
using branched polyethyleneimine (BPEI), TA, and poly(vinyl caprolactam)
(PVCL). Electrostatic interactions were mainly responsible for LbL assembly with
BPEI. The main driving force for TA and PVCL-based multilayers was hydrogen
bonding. PDATA provided higher thickness than PDA based films when co-
assembled with BPEI or PVCL. In contrast, it provided lower thickness when LbL



deposited with TA. PDA-based multilayers resulted in greater roughness due to
formation of larger particles during polymerization. PDATA/TA films provided the
roughest multilayer films among PDATA films, while PDATA/PVCL multilayers
displayed smoothest surfaces. PVCL-based multilayers showed the lowest
wettability, while multilayers with TA exhibited the highest wettability among all
films. BPEI-based multilayers provided the highest stability in PBS at pH 7.4/37 °C.
PVCL-based multilayers presented greater stability than TA containing films.

This thesis presents a comparative study of PDATA and PDA-based multilayers,

generating fundamental information for optimization of PDA-based coatings.

Keywords: Polydopamine, Tannic acid, Layer-by-layer, Surface Modification
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FONKSIiYONEL KAPLAMALARIN HAZIRLANMASINA YONELIK
YUZEYLERIN POLIMERLER KULLANILARAK MODIiFIiKASYONU

Terzioglu, Ipek
Yiiksek Lisans, Polimer Bilim ve Teknolojisi
Tez Yoneticisi: Prof. Dr. irem Erel Goktepe
Ortak Tez Yoneticisi: Prof. Dr. Sreeparna Banerjee

Aralik 2024, 101 sayfa

Bu tez calismasinda, dopaminin (DOP), tanik asit (TA) varliginda pH 8.5 ve 25
°C'deki 0.05 M Tris HCl tampon c¢ozeltisinde kendi kendine polimerlesmesi
incelendi. Birlikte kaplanan polidopamin (PDA) ve tanik asit filmlerinin (PDATA)
tek ve ¢ok-katmanli 6rnekleri hazirlandi. PDATA filmlerinin kalinlik, 1slanabilirlik,
morfoloji ve stabilite gibi 6zellikleri PDA filmleriyle karsilagtirildi. PDA filmleri
daha kalin ve daha piiriizlii yiizeyler sergiledi. TA, PDA pargaciklarin boyutunda ve
film yiizeyinin piriizlilligiinde kontrol sagladi. Artan polimerlesme siiresi ve her
katman birikimi sonrasinda kurutma islemi uygulanmasi hem PDA hem de PDATA

filmlerinin kalinliklarinin diismesine neden oldu.

PDATA ve PDA'nin katman-katman (LbL) kendiliginden yapilanmasi dallanmis
polietilenimin (BPEI), TA ve poli(vinil kaprolaktam) (PVCL) kullanarak da
incelendi. BPEI ile LbL yapilanmada elektrostatik etkilesimler baglica rol oynarken,
TA ve PVCL igeren ¢ok-katmanli filmlerde hidrojen baglar1 ana itici gii¢ oldu.
PDATA, BPEI veya PVCL ile LbL biriktirildiginde PDA bazl filmlere kiyasla
yiiksek kalinlik sagladi. Buna karsin, TA ile LbL birikimi yapildiginda daha diisiik

kalinlik sagladi. PDA esashi ¢ok-katmanli filmlerin, polimerlesme sirasinda daha
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biiyiik partikiillerin olusumu nedeniyle daha piiriizlii oldugu gozlendi. PDATA/TA
filmleri, PDATA filmleri arasinda en piiriizlii ¢cok-katmanl filmleri saglarken,
PDATA/PVCL c¢ok-katmanl filmleri en piiriizsiiz yiizeyleri sergiledi. PVCL igeren
cok-katmanli filmler en diigiik 1slanabilirligi gosterirken, TA iceren ¢ok-katmanli
filmler tiim filmler arasinda en yiiksek 1slanabilirlige sahip oldu. BPEI igeren ¢ok-
katmanli filmler, pH 7.4/37 °C'deki fosfat tampon salin ¢ozeltisi igerisinde en yiiksek
stabiliteyi sagladi. PVCL igeren ¢ok-katmanli filmler, TA iceren filmlerden daha
yiiksek kararlilik gostermistir.

Bu tez, PDATA ve PDA tabanli c¢ok-katmanli filmlerin karsilastirmali bir

calismasini sunarak, PDA esash filmlerin optimizasyonu i¢in temel bilgi iiretmistir.

Anahtar Kelimeler: Polidopamin, Tanik Asit, Katman-katman kendiliginden

yapilanma, Yiizey Modifikasyonu
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CHAPTER 1

INTRODUCTION

1.1  Dopamine and Polydopamine

Dopamine (DOP) is known as a biological neurotransmitter found in living
organisms (Fig. 1A). It plays a significant role in the treatment of the symptoms of
Parkinson's disease, schizophrenia, and attention-deficit/hyperactivity disorder [1].
DOP, derived from mussel adhesive proteins, has attracted attention due to its self-
polymerization ability in the presence of oxidizing agents (such as air, oxygen,
ammonium persulfate, sodium periodate etc.) at alkaline conditions [2].
Polydopamine (PDA, Fig. 1B), synthetic analogue of naturally occurring melanin
(eumelanin), is also defined as a mussel-inspired material endowing strong wet
adhesion, independent of the substrate type [3]. The use of PDA has become one of
the most effective ways for surface modification due to its single-step surface
chemistry, simplicity, significantly improved stability [4], controllable thickness [5]
and adjustable properties [6]. The potential use of PDA has been shown in a wide
range of applications such as modification of biomaterials [7], therapeutics [8],
catalysts [9], and sensing applications [10] have been observed. PDA is classified as
catecholamine, and PDA chains have imine, indole, amine, catechol and carbonyl
moieties [11]. The diverse functional groups in the chemical structure provides PDA
various properties such as radical scavenging, photothermal conversion,
biocompatibility and UV-shielding [12,13]. Similar to many polyphenols, catechol
moieties of PDA allow chelation of ions through metal coordination bonds [14]. In
addition, primary amino and catechol groups are capable of participating in Michael
addition and/or Schiff base reactions which allow the further modification of PDA
films [15]. Antibacterial property with PDA coatings can be achieved through

different mechanisms: 1) covalent incorporation of antibacterial agents through



catechol and/or amino moieties [16], contact-killing behavior through protonation of
primary amino groups [17] and/or reactive oxygen species (ROS) generation [18].
Apart from antibacterial property, the indole structures of PDA contribute to
photothermal conversion characteristics in a broad absorption spectrum and enhance
electrochemical properties through formation of planar conjugated and donor-
acceptor structures [19,20]. Properties of polydopamine films can be controlled by
tuning polymerization conditions. However, the exact polymerization mechanism is
still controversial. Some studies in the literature have proposed different mechanisms

to explain polymerization of dopamine.
HO

HO NH,
NH,

HN HN\ HN\

HO OH O O HO OHHO OH

Figure 1. Chemical structures of A) dopamine and B) polydopamine.
1.2 Polymerization Mechanism of Dopamine

The first stages of dopamine polymerization which involve oxidation, intermolecular
cyclization, and isomerization reactions, have been recognized in many studies [21—
23]. However, further steps for the PDA formation are still a matter of discussion
and explained with different potential structures of PDA. These structures are
classified into three main sections: polymeric, physical and trimer-based models

[24].



1.2.1 Polymeric Models of PDA

There are two different mechanisms for the polymeric model of PDA: 1) the
“Eumelanin model,” in which 5,6-dihydroxyindole (DHI) unit is regarded as the
major component of PDA and PDA formation is resembled to the synthetic pathway
of melanin pigments in living organisms (Fig. 2A) [2], and (ii) the “open-chain
poly(catechol/quinone) model,” which defines PDA as linear chains of
catecholamines bonded by biphenyl-type bonds (Fig. 2B) [25]. In addition to these
two models, Della Vecchia et al. proposed the presence of pyrrole dicarboxylic acid
moieties due to partial degradation of DHI and covalent incorporation of
tris(hydroxymethyl)aminomethane (Tris) into PDA structure during the
polymerization (Fig. 2C) [26]. Liebscher et. al claimed the covalent coupling
between eumelanin-like polymer chains composed of DHI units with different
degrees of saturation and open-chain dopamine units during the formation of PDA
(Fig. 2D) [27]. Also, Delparastan et al. proved the covalent binding of PDA subunits

during the formation of high molecular weight chains [22].

HNT N
C
HO OH NH,
A NH,
HNT Y HNT N
HG oH OH O 0 HO OHHO
B D

Figure 2. Polymeric structural models for polydopamine (Modified from [24],

Hemmatpour et al., Nature Communications (2023)).



1.2.2 Physical Models of PDA

Some studies suggested that supramolecular structure of PDA was formed through
physical interactions. For example, Hong et al. highlighted the presence of self-
assembled physical trimers and (dopamine),/DHI, stabilized through van der Waals
forces and hydrogen bonds (Fig. 3A). The co-contribution of (dopamine),/DHI to
the covalently PDA formation was proposed after characterization of the physical
complex using high-performance liquid chromatography (HPLC) and nuclear
magnetic resonance (NMR) spectroscopy [23]. Dreyer et al. described PDA as a
supramolecular aggregate consisting of DHI and its quinone derivatives which
associate through hydrogen bonding, n-m, and charge transfer interactions using
solid-state spectroscopy (Fig. 3B) [28]. This model was supported by Chan et. al who
demonstrated non-covalently bound supramolecular aggregates of dopamine and the
cyclized intermediate dopaminechrome as the main building blocks of PDA through
mass spectrometry and isotope-labeling studies (Fig. 3C) [29]. Recently, Hong et al.
proposed cation-m association between protonated amines of uncyclized
DOP/dopaminequinone and m-system indole groups of DHI and their subsequent
oligomers in addition to the above-mentioned physical interactions in the formation
of PDA [21]. Nowadays, PDA formation has been explained through non-covalent
interactions of oligomers, particularly trimers which formed by covalent coupling

oxidation reactions.



NH, NH,

OH OHOH OHOH OH -{--o 0--OH  OH-)-
A B
NH,
HNT N
{--0 0--OH  OH)--
C

Figure 3. Physical structural models for polydopamine (Modified from [24],

Hemmatpour et al., Nature Communications (2023)).

1.2.3 Trimer-based Models of PDA

Ding et al. supported trimer-based formation of PDA using high-resolution mass
spectrometry. They demonstrated the formation of a covalently bonded trimer which
was composed of (DHI)>/pyrrole dicarboxylic acid, followed by self-assembly of the
trimers to form the supramolecular structure of PDA (Fig. 4A) [30]. In contrast to
the formation of DHI-based oligomers, Alfieri et al. proposed another model for the
PDA formation which was based on polycyclic systems with chain breakage through
quinone-amine conjugation (Fig. 4B) [31]. Besides, Lyu et al. suggested a molecular
structure primarily composed of complex formation among dopaminechrome and
dopamine units using mass spectrometry to define PDA formation (Fig. 4C) [32,33].
In summary, a clear and cohesive PDA mechanism has not been established yet (Fig.
5). It is crucial to investigate the functional groups that are generated and how they
evolve during dopamine polymerization to enhance the comprehension of the PDA

formation mechanism.
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Figure 4. Trimer-based models for polydopamine (Modified from [24],

Hemmatpour et al., Nature Communications (2023)).
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1.3 Preparation of PDA-based Surfaces

PDA has received significant attention due to its ability to adhere to nearly any
surface, thus offers a straightforward method for creating multifunctional coatings.
An adherent PDA layer at a surface can be obtained by immersing a substrate in the

dopamine polymerization solution for a certain period [3].

1.3.1 Mechanism of PDA Deposition at the Surface

Delparastan et al. explained the formation of PDA films through adsorption of small
oligomers at the solid—liquid interface, followed by polymerization for the formation
of higher molecular weight PDA chains [22]. In parallel to this study, Bernsmann et
al. suggested that dopamine monomers and small oligomers adsorbed at the surface
of a substrate and polymerized similarly to that described for the solution case. They
claimed that the polymerization of DOP was initiated by the formation of dopamine-
semiquinone radicals, followed by formation of oligomers, high-molecular-weight
polymer, PDA nanoaggregates and eventually deposition of a continuous PDA film
at the surface. They also mentioned that monomers, nanoaggregates (2-20 nm) and
some larger PDA particles (20-50 nm) in the polymerization solution can also be
incorporated into the deposited PDA layer through covalent bonding, n- & stacking,
and non-covalent interactions during the deposition. Therefore, the thickness of a
PDA layer increases gradually with polymerization time [34]. Large PDA particles
and their aggregates were found to not adhere to the substrate since they were readily
washed off when the substrate was rinsed with deionized water following the coating

process (Fig. 6) [35].
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Figure 6. Schematic representation of PDA aggregation and deposition. Red cross

describes no deposition of large PDA nanoparticles onto surfaces (Modified from

[36], Zhang et. al. ACS Appl. Mater. Interfaces (2017)).

In accordance with this mechanism, Ding et al. proposed that deposition and
aggregation were two competing processes during the formation of a PDA layer.
They examined this hypothesis by following the film formation through
polymerization at 2 different dopamine concentration ranges, i.e. 0.25-1.0 g/L and
1.0-4.0 g/L. In the former case, the increase in initial dopamine concentration was
found to increase the deposition rate of PDA at the surface, while a decrease in the
aggregation rate in solution was suggested due to the relatively large mean free path
between dopamine and/or DHI units (Condition I). In the latter case, the mean free
path between dopamine and/or DHI units significantly diminished, leading to
accelerated aggregation rate in solution when compared to the deposition rate at the
substrate (Condition II) (Fig. 7). They reported a remarkable decrease in PDA

thickness and roughness in the case of higher initial dopamine concentration [30].
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Figure 7. The relationship between initial dopamine concentration and deposition

and/or aggregation rate (Modified from [30], Ding et. al. Langmuir (2014)).

Many studies reported on the interactions between the PDA layer and the surfaces as
follows: 1) covalent interactions through Michael addition and/or Schiff base via
amino and catechol groups, 2) non-covalent interactions such as n-r stacking, cation-
n and hydrogen bonding interactions, 4) electrostatic interactions, 5) chelation with
metal ions [37]. The main advantages of PDA coatings can be mentioned as follows:
1) strong adhesion to substrates with long-term stability [38], i1) acting as a reductant
to introduce metallic nanoparticles without need of additional reducing agents [39],
ii1) mild and non-destructive reaction/coating conditions, and iv) further surface

functionalization through catechol and amino groups [40].

1.3.2 The Factors Affecting the DOP Polymerization and Properties of PDA

Alkaline pH range was found to be crucial for the self-polymerization of DOP under
autoxidation conditions where air is used as oxidizing agent. Ball et. al reported that
the polymerization rate decreased at low pH, while increased as a function of pH up
to pH 10 [41]. PDA coatings were found to disintegrate beyond pH 10 and Hong et

al. correlated this fact with the deprotonation of amino groups, leading to the
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destruction of cation - © interactions which initially played a role in the deposition
of PDA chains [21]. Teunissen et al. reported successful PDA formation in neutral
and/or acidic environments through polymerization in the presence of various
oxidants, such as sodium periodate (NalO4) [42]. In addition to pH, increasing
temperature was found to increase the rate of polymerization through promoting
PDA oxidation [43]. Increasing temperature and extended polymerization time were
also found to enhance PDA deposition at the surface [35]. The type of buffer also
influenced the PDA deposition. For example, Vecchia et al. performed the
polymerization of DOP in different buffers, including Tris, phosphate, and
bicarbonate and demonstrated that the morphology, thickness, and particle size of
PDA coatings were affected by the type of buffer. They reported that tris buffer
covalently incorporated into the PDA through a nucleophilic attack by ammonia in
the Tris structure and led to the formation of smaller PDA particles [44]. Conversely,
amine-free organic and/or inorganic buffers could be used as alternatives to avoid
Tris incorporation; however, co-deposition of PDA aggregations were found to be
inevitable [45]. The requirement for the presence of oxygen in dopamine
polymerization was also considered by Lee et al., showing a reduced PDA deposition
rate when oxygen was partially removed [2]. Kim et al. reported significantly
accelerated PDA deposition and highly smooth surfaces with improved homogeneity
when pure oxygen was used instead of air [46]. As mentioned earlier in Section 1.3.1,
initial dopamine concentration is also critical in polymerization of DOP and
formation of PDA films since it controls the two competing processes, i.e.

aggregation versus deposition.

1.4 Antimicrobial Properties of PDA

PDA is notable for the antibacterial effects against several microorganisms such as
E.coli, S. aureus, P. aeruginosa and MRSA through different mechanisms [3,47].

These antibacterial mechanisms of PDA can be grouped in four main parts:
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i) contact-killing: the bacterial cell membrane can be destroyed via PDA
through the electrostatic interaction and the chelation of proteins/ions.

i1) generation of ROS: PDA is able to produce ROS due to the existence of the
high amount of catechol moieties which results in transferring electrons through
isomerism of phenolic quinone. These catechol moieties also provide chelation of
ions leading to destruction of the bacterial cell wall [3].

ii1) good photothermal conversion capability: the conjugated structure of
indole-5,6-quinone and the electron donor—acceptor structures between 5,6-
dihydroxyindole synergistically causes a wide range of light absorption and enables
PDA as photothermal therapeutic agent and damages and/or destruct the cell
membrane [48].

iv) chemical modification of PDA: chlorinating PDA to form N-halamine can

endow strong antibacterial properties owing to the destructive action of halogen ions

[3].

1.4.1 Contact-Killing Mechanism of PDA

The contact killing property emerges from catechol moieties and protonated amino
groups of PDA. The antibacterial mechanism through catechol groups is similar to
that provided by some natural polyphenols such as tannic acid [49]. The ability of
catechol groups to chelate with the metal ions that are needed for the vital activity of
bacteria disturbs the physiological metabolism of bacteria, followed by the
disruption of the cell membrane [50]. Additionally, the protonated amine moieties of
PDA lead to lysis of the bacteria and the exudation of cell contents when PDA

contacts with the cell wall of bacteria [3].

1.4.2 Generation of ROS Mechanism of PDA

As mentioned before, the polymerization mechanism of PDA is still under
discussion. However, it is known that during the polymerization of PDA, ROS is

generated. The produced ROS throughout polymerization is referred to as hydrogen
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peroxide (H20:) and superoxide anions (Oz¢"). Lee and his co-workers indicated that
the catechol group in dopamine was known as the active site for oxygen (O2)
reduction [51]. They explained the mechanism of oxidation of dopamine and
production of Oz and H20: in the following way: During dopamine oxidation, one-
electron oxygen reduction reaction (ORR) takes place, involving the
dehydrogenation of dopamine's catechol group. This results in the formation of a
superoxide anion radical (O2*") and dopamine o-semiquinone radical [52]. As
dopamine undergoes further oxidation, the generated superoxide anion radical is
subsequently converted into H>O, via another reduction step [53]. The oxidized
catechol units are restored to their active catechol state after the amine group
undergoes cyclization, forming the dopaminechrome structure. This process leads to
the generation of another H.O> molecule through a second ORR step, followed by
the creation of DHI [53]. Furthermore, no significant decomposition of H-O» was
observed in the presence of dopamine or DHI, confirming that the produced H>O>
remains unaffected during the oxidation process. The mechanism of H>O2 generation

can be found in Scheme 1.

dopamine dopaminequinone dopaminechrome
HO OH HO OH
O'ﬂ H20n ()1 H202
HN 2
HoN leukodopaminechrome 5,6-dihydroxyindole

(DHI)

Scheme 1. The mechanism of H>O> generation during polymerization of dopamine.

(Modified from [54], Lee et al. Journal of Catalysis (2022)).

Note that PDA exhibits both ROS (H202) production and scavenging behaviour.
PDA tends to produce H20: in the presence of electron donors such as oxygen;
however, PDA is able to scavenge and quench the radicals in the case of free radical
donor. The electron transfer mechanism between PDA and oxygen is challenging to

explain due to co-existence of three distinct species of PDA: the relatively stable
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oxidized quinone (Q), the reduced catechol (QH>), and the less stable semi-quinone
radical intermediate (Q¢). The findings indicated ROS may be generated during both
the oxidation of QH> to Q< and the subsequent conversion of Q¢ to Q. (Fig.8)
However, it is not clear yet which one it originates from, since the studies haven’t
distinguished these two oxidative processes [55]. The produced H>O; is considered
to be responsible for the antibacterial effect due to its potential for destruction of the
inner cell membrane and the cell wall of bacteria, leading to leak out of the proteins

in the cells and causing the death of bacteria [3,48].
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Figure 8. ROS generation and scavenging mechanism of PDA (Modified from [55],
H. Liu et al. Acta Biomaterialia 88 (2019)).

There are many studies which discussed the increasing production of H>,O> during
the DOP polymerization. For instance, Li et al. found that horseradish peroxidase
(HRP) significantly accelerated polymerization, boosting the rate by nearly 100
times [56]. HRP has been extensively used in the oxidative polymerization of
phenolic compounds in the presence of H>O> [57]. They mentioned that HRP's

activity relied on forming a complex with H>O», which was effective on oxidizing
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various substances, such as phenols or nitrates. Of note, the precise mechanism
behind these reactions has not been clarified yet. Authors compared HRP-catalyzed
and autooxidised dopamine polymerization (where O> acts as oxidant) rates. When
HRP and low-concentration H>O» (typical for HRP-catalyzed reactions) were added,
the solution rapidly turned brown-black in 48 seconds. On the other hand,
polymerization of DOP was slow in the presence of O even after 4 hours [56].
Additionally, Du and colleagues presented the light-triggered dopamine
polymerization using ultraviolet (UV) light to generate ROS in situ, which acted as
oxidants of PDA polymerization. They demonstrated that UV irradiation could
accelerate dopamine polymerization under acidic, basic, and neutral conditions by
producing ROS. This method involved over an hour of UV light exposure at a
controlled intensity (260 nm, 7.5 mW cm?2). To confirm that UV light could initiate
dopamine polymerization, the UV—Vis spectra of dopamine solutions (2 mg/mL)
were recorded following UV irradiation. The experiment was conducted with Tris
buffer solutions at pH 8.5 (commonly used for PDA coatings) and pH 7.0 (where
dopamine polymerization typically proceeds slower). At pH 7.0, the solutions turned
dark yellow after 2 hours of UV exposure, while non-irradiated solutions showed
almost no visible change. The observed increase in polymerization rate under UV
light can be attributed to ROS, which may be generated even from small amounts of
02. To verify UV-triggered dopamine polymerization is an oxidation-driven process,
2 mg/mL of ascorbic acid (vitamin C, ROS scavenger) was added to the dopamine
solution to prevent ROS formation during UV irradiation. No polymerization was
observed after 2 hours of UV exposure, either at pH 7.0 or pH 8.5, indicating that
UV-triggered dopamine polymerization relies on dopamine oxidation induced by

ROS [58].

1.5 Applications of PDA Coatings

The potential use of PDA coatings has been demonstrated for many different

applications such as water treatments, preparation of vanadium redox flow batteries,
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antibacterial surfaces and sensing [59]. For instance, Ouyang et al. demonstrated the
preparation of protein-imprinted PDA nanowires with good monodispersity. In this
study, PDA film formation was performed through DOP polymerization onto
protein-immobilized anodic alumina oxide nanomold. By the removal of the
template and immobilized protein, a PDA cavity structure was obtained which
provided amino and hydroxyl groups, capable of participating in m—n interactions.
These features enabled PDA cavity to present selectivity for some template proteins,
specifically bovine and human hemoglobin for rebinding to the template [60].
Additionally, PDA coatings have also been suggested to modify the surface of
nanofibrous scaffolds for vascular tissue engineering and bone biosubstitutes for
bone tissue engineering applications [61,62]. Besides, PDA has garnered significant
attention in the preparation of hydrogels. For instance, Suneetha et al. prepared a
multifunctional hydrogel using PDA, sodium alginate and polyacrylamide. They
showed that PDA enhanced the adhesion strength of the hydrogel due to n—= or
cation-m interactions interactions between the free catechol groups of PDA and the
amine or thiol groups on the skin tissue. High swelling, good adhesion between the
cells and hydrogels, relatively short blood clotting time and higher platelet adhesion
were also attributed to the presence of PDA in the hydrogels [63]. PDA is also used
as a capping layer in the preparation of drug carrier systems. For instance, Lynge et
al. adsorbed fluorescent liposomes onto PLL precoated glass slides and deposited
PDA as a capping layer to enhance their interaction with myoblast cells [64]. Cheng
et al. modified mesoporous silica nanoparticles with PDA and functionalized them
using poly(ethyleneglycol)-folic acid (PEG-FA). They reported pH-dependent and
sustained release of doxorubicin (DOX) from the particles through in vivo and in
vitro experiments. The pH-dependent release was attributed to the pH-responsive
property of PDA at acidic pH, and sustained release was correlated with the blocking
of the pores of mesoporous silica nanoparticles by PDA. Of note, rapid drug release
was observed with non-modified particles due to improved solubility of DOX in
acidic environment [65]. As it was discussed before, PDA is well-known for its

antibacterial and antifungal effects against various microorganisms. In the literature,
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there are few studies on contact-killing properties of PDA. Igbal et al. investigated
the antimicrobial property of PDA coatings against E. coli through self-
polymerization of DOP onto E. coli cells. They confirmed the PDA coating on E.
coli cells via Fourier-transform infrared spectroscopy (FTIR) and reported a uniform
PDA coating with 120 nm thickness which was shown by Scanning electron
microscopy (SEM). The deformation and damage of the bacterial cells during
polymerization was demonstrated by capillary electrophoresis Ultraviolet-visible
(UV-Vis) spectroscopy. In this study, such possibilities for the antibacterial
mechanism of PDA were suggested as follows: i) the formation of a PDA layer over
the cell resulted in collisions between the cells and the settling PDA particles. ii)
PDA-coated E. coli cells would not have enough space for it to grow and multiply
as they embedded and permanently trapped in PDA over time. iii) Amine groups of
PDA on the outer membrane may show antimicrobial activity with the similar
mechanism of quaternary amine compounds v) Interaction between charged PDA
and cells resulted in bending or stretching forces on E. coli cells which may damage
them [17]. In a study of Su et al., it had been developed that roughened PDA (rPDA)
coatings via a shaking-assisted method that significantly enhanced antibacterial
activity against both Gram-positive and Gram-negative bacteria through contact-
killing mechanism, even without use of external antibacterial agents [66].
Furthermore, Patel et al. showed that PDA coatings prepared using different buffers
can manipulate antibacterial properties by controlling the functional groups present
in the coatings. They discussed that PDA coatings prepared with Tris and sodium
hydroxide exhibited greater antibacterial activity due to higher amount of hydroxyl
moieties on the surface than those fabricated with sodium bicarbonate and
phosphate-buffered saline (PBS). Although the antibacterial mechanism of Tris and
sodium hydroxide-based PDA films hasn’t explored yet, they suggested that
negatively charged E. coli was repelled by nucleophilic -OH groups on the surfaces
[67]. In another study, a reverse osmosis (RO) membrane was coated with PDA. pH-
dependent antibacterial activity of PDA was examined against E. coli and the

contact-killing based bactericidal effect of PDA-coated RO membrane was attributed
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to the existence of protonated amine groups of PDA [68]. Chien et al. demonstrated
enhanced antibacterial efficacy of PDA coating through N-Halamine
functionalization, wherein the amino groups of PDA are chlorinated. They reported
significant antibacterial activity against S. aureus and E. coli within a short contact
time compared to PDA coating and emphasized the regenerable nature of the N-
Halamine structure through repeated rechlorination cycles [16]. Song et al. prepared
antibacterial PDA-ferrocene functionalized TiO» nanorods which were designed as
implants, capable of combating bacterial infections and inhibiting biofilm formation.
They explained the antibacterial mechanism of PDA in two potential mechanisms:
1) generation of intermediate H>O; and ii) induction of significant photothermal
effect through the dissipation of near-infrared (NIR) radiation, both contributing to
bacterial cell damage and/or destruction. The antibacterial effect was further
enhanced by the incorporation of ferrocene, converting H>O> into highly toxic -OH
radicals, enabling localized and rapid antibacterial treatment. Surprisingly, they also
reported that the photothermal effect accelerated -OH generation with increasing

temperature, highlighting the synergistic potential of the system [69].

1.6 Tannic Acid

Tannic acid (TA) is a natural polyphenol which is extracted from different plants
such as Chinese galls, tara pods, sumac leaves and Quercus infectoria [70]. It has
commonly been used over the past decade in different biomedical applications due
to its antibacterial, antioxidant, antiviral, antifungal and anticancer activities. In
addition to these, TA is commonly preferred for the preparation of thin film coatings
and nanoparticles. As a natural crosslinking agent, TA is preferred as a building
block in the preparation of synthetic and natural hydrogels [71]. In Figure 9, the

chemical structure of TA can be found.
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Figure 9. Chemical structure of TA.

In general, antioxidants have gained attention due to their ability to reduce oxidative
stress by neutralizing unstable oxygen radicals. Oxidative stress results from an
imbalance in the cell's normal redox state, leading to the production of ROS like
superoxide radicals, hydroxyl radicals, and hydrogen peroxide. ROS can damage
cellular components such as proteins and DNA, trigger inflammation, and even cell
death [72]. TA, as an antioxidant, has been shown to counteract the formation of
hydroxyl radicals and exhibit strong scavenging abilities for superoxide anions and
hydrogen peroxide. However, TA has also prooxidant properties. It binds copper ions
in chromatin and damages DNA [73]. The ability of TA functioning as an antioxidant
or prooxidant depends on its concentration. At lower concentrations, TA exhibits
beneficial antioxidant effects, but at higher concentrations, it shifts to prooxidant
behaviour. While the antioxidant properties of TA provide reducing oxidative stress,
its prooxidant characteristics such as stimulating oxidative stress and the chelation
with metal ions play a crucial role in enhancing its antibacterial and anticancer

activities [74].



TA also shows antiviral and antifungal properties. It has been reported to inhibit
several viruses, including influenza, SARS-CoV, herpes simplex virus (HSV),
hepatitis C, Zika virus, and HIV. The antiviral effect of TA was ascribed to its ability
to preventing of receptor binding of viruses and inhibiting neuraminidase enzyme
that enabling the spread of infection [75]. For example, TA blocks viral binding in

norovirus and inhibits the entry of hepatitis C and Zika virus into host cells [76].

TA is also known for its potential in anticancer studies. TA has been shown to have
tumor-inhibiting behavior in animal models, such as reducing skin tumor progression
and inhibition of liver mutagenesis. TA was found to trigger apoptosis in various
cancer cell lines, such as prostate, breast, liver, colon, and glioma cancers, through
its ability to generate reactive oxygen species (ROS) at higher concentrations which
disrupted cancer cell metabolism and inhibited fatty acid synthase (FAS), a crucial
enzyme overexpressed in many cancers [77,78]. The exact anticancer mechanism of
TA has still not been clarified in the literature. Yet, several proposed actions of TA
including its antioxidant and prooxidant activities, the inhibition of cancer cell

signaling and cell cycle progression have considered as possible pathways [71].

Although TA has been used in traditional medicine in early times for purposes like
oral hygiene, its potential as an antibacterial agent has recently been recognized [79].
The antibacterial activity of TA was shown against S. aureus, a Gram-positive
bacteria responsible for various infections such as skin infections, pneumonia, and
toxic shock syndrome [80]. TA was also found effective against other Gram-positive
bacteria such as Bacillus subtilis, Enterococcus faecalis, and Gram-negative bacteria
such as Pseudomonas aeruginosa, and Pectobacterium chrysanthami [81-83].
Inhibition of gram-negative E.coli biofilm formation by TA was reported [84].
However, TA has been reported to be more effective against Gram-positive bacteria
such as S. aureus than Gram-negative bacteria such as E. coli, K
pneumoniae and Salmonella [85]. Lower antibacterial activity against Gram-
negative bacteria was mostly attributed to the lipopolysaccharide in the outer

membrane of Gram-negative bacteria which makes reaching of antibacterial
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materials to the peptidoglycan layer of the bacteria difficult. Of note, Gram-positive
bacteria don’t possess lipopolysaccharides [86]. Since Gram-negative bacteria are
reported as more harmful and cause serious diseases, understanding their interaction
with TA is crucial. The antimicrobial efficacy of TA is influenced by various factors,

including its concentration, pH, temperature, and the medium of application [87].

Although the exact antibacterial mechanism of TA has not been fully understood yet,
three primary mechanisms are suggested: i) binding to bacterial enzymes and
substrates, ii) inhibiting nutrient absorption, and iii) penetrating bacterial cell
membranes [88,89]. The interaction with the membrane involves hydrogen bonding
between TA’s hydroxyl groups and bacterial membrane proteins [90], leading to
altered membrane permeability, osmotic imbalances, disruption of the cell
metabolism, and eventually cell destruction [88]. TA also inhibits the uptake of
sugars and amino acids, limiting bacterial growth [91]. Additionally, the ability of
TA for chelating metal ions, such as iron, which is essential for metabolic process of

bacteria, can provide inhibition of bacterial growth [92].

1.6.1 Applications of TA Coatings

The pKa of phenolic hydroxyl groups of TA ranges from 2.5 to 8.5 depending on the
tannin source, allowing it to function as a weak acid [93]. This makes TA a useful
building block in LbL deposition, where it can interact with neutral and positively
charged materials through hydrogen bonds, electrostatic interactions, covalent
bonding, hydrophobic interactions, and metal-polyphenol complexes [94-96].
Multilayers prepared with TA can deliver various substances in a controlled manner
due to their pH-responsive dissolution properties [94]. For instance, Zhuk et al.
demonstrated preparation of electrostatic LbL films composed of TA and various
antibiotics with antibacterial activity against S. epidermidis, S. aureus and E. coli.
They reported bacteria-triggered drug release through dissolution of multilayers at
local acidic environment in the existence of bacteria. The disruption of multilayers

was explained by the change in the charge balance within the multilayers upon
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protonation of TA with decreasing pH [97]. Igbal et. al prepared TA/collagen layer-
by-layer films and reported antibacterial activity against S. aureus through TA
release. They investigated the effect of type of buffer (acetate versus citrate buffers)
that was used in the self-assembly on the morphology and antibacterial properties of
TA/collagen LbL films. Citrate buffer provided stronger TA/collagen interactions
and higher amount of TA release due to immobilization of excess TA by citrate ions
through electrostatic interactions. Furthermore, granular topography of multilayers
resulted in higher specific surface, inducing the local release of TA at a concentration
above MIC when multilayers dissolved upon exposure to PBS [98]. The differences
in the cell wall structures between Gram-positive and Gram-negative bacteria require
the development of antibacterial coatings capable of collapsing their cell membranes
upon contact. Silieka et al. prepared TA-modified colorless polycarbonate surfaces
and investigated their antibacterial activity. They reported strong antibacterial
activity against P. aeruginosa and S. aureus through contact killing mechanism just
after three hours of exposure [99]. Singhal et al. presented a nanocomposite based
on graphene nanoplatelets, TA, and silver (Ag) nanoparticles -also known for its
strong antibacterial properties- and their epoxy-based coatings. They explained the
excellent antibacterial and antibiofilm activities of the nanocomposites by the
synergistic effect of all the ingredients. It was claimed that while the hydrophobic
characteristics of graphene nanoplatelets and epoxy prevented the adhesion of
bacteria, TA and Ag nanoparticles took part in the killing of bacteria through contact
with bacteria. The existence of TA was believed to provide more binding sites for
Ag nanoparticles and different possible antibacterial mechanisms such as inhibition
of key enzymes for the synthesis of bacterial fatty acids, destroy of the cell wall of
bacteria and decrease the levels of the biofilm [100]. Besides, TA coatings can be
used for the preparation of antiviral surfaces. For instance, Haapakoski et al.
prepared TA-immobilized cellulose-based paperboards by covalent conjugation of
chitosan. They investigated the antiviral efficacy against coxsackievirus B3 (CVB3)
and human coronavirus OC43 (HCoV-OC43) and remarkable antiviral activity of

TA was reported even at low amounts and in noticeably short incubation time on top
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of the samples [101]. Furthermore, tumor-inhibiting behavior of TA makes it suitable
for use in anticancer studies. Tan et al. coated TA onto Ti surfaces with varying
thicknesses using low-energy electron beam deposition to fabricate implants
inhibiting bone tumors. They investigated kinetics of TA release and reported
correlation between the increase in thickness of TA films and the elevated release of
TA. Their findings demonstrated that TA films provided long-term inhibition of both
the activity and migration of bone tumor cells through sustained release [102].
Furthermore, TA can be preferred for the preparation of functionalized surfaces with
antioxidant effects. Yang et al. constructed a bioinspired TA/lysozyme LbL film
through H-bonding and electrostatic interactions between the layers. In this study,
the preparation of multifunctional multilayers was aimed where lysozyme and TA
provided antibacterial properties, while TA also contributed with its antioxidant
properties. The TA/lysozyme coating demonstrated strong ROS scavenging through
the conversion of phenol moieties of TA to quinone groups in a ROS environment
and enhanced bacterial killing against S. aureus, Micrococcus lysodeikticus, and E.
coli by damaging the bacterial cell membranes. Although, the antibacterial activity
of lysozyme was reported to diminish when LbL-assembled with oppositely charged
polyelectrolytes, such an effect was not observed in the study of Yang et al [103].

1.7 Co-deposition of PDA and TA

Recently, some studies reported that under alkaline conditions, the catechol and
amino groups of DOP could covalently react with quinone groups of TA through
Michael addition/Schiff base reactions. For instance, Yang et al. modified the surface
of a hydrophobic PVDF membrane through polymerization of DOP in the presence
of TA and compared the hydrophilicity, infiltration capacity and antifouling
properties of the membrane with that of an unmodified membrane. They observed
an outstanding oil-repellent capability together with a benign protein interception
performance, but importantly a more uniform PDA coating was achieved when DOP

was polymerized in the presence of TA [104]. In another study, Xie et al.
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demonstrated a straightforward and adaptable method for fabricating anti-fouling
RO membranes. They deposited a PDATA interlayer onto RO membrane, followed
by adsorption of Fe*" -PhA through complexation between Fe** ions and TA. This
modification significantly enhanced the membrane’s hydrophilicity, wettability, and
anti-fouling performance [105]. Zhang et al. deposited PDATA onto Ti substrate and
incorporated Ag ions into PDATA through complexation with phenolic hydroxyl
groups of TA. The resulting surfaces showed enhanced hydrophilicity, good
cytocompatibility, and effective antibacterial activity against Gram-negative E. coli,
holding promise for modifying the surface of Ti implants [106]. Lee et al. also
showed that PDA and TA co-deposition can be used for creating high-performance
electrochemical capacitors. In their study, a polydopamine coating was initially
applied, followed by the deposition of Fe** ions and TA using a LbL process on
interconnected porous carbon nanosheet (IPCN) electrodes. After deposition of the
polydopamine coating, the specific capacitance was found to increase by ~40% as
compared to that of an unmodified IPCN electrode. The increase in capacitance was
attributed to the redox-active catechol groups of polydopamine, which induced a
pseudocapacitance mechanism that enhanced charge storage capacity through
surface redox reactions. The electrodes coated with both polydopamine and
multilayers of Fe’* and tannic acid exhibited an additional increase in the
capacitance, which is ~83% higher than that of the unmodified IPCN electrode. This
was explained by the additional redox moieties introduced by tannic acid.
Additionally, the strong interactions between Fe®" ions and catechol groups led to
enhanced capacitance retention, even after 1,000 cycles. The mussel-inspired surface
modification of IPCN electrodes shown in this study holds potential for the
development of new pseudocapacitive electrode materials with outstanding
performance [107]. Gao et al. functionalized TA-templated mesoporous silica
nanoparticles (TMSNs) with DOP using a straightforward biomimetic coating
approach to create a novel sorbent for the removal of Cu?* from aqueous solutions.
The factors which affect their sorption capacity, such as contact time, initial pH, K*

and Na® concentrations, co-existing polyvalent metal ions, and adsorption-
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desorption cycles, were examined. They found that DOP-TMSNs achieved a
maximum adsorption capacity for Cu?** at pH 5.5. Furthermore, K* and Na*
concentrations had minimal impact on the sorption process, and the adsorption
capacity remained at 89.2% after four cycles of reuse. These findings indicate that
DOP-TMSNs were highly effective sorbents for Cu?* removal [108]. Finally, PDA
and TA co-deposition was also used for the development of a thin-film composite
(TFC) membrane, consisting of a novel high-density polyethylene (HDPE) support,
apolydopamine (PDA)/TA-Fe™ interlayer, and a polyamide (PA) topmost layer. The
resulting TFC membrane exhibited excellent dye rejection capabilities, outstanding
solvent resistance in harsh environments, and a good methanol flux in SRNF

applications [109].

1.8  Layer-by-Layer (LbL) Assembly

Layer-by-layer (LbL) deposition is a straightforward and adaptable technique for
creating complex films with distinct structural and physicochemical properties.
These multilayer films are also ideal for controlled release of active substances from
surfaces. LbL technique relies on deposition of interacting polymers onto a surface.
In the literature, multilayers are mostly prepared by the common following driving
forces: hydrogen bonding, electrostatic interactions, metal ligand coordination
bonding, charge-transfer interactions [110]. The simplicity, affordability, and ease
of controlling film properties during self-assembly and/or post-assembly can be
mentioned as advantages of LbL method [111]. This method allows the use of a
variety of charged species ranging from viruses to macromolecules [112]. By
adjusting the assembly conditions, LbL ensures consistency in film composition,
structure, thickness, and mechanical properties [113]. In Fig. 10, illustration of LbL

self-assembly process can be found.
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Figure 10. Illustration of A) fabrication of LbL method, B) LbL-coated
polyelectrolyte films.

Multilayers have drawn attention for preparation of antimicrobial surfaces, including
contact-killing, antifouling, and biocide-releasing surfaces. The majority of the
contact-killing surfaces including quaternary ammonium compounds (QACs),
antimicrobial peptides (AMPs), and polycations [114,115]. The widely accepted
contact-killing mechanisms can be explained as follows: (i) positively charged
quaternary amine (N*) of QACs alters the critical ionic balance (such as Na*, K",
Mg?*, Ca*") of bacterial cell and disrupts the membrane by interacting with the
negatively charged bacterial cell membrane, (ii) increased hydrophobicity of the
QACs with longer alkyl chain enhances their ability to penetrate the bacterial cell
membrane, and (ii1)) AMPs targets bypassing the bacterial wall to reach intracellular
components, interacts with negatively charged bacterial membranes through their
hydrophobic and positively charged amino acid residues by displacing calcium and
magnesium ions bound to the microorganism’s polysaccharides, and damages the

membrane and DNA [114].
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Contact-killing surfaces prepared through LbL-assembly have been reported in many
studies. For instance, in a study conducted by Illergard et al, multilayers prepared
with cationic polyvinylamine (PVAM) and poly(acrylic acid) (PAA) on fiber were
characterized with respect to antibacterial properties in two different perspectives: 1)
the evaluation of the reduction of bacteria and ii) determination of leaching
possibility and the effect of leaching on the antibacterial activity. They demonstrated
successful inhibition of the growth of E. coli owing to high positive charges on the
surface without any polymer leaching, suggesting that the fibers operated through a
contact-killing antibacterial mechanism [116]. Furthermore, Rubner et al. adjusted
the assembly and post-assembly conditions of polyelectrolyte multilayers
poly(sodium 4-styrene sulfonate) (PSS)/poly(allylamine hydrochloride) (PAH) by
varying pH to impart mobile cationic charges on the surface. Multilayers were
prepared at high pH and subsequently immersed into low pH solutions. A reversible
pH-dependent swelling transition behaviour of multilayers was demonstrated.
Protonation of uncharged amines provided sufficient positive charges, which
induced cell death and provided antimicrobial activity against S. epidermidis and E.
coli, with switchable functionality based on pH conditions [117]. In another study
conducted by Gomes and et al., cotton samples were LbL-modified using chitosan
(CHI) and alginate (ALG) to produce an antibacterial wound dressing. CHVALG
multilayers were highlighted with antibacterial functionality assessed against S.
aureus and K. pneumoniae. This activity was attributed to bacteriostatic properties
of multilayers due to the high number of side amine groups of CHI with high
deacetylation degree (80%) [118]. Furthermore, in a study of Graisuwan et al., N-
[(2-hydroxy-3-trimethyl ammonium)propyl]chitosan chloride (HTACC), a
quaternary ammonium compound, was synthesized and LbL-assembled with PAA
on a plasma-treated poly(ethylene terephthalate) (PET) substrate. The inclusion of
HTACC improved the antibacterial properties of the modified PET against E. coli
and S. aureus [119]. Zhang et al. reported improved hydrophilicity of different
surfaces by LbL depositing PVAM (positive charge due its rich free amino group
within the polymer chain) and dopamine-modified hyaluronic acid (HA-DN,
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negative charged) through both electrostatic interactions and covalent bonds. The
growth of E. coli and S. aureus was notably inhibited, and bacterial growth was

almost suppressed as the layer number increased g [120].

In addition to these, LbL-technique is widely used for preparation of antifouling
surfaces [121,122]. Antifouling property of a surface can be defined as the
prevention of organisms from attaching to surfaces [123]. The phenomenon of
antifouling is commonly recognized by two widely accepted concepts: surface
hydration and steric hindrance effects [124]. For example, Schmolke and colleagues
assembled poly(diallyldimethylammonium chloride) (PDADMAC)/poly(acrylic
acid) (PAA), and poly(allylamine hydrochloride) (PAH)/PAA multilayers on PDMS
substrates using LbL technique. These films reduced the attachment and adhesion
strength of S. cerevisiae. The authors reported superior performance for
PDADMAC/PAA films compared to PAH/PAA multilayers due to their
significantly higher swelling behaviour in a salt-rich aqueous environment, which
reduced the adhesion between the cells of the hydrophobic S. cerevisiae and surface.
In fact, adding a layer of pegylated PAA (PAA-g-PEG) to these PEMs further
reduced the microbial adhesion by up to two orders of magnitude due to the
antifouling characteristic of PEG [125]. Xie et al. developed an antifouling and
bactericidal polymeric membrane through LbL deposition of zwitterionic
sulfobetane-grafted PEI polymer (PEI-g-SBMA) and oxidized sodium alginate. The
resulting surface demonstrated excellent resistance to bacterial adhesion.
Furthermore, silver nanoparticles (AgNPs), known for their broad-spectrum
bactericidal properties, were anchored on the surface through the chelation Ag" ions
by PEI-SBMA, resulting in bactericidal characteristic of membrane [126]. In a study
by Park et al., a polyethylene terephthalate (PET) substrate, commonly used in
orthodontic appliances, was treated with oxygen plasma to activate the surface,
followed by LbL deposition of carboxymethyl cellulose (CMC) and chitosan via
electrostatic interactions. Furthermore, the modified PET, which displayed excellent
chemical and physical stability, was found to be superhydrophilic through the

crosslinking between CMC and chitosan and prevented bacterial adhesion, reducing
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bacteria by up to 75% ratio [127]. Furthermore, in two studies of Yinn and
coworkers, silicon substrates were modified using polyacrylic acid as the polyanion
(PAA) and N,N-dodecyl,methyl-polyethylenimine as the polycation to form LbL-
multilayer films. After modification, the surfaces demonstrated strong antifouling
properties. In addition, antimicrobial activity could also be introduced when the
topmost layer was N,N-dodecyl,methyl-polyethylenimine. They reported that
antifouling performance could be improved by placing the polyanions as the

outermost layer [128].

LbL method allows incorporation of bactericidal components into multilayer films
to prepare antimicrobial coatings. These components can be released into the
surrounding. For example, antibiotics can be incorporated into LbL assemblies and
released from films to combat bacteria. In a study of Chuang et al., gentamicin, a
positively charged antibiotic, was alternatingly deposited with biocompatible
polyanionic hyaluronic acid and a hydrolytically degradable poly(B-amino ester) to
form LbL thin films. The controlled release of gentamicin from multilayers was
provided via hydrolytic degradation of poly(p-amino ester). The disassembly of the
film and gentamicin diffusion showed effective bactericidal activity against S.
aureus [129]. Similarly, vancomycin and metronidazole antibiotics were
incorporated into different LbL-assembled films, targeting S. aureus [130] and
Porphyromonas gingivalis [131], respectively. In a study of Schmidt et al.,
gentamicin was LbL-assembled with negatively charged Prussian blue nanoparticles
to achieve more precise control over antibiotic release. Upon applying a small anodic
electric potential, the Prussian blue nanoparticles were oxidized from negatively
charged to neutral, triggering the release of gentamicin to kill S. aureus [132]. Also,
immobilizing bacteriophages that are viruses targeting Gram-positive and Gram-
negative bacteria on surfaces are widely used for the preparation of antimicrobial
coatings especially in food applications [133]. Tidim et al., prepared ultra-thin
multilayer films and embedded bacteriophages into the film. Such films were found
to show antibacterial activity against Salmonella Enteritidis highlighting the

potential of the LbL films as an antibacterial coating for food packaging applications.
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The antibacterial activity was more pronounced at neutral pH (7.0), but no activity
was observed in acidic conditions. Additionally, they wrapped Salmonella
Enteritidis-contaminated chicken with aluminum foil coated with phage-loaded
chitosan/alginate multilayers and reported significant decrease in the number of

bacterial colonies on the meat [134].

1.9 Aim of Thesis

As discussed in detail in Sections 1.4 and 1.6, both PDA and TA exhibit
significant potential for biomedical applications such as preparation of antibacterial
surfaces and drug-delivery platforms for cancer therapy. Inspired by these features,
the main aim of this thesis study was to conduct a comparative study to reveal the
differences in the surface properties of multilayers based on PDATA and PDA. In

this context, the following sub-aims can be listed:

1) optimization of the conditions such as concentration and polymerization time
for the self-polymerization of DOP and deposition of PDA at the surface in the
presence and absence of TA.

i1) preparation of single- and multi-layer films composed solely of PDATA and
PDA and comparison of their surface properties with respect to thickness,
wettability, morphology, and stability using techniques such as ellipsometry, UV-
Vis spectroscopy, contact angle measurements, and atomic force microscopy.

ii1) LbL self-assembly of PDATA and PDA using various counterparts such as
positively charged BPEI, negatively charged TA and electrically neutral PVCL to
understand the effect of interlayer association on the surface properties such as

thickness, morphology, wettability and stability.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

Branched poly(ethylene imine) (BPEI, 25,000 g/mol), dopamine hydrochloride
(DOP, 189.64 g/mol), phosphate buffer saline (PBS) tablets and Hellmanex III were
purchased from Sigma Aldrich. Tannic acid (powder) (1701.20 g/mol) and sodium
dihydrogen phosphate dihydrate (NaH,PO4.2H>0) were purchased from Merck
Chemicals. Poly(N-Vinyl caprolactam) (PVCL, 1300 g/mol) was obtained from
Polymer Source Inc. Tris(hydroxymethyl)aminomethane-hydrochloride (Tris HCl,
157.60 g/mol) buffer was purchased from Serva Elecrophrosesis GmbH. Sulfuric
acid (95%-98%) was purchased from Tekkim Kimya. Deionized (DI) water was
purified by Milli-Q system (Millipore) at 18.2 MQ.

Table 1. Chemical structure of substances.

DOP H,N OH
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2.2 Instrumentation

The dry thicknesses of the films were measured by using an Optosense (OPT-S6000,
USA) Spectroscopic Ellipsometer, operating within a wavelength range of 400 nm
to 1000 nm at a 65° incident angle. Thickness measurements were performed at three
randomly selected places at the surface of the sample. Average thickness values were

calculated and presented with standard deviations.

Hydrodynamic size measurements of PDATA and PDA particles were performed
through DLS technique using a ZetaSizer Nano-ZS (Malvern Instruments Ltd., U.K.)
at a scattering angle of 173° (backscatter) and 633 nm HeNe laser based. The
reference material was selected as polystyrene latex with the refractive index (RI) of
1.590. The dispersant was chosen as water with the refractive index 1.330 and 0.872
cP viscosity. The hydrodynamic size was obtained by cumulative analysis of the
autocorrelation data. The initial concentrations of DOP and/or TA were 0.5 mg/mL.
The measurements were carried out in plastic cuvettes at 25 °C. For all

measurements, three independent measurements were performed with 8 sub-runs.
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Zeta-potential of PDATA and PDA particles were measured using a ZetaSizer Nano-
ZS Instrument (Malvern Instruments Ltd., U.K.). Zeta-potentials values were
obtained from electrophoretic mobility values wusing the Smoluchowski
approximation. The averages of three independent measurements, each consisting of

100 sub-runs, were reported.

The absorbance spectra of the films were recorded using a HITACHI U-2800 A

spectrophotometer before and after exposure to PBS.

Static contact angle measurements were carried out using an Attension Theta Lite
optical tensiometer. Approximately 1.5 pL droplet of DI water was dropped onto
multilayers constructed onto glass slides (2.5 cm x 2.5 cm). Measurements were
repeated eight times. For each measurement, ten independent measurements were

recorded.

AFM images of multilayers were recorded using an Ambient AFM/Magnetic Force
Microscope (MFM) (Nanomagnetics Instruments, Tiirkiye) in tapping mode with Si
cantilevers. Multilayer films were deposited onto 1.0 cm x 1.0 cm glass slides.
Iimages with 10 x 10 um and 2 x 2 pm scan sizes were recorded. Gwyddion software

(version 2.66) was used for analysis of AFM images.

2.3 PDATA- and PDA-Based Coatings

2.3.1  Preparation of Substrates

Silicon wafers were cut into 1 cm x 1 cm pieces. They were immersed into acetone
for 10 minutes which was preheated to 52 °C. Then, they were dipped into methanol
for 5 minutes. The wafers were rinsed with DI water and dried under nitrogen flow.
Afterwards, they were immersed into concentrated sulfuric acid for 85 minutes and
rinsed with DI water. The wafers were then immersed into 0.25 M NaOH solution

for 10 minutes, followed by rinsing with DI water and drying under nitrogen flow.
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Glass substrates were cut into 2.5 cm x 2.5 cm pieces for contact angle measurements
and 1 cm x 1 cm for AFM measurements. They were treated with concentrated
sulfuric acid for 85 minutes and rinsed with DI water. The glass substrates were
immersed in 0.25 M NaOH solution for 10 minutes. After 10 minutes, all substrates
are taken from the base and put into the DI water. The substrates were then rinsed

with DI water and dried under nitrogen flow.

Quartz slides (2.5 cm x 2.5 cm) were initially treated with a 1% (v/v) Hellmanex 111
solution for 30 minutes. Later, the slides were rinsed with DI water and dried under
nitrogen flow. The cleaned quartz substrates were subjected to ethanol for 10 minutes
and subsequently immersed in concentrated sulfuric acid for 85 minutes. After acid
treatment, the substrates were rinsed with DI water and dried under nitrogen flow.
Finally, the quartz slides were immersed in a 0.25 M NaOH solution for 10 minutes,

followed again by rinsing with DI water and drying under nitrogen flow.

2.3.2  Co-deposition of PDA and TA

2.5 mg of DOP and 2.5 mg of TA were weighed and dissolved in 5 mL of 0.05 M
Tris-HCl buffer at pH 8.5 and 25 °C, under continuous stirring at 150 rpm. The initial
concentrations were 0.5 mg/mL for both DOP and TA. A silicon wafer was dipped
into this solution. The polymerization proceeded for either 4 hours or 16 hours. The
film was rinsed in 5 mL of 0.05 M Tris HCI buffer for 5 minutes. For size and zeta
potential measurements, 50 pL of samples were taken and diluted to 1 mL. To
examine the effect of concentration on PDATA coatings, a similar experiment was
performed at initial concentrations of 1.0 mg/mL for both DOP and TA. The film
thickness was measured using ellipsometry technique. Control experiments were
conducted with PDA in the absence of TA using the same procedures described

above.
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2.3.3  LDbL Deposition of PDATA and PDA Films

4-layer PDATA films were prepared through the co-deposition of PDA and TA for
4 hours by refreshing the polymerization solutions (0.5 mg/mL initial concentration
for both DOP and TA in 0.05 M Tris HCI buffer at pH 8.5 and 25 °C) after deposition
of each layer. The films were rinsed for 5 minutes with 0.05 M Tris HCI buffer and
film growth was followed by Ellipsometer. This way of film preparation was
mentioned as “refreshed deposition”. If multilayer deposition was conducted by
placing the substrate into the same polymerization solution, it was mentioned as
“unrefreshed deposition”. Thickness measurements were performed using
ellipsometry. As a control experiment, an additional PDATA film was prepared by
continuous deposition of PDATA onto the wafer for 16 hours without external
intervention. Such a film was mentioned as “one-time deposition”. All experiments

were performed with DOP in the absence of TA to obtain PDA-based multilayers.

2.3.4  Stability of PDATA and PDA Films

PDATA and PDA multilayer films were deposited onto 2.5 x 2.5 cm quartz slides
with previously described procedures in Section 2.3.3. Multilayer growth was
followed using UV-Vis spectroscopy in the range of 200-800 nm. pH stability of
multilayers was examined by exposing the films to phosphate buffer saline (PBS) at
pH 7.4 and 37 °C and following the absorbance spectrum of the films as a function
of time. Films were rinsed with 0.01 M phosphate buffer and dried under nitrogen
flow prior to measurements. The absorbance spectra were recorded from three

different regions on the substrate and presented with baseline correction.
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2.3.5 LbL Deposition of PDATA and PDA with Cationic, Anionic, Neutral

Counterparts

PDATA was self-assembled at the surface using either of the polymers as the
counterpart: BPEI, TA and PVCL. 0.5 mg/mL of BPEI and 0.5 mg/mL of PVCL
were dissolved overnight in 0.05 M Tris HCI buffer at 25 °C. 0.5 mg/mL of TA
was freshly dissolved in 0.01 M Tris HCI buffer at 25 °C prior to use. PDATA
layer was deposited through self-polymerization of DOP in the presence of TA at
pH 8.5 and 25 °C for 4 hours, followed by rinsing using 0.05 M Tris HCI buffer at
pH 8.5. BPEI TA or PVCL was deposited at pH 5.5 for 15 minutes, followed by
rinsing with either 0.05 M (for BPEI and PVCL) or 0.01 M (for TA) Tris HCI
buffer. This cycle continued until the desired number of layers were deposited at

the surface. Same experiments were conducted with PDA.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Co-deposition of PDA and TA

Polymerization of DOP starts with oxidation of DOP to DOP-quinone, followed by
an “early” intercyclization reaction via 1,4 Michael-type addition forming
leukodopaminechrome which can be reversibly oxidized to dopaminechrome.
Dopaminechrome is intramolecularly rearranged to produce 5,6-dihydroxyindole
(DHI). Further oxidation of DHI forms 5,6-indolequinone and branching reactions
take place between these two products at different positions. The following steps
concern diverse dimerization reactions with multiple products such as DHI-DHI
dimer, DHI-DHI-DOP trimer, DHI-DOP dimer. The development of self-assembled
larger oligomers occurs through reverse dismutation reaction between catechol and
o-quinone [135]. Recent studies have shown that the degree of oligomerization was
limited. Physical interactions between these low molecular weight oligomers through
cation-m, hydrogen bonding, m-n stacking interactions were suggested to be
responsible in the formation of a PDA layer. PDA also exists in the “spherical micro-
/ nanoparticle” form due to rapid aggregation of small oligomer chains which evolve

into larger structures in a relatively homogeneous manner [44].

The co-deposition of PDA and TA has been discussed in a few studies. The phenolic
hydroxyl moieties of TA can be partially oxidized into quinone moieties under
alkaline conditions and interact with PDA chains through Michael addition and
Schiff base reactions between amino groups of PDA and quinone groups of TA
[104]. In addition, hydrogen bonding and n-x stacking interactions between PDA and
TA have been also suggested as the driving forces for the formation of a PDATA
layer [136]. The covalent and physical interactions between PDA and TA are
illustrated in Fig. 11A.
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In this study, DOP and TA were dissolved together in a buffer solution at pH 8.5.
Each had an initial concentration of 0.5 mg/mL. A silicon wafer was immersed into
this polymerization solution and co-deposition of a layer composed of PDA and TA
was followed through ellipsometric dry thickness measurements (Fig.11B, left). For
comparison, PDA deposition (in the absence of TA) was performed under identical
conditions (Fig.11B, right). Note that each deposition was performed in a different
polymerization solution to provide precise time control and eliminate the effect of
drying on film deposition and thickness. Deposition of PDATA and PDA onto
silicon wafer was provided through hydrogen bonding between SiO» and phenolic
hydroxyl groups of PDA and TA, and electrostatic interactions between ionized
silanol groups (pKa for surface SIOH groups: 6.8 [137]) and protonated amino groups
of PDA. Of note, it has been reported that PDA exhibits characteristic feature of
mussel adhesive proteins due to co-existence of catechol and amine functional

groups and its adhesion did not depend on the type of substrate [45].

The thickness of a PDATA film was comparable to that of a PDA film after 4 hours
of polymerization. The thickness increased with increasing deposition time for both
PDATA and PDA films. Increasing thickness values with respect to deposition time
has been reported for PDA films and correlated with chain-to-chain deposition of
PDA through cation—r interactions between aromatic rings and protonated amino
groups of PDA together with hydrogen bonding and m—m stacking interactions
between PDA chains [21]. Similarly, aromatic rings and phenolic hydroxyl groups
of TA could participate in the deposition of stacks composed of PDATA particles.
The thickness difference between PDA and PDATA layers increased as the
deposition time increased (16 hours). Considering increasing chain-to-chain
deposition with time, the thickness difference became more remarkable as the
number of PDATA and PDA layers increased in the stacks. The lower thickness of
PDATA film was attributed to relatively low particle size of the aggregates when
self-polymerization of DOP proceeded in the presence of TA. DLS analysis showed
that polymerization of DOP in the presence of TA provided control in size of the
particles. The size of PDATA particles was ~120 nm after 4 hours of polymerization,
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while size measurements could not be performed for PDA due to precipitation of
large particles and insufficient number of particles remained in the solution
(Fig.11C). The decrease in the size of PDA particles in the presence of TA agrees
well with the findings of Zhong and Jia in which size control was achieved through
self-polymerization of dopamine in the presence of PEL. They demonstrated that
hydrogen bonding between the amino groups of PEI and the amino/phenolic
hydroxyl groups of PDA disrupted both intra- and intermolecular interactions,
leading to a notable reduction in the size of PDA aggregates [138]. Apart from this,
it has been suggested that PDATA exhibited more network-like structure due to its
high molecular weight and more reactive nature of TA than DOP [104]. On the other
hand, particle-bound feature was mentioned for the deposition of PDA [36]. In the
light of these information, lower thickness of PDATA may also be correlated with
more network-like structure of PDATA. In accordance with the difference in the film
structures and thickness values, PDATA film had relatively smooth surface
morphology with lower roughness values compared to PDA film (Fig.11D). The
lower roughness possibly resulted from close packing of the smaller PDATA
particles at the surface. Importantly, Xu and co-workers reported that relatively small
PDA nanoparticles could deposit at the surface, while larger aggregates were prone
to precipitate from the solution [36]. In summary, these results suggest that although
PDA particles were larger and supposed to have lower tendency for deposition at the
surface, the greater surface roughness of PDA film might have provided additional
surface area and enhanced deposition of the subsequent PDA particles, marking for
the greater thickness of PDA films [41]. Deposition of PDA in the form of
nanoparticles and the resulting rough surfaces may limit the use of PDA coated
surfaces for certain applications where smooth surfaces are required. Higher surface
roughness of PDA coating poses challenges particularly in the functionalization of
nanomaterial surfaces like particles, rods, and wires [ 139]. In this context, decreasing
the roughness through co-deposition with TA while keeping the identity of PDA in

the coating can be preferrable for certain applications.
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Lastly, the effect of concentration on the PDATA film thickness was examined. The
thickness doubled for films with 4 hours of deposition when the concentration was
increased by x2. On the other hand, the extent of increase was less for films with 16
hours of deposition at a similar concentration increase (Fig. 11E). DLS analysis of
PDATA polymerization solution showed that particle size increased as the
concentration of DOP and TA increased (Fig.11F, right). This result agreed well with
the literature reporting increased PDA particle size at increasing DOP concentrations
[140]. Besides, particle size increased with increasing polymerization time (Fig.11F,
left) which is also consistent with the findings obtaining larger PDA particles with
extended polymerization time [141]. The relatively low thickness increase over time
in the concentrated solution was correlated with the formation of larger particles and
their lower tendency for deposition at the surface [36]. In the rest of the experiments,
co-deposition of PDA and TA was performed in a solution containing 0.5 mg/mL of
DOP and TA to control the thickness and not to exceed the reliable range for
ellipsometric measurements during LbL studies. Of note, it has been reported that
initial DOP concentration also affected the relationship between the deposition and
aggregation rate of PDA in the solution. 0.25 - 1.0 mg/mL initial concentration of
DOP was reported to diminish the aggregation rate and enhanced deposition rate of
PDA, whereas initial concentration between 1.0 - 4.0 mg/mL resulted in higher
aggregation rate of PDA over deposition rate [30]. Our results are in good agreement
with these findings where deposition, thus film thickness increased when the

concentration increased from 0.5 mg/mL to 1.0 mg/mL.
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Figure 11. A) Oxidation of TA (left), polymerization of DOP (right) and the possible
interactions (Micheal Addition and Schiff Base reactions, n- © stacking, hydrogen
bonding) between oxidized TA and PDA (below). B) Thickness comparison of 0.5
mg/mL PDATA and PDA films after 4 and 16-hours deposition. C) Hydrodynamic
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size of 0.5 mg/mL PDATA particles after 4 hours. D) AFM 2D (left) and 3D (right)
height images (10%10 pum scan size) of 1-layer PDATA and PDA films. E) Thickness
comparison of 0.5 mg/mL and 1 mg/mL PDATA deposition after 4 and 16 hours. F)
Hydrodynamic size of 1 mg/mL PDATA particles (right) and hydrodynamic size of
0.5 mg/mL PDATA particles after 2, 4 and 6 hours (left).

3.2 One-time versus LbL Deposition of PDATA and PDA

Two different LbL assembly was performed. In the first one, each PDATA layer was
deposited for 4 hours and DOP/TA containing polymerization solution (in 0.05 M
Tris HCI buffer at pH 8.5 and 25 °C) was refreshed after deposition of each layer.
The film is so called “4x4h PDATA” (refreshed). In the second one, polymerization
solution was not refreshed, the substrate was removed from the polymerization
solution every 4 hours, thickness measurement was performed, and the film was
placed back in the same solution. The film is so called “4x4h PDATA (unrefreshed).
For comparison, a PDATA film was prepared by continuous immersion of the
substrate into DOP/TA polymerization solution. The film is so called “1x16h
PDATA (one-time). The evolution of film thickness for LbL and one-time PDATA
films are compared in Fig.12A (left). 16 hours of continuous deposition and 4-layers
of PDATA film with polymerization solution refreshed every layer provided similar
film thickness. As mentioned in the previous section, particle size plays a critical
role on the deposition of particles at the surface and smaller particles have greater
tendency for deposition. Despite the increasing PDATA particle size with time
(Fig.12A, right) and an expectation for a lower film thickness with one-time
deposition, the comparable thickness values can be explained by the effect of drying
on LbL deposition and thickness of the films. The drying under nitrogen gas flow
prior to ellipsometric thickness measurements after each layer deposition possibly
induced a rearrangement of polymer chains at the surface, resulting in an ordering of
polymer chains and flattening of the films. Such a smoothening possibly decreased

the amount of deposition of the subsequent layer due to decrease in roughness and
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surface area. The combinatorial effect of increasing particle size and drying is seen
with 4-layers of PDATA film, prepared using unrefreshed polymerization solutions.
The thickness obtained after each layer was lower than that with refreshed
polymerization solutions, indicating the adverse effect of increasing particle size on

deposition of PDATA at the surface.

Similar experiments were also performed with DOP in the absence of TA and the
results showed a similar trend (Fig.12B). However, PDA films were always thicker
than PDATA films regardless of the preparation method. As discussed above, the
greater thickness values for PDA films were correlated with the larger particle size
and nanoparticle-based deposition of PDA which provided greater surface roughness

and additional surface area for enhanced deposition.

Although LbL and one-time films provided similar thickness values, the difference
in surface roughness values was remarkable (Fig.12C). AFM imaging studies
showed that LbL deposition (4-layer, each with 4 hours of deposition with refreshed
solutions) resulted in greater surface roughness for both PDATA (Rq= 30 £ 2 nm)
and PDA (R¢= 57 = 8 nm) films compared to those obtained through one-time
deposition (16 hours of continuous deposition, Rg= 16 + 0.5 nm and Rq= 25 + 2 for
PDATA and PDA, respectively). The higher surface roughness with increasing layer
number can be explained by the formation of an irregularly packed film composed
of either PDA or PDATA and greater possibility for the deposition of subsequent
PDA or PDATA layers on higher parts of the surface. This phenomenon was more
remarkable for PDA films due to larger size and nanoparticle-bound deposition of
PDA and relatively high surface roughness. Apart from this, free TA molecules,
which did not participate in the formation of a PDATA layer, might have deposited
onto the valleys, smoothing the film surface [142,143].

Wettability of PDATA and PDA surfaces was compared through contact angle
measurements (Fig.12D). LbL (4-layer, each with 4 hours of deposition with
refreshed solutions) and one-time (16 hours of continuous deposition) PDATA and

PDA films had nearly zero apparent contact angle. The primary pre-requisite for a
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surface to be called superhydrophilic (superwetting) is that water spreads on it
completely (to a nearly zero apparent contact angle; < 5-10°, not measurable
accurately by optical systems) [144]. Water contact angle (WCA) values for 4-layers
of PDATA and PDA, prepared using unrefreshed solutions, were ~11° and ~9°,
respectively. Considering the lower thickness values obtained with unrefreshed
polymerization solutions and the contact angle of bare glass surface (~19°), this
slight decrease in the wettability of surfaces might result from inefficient coating of
the glass substrate. The wettability of surfaces is mainly determined by the surface
functional groups, micro/nano topological structure and roughness of the surface
[145]. The effects of micro/nano topological structure and surface roughness on
wettability are associated with each other and are described using different models.
Micro/nano-cavities are defined as possible penetration sides for water in Wenzel
model, thus wettability was found to increase with increasing surface roughness for
hydrophilic surfaces. On the other hand, the opposite is observed with hydrophobic
surfaces: WCA increases with increasing surface roughness. Wenzel also explains
large contact angle hysteresis, in other words, the difference between advancing
and receding contact angles, due to the complete permeation of water into the
cavities, resulting “sticky” behavior [146]. Cassie-Baxter wettability model suggests
trapping of air within micro/nano-cavities, providing the droplets to sit on “air
cushions” [147]. In this way, the contact area between the water and the surface
decreases, leading to higher WCA in the presence of higher fractions of air. In
summary, the Wenzel model describes surfaces exhibiting weak hydrophobicity,
whereas the Cassie-Baxter model characterizes surfaces with strong hydrophobicity

[148].

In general, PDA coating introduces hydrophilicity to hydrophobic surfaces [35]. In
a study conducted by Li et. al, PDA and PDA-antibiotic complexes were prepared in
the presence of NalOj4 as the oxidant and LbL deposited (4-layers by refreshing each
layer in every 20 minutes) onto hydrophilic Si substrates. The surfaces were found
to be hydrophilic starting from the first layer. This was attributed to large numbers
of hydrophilic groups such as amine groups and phenolic hydroxyl groups of PDA

46



and contribution of carboxyl groups which were formed as a result of oxidation of
o-quinone to carboxyl by NalO4 under acidic conditions. Furthermore, they found
that the surfaces turned into superhydrophilic with a growing number of layers. This
increase in hydrophilicity was attributed to the increased density of the deposited
nanoparticles with increasing layer number, and eventually forming a micro/nano
topological structure to enhance penetration of water [145]. In the light of this study,
the hydrophilic characteristic of PDA and PDATA multilayers can be ascribed to the
functional groups on the surfaces such as hydroxyl, quinone carbonyl and amine
moieties as well as increased deposition of particles with increasing deposition time

and/or layer number, resulting in enhanced penetration of water [149].

Stability of single- and multi- PDA and PDATA films was examined in PBS at pH
7.4 and 37 °C to simulate physiological conditions. For this purpose, multilayers
were coated onto quartz surfaces and the evolutions of absorbance of multilayer films
were followed as a function of time using UV-Visible Spectroscopy (Fig.12E). It
was reported that dopamine displays a peak at 220 nm due to n-n* interactions [150]
and another peak at 280 nm which indicates L. and Ly, coincident transition of the
catechol groups [151]. Unlike DOP, PDA coating has been reported to exhibit a
weaker absorbance peak at 280 nm because of the oxidation of catechol moieties to
quinone together with a broad absorption across 200-800 nm wavelength range
[47,150]. The absorption spectrum of TA exhibits two peaks at 214 and 280 nm at
acidic pH when TA exists in the neutral form [93]. When pH is increased, the
intensities of the peaks at 214 and 280 nm decreases and two new additional peaks
at 245 nm and 320 nm are observed due to ionization and/or oxidation of the phenolic
hydroxyl groups of TA [152,153]. Although there were no distinct peaks in the
spectra of the films, the stability of multilayers in PBS at pH 7.4 and 37 °C was
examined by following the absorbance of the films at both 280 nm and 320. The
decrease in the absorbance of the films was accepted as an indication of the loss of

polymers from the surface.
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In general, all types of PDATA films displayed low stability in PBS at pH 7.4 and
37 °C. Specifically, one-time coated PDATA film was found to be less stable (~ 86%
loss) than 4x4h coated film prepared with refreshed polymerization solution (~61%
loss) (Fig. 12E, left). Relatively low stability of one-time coated films compared to
4x4h coated PDATA film with refreshed polymerization solution may be attributed
to increasing particle size with time which made it difficult to stack particles side-
by-side and on top of each other at the surface, resulting in lower extent of
association among the layers and decreased stability. The relatively low stability of
4x4h coated film prepared with unrefreshed polymerization solution (~73% loss)
supported the speculation based on the adverse effect of increasing particle size on
the stability of the films. On the other hand, PDA films prepared under similar
conditions exhibited greater stability than PDATA films (Fig.12E, right). Notably,
~30% loss was recorded for PDA film prepared by 4x4h refreshed polymerization
solution which was half of % loss recorded for PDATA film. pKa values of PDA is
correlated to its quinone-imine form (pKa1 = 6.3) and dimerization of catechol
groups (pKaz2 = 9.4, pKa3z = 10.6, pKag=11.7 and pKas=12.8) [154]. pKa values of
TA are pKa,1 = 6.5 and pKa2=8.0 [111,155]. pKa of phenolic hydroxyl groups of TA
is lower than catechol groups of PDA. Therefore, the amount of negative charge
within the multilayers was expected to be greater for PDATA films at pH 7.4. The
excess negative charge might have decreased the stability of the films due to
electrostatic repulsion among the layers. In addition, considering greater number of
phenolic hydroxyl groups in PDATA films, the extent of dynamic switching between
quinone and phenolic hydroxyl groups might have been greater for PDATA than
PDA and played a critical role on the disassembly of the films due to partial
disruption of hydrogen bonds when the pH was decreased from 8.5 to 7.4. Of note,
hydrogen accepting feature of quinones was reported to be greater than hydroxyl
groups [156]. The pH-dependent change in absorption spectrum of TA is presented
in Fig.12F.
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refreshed deposition, O refers 1x16h one-time deposition, and & refers 4x4h
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unrefreshed deposition (data obtained for each 4h)) (left) and the evolution of
hydrodynamic size distribution of PDATA particles as a function of time at 4- and
16 hours (right). B) Thickness of 0.5 mg/mL PDA/PDA surfaces ( O refers 4x4h
refreshed deposition, O refers 1x16h one-time deposition, and & refers 4x4h
unrefreshed deposition (data obtained for each 4h)). C) Evolution of normalized
absorbance as a function of time for A) 4x4h (refreshed) PDATA (left) and PDA
films (right); B) 1x16h (one-time) PDATA (left) and PDA films (right); C) 4x4h
(unrefreshed) PDATA (left) and PDA (right) films. Insets show the absorbance
spectra of the films before and after 2 hours and 24 hours exposure to PBS at pH 7.4
and 37 °C. Multilayers were constructed onto quartz slides. D) AFM 2D (left) and
3D height (right) images (10x10 pm scan size) of 4-layers of PDATA and PDA films.
E) Comparison of PDATA and PDA wettability properties based on deposition
conditions. F) Absorbance spectra of TA at pH 5.5, pH 7.4 and pH 8.5.

3.3 LbL Deposition of PDATA and PDA Using Cationic, Anionic and

Neutral Polymers

The information generated with self-assembly of PDATA and PDA particles was
taken as a basis to examine co-assembly of the particles with either amine-rich BPEI,
hydroxyl-rich TA and amide-rich PVCL as the cationic, anionic and neutral
counterparts, respectively (Scheme 2). Considering the relatively high thickness and
stability of 4x4h (refreshed) films, PDATA and PDA layers were assembled by 4
hours of polymerization using fresh solutions. All multilayers had either PDATA or
PDA as the topmost layer. The resulting films were compared with respect to

thickness, wettability and surface morphology.
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Scheme 2. Illustration of LbL assembly of PDATA and PDA using BPEI, TA and
PVCL.

!

PDATA/BPEI and PDA/BPEI multilayers

PDATA and PDA layers were deposited at pH 8.5 through self-polymerization of
DOP/TA and DOP, respectively. The pKa values of dopamine were reported as pKa,1
= 0.05, pKaz = 12.07 for phenolic hydroxyl groups and pKa3 = 10.58 for amine
moieties [157]. It must be borne in mind that the assigned pKa values of PDA is
correlated to its quinone-imine form (pKa1 = 6.3) and dimerization of catechol
groups (pKaz = 9.4, pKaz = 10.6, pKag =11.7 and pKas =12.8) [154]. PDA
demonstrates a "zwitterionic" nature, characterized by an isoelectric point within the
pH range of 4—4.5 [158]. The pH-dependent behaviour arises from the change in the
charge densities associated with the amine and phenolic hydroxyl groups.
Specifically, at pH values above the isoelectric point (pH > 4), the PDA films and/or
nanoparticles acquire a net negative charge, whereas at pH values below the
isoelectric point, they are positively charged. In this study, the zeta potentials of
PDATA and PDA were determined by DLS after 4 hours of polymerization at pH
8.5 in 0.05 M Tris buffer, yielding approximately -31 mV and -27 mV values,
respectively. These results agree with previously reported zeta potential values for
PDA in Tris buffer at pH 8.5 [159]. The pKa values of BPEI have been reported as
pKa,1 =9.4-9.64, pKaz = 6.8-8.6 and pKa 3 = 4.4-5 for tertiary, secondary and primary
amino groups, respectively [160,161]. BPEI was deposited at pH 5.5 for 15 minutes

where amino groups were protonated. Ionization of phenolic hydroxyl groups of
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PDATA and PDA were expected to enhance in the presence of BPEI within the
multilayers [162]. Thus, the main driving force for LbL growth of PDATA/BPEI and
PDA/BPEI was electrostatic interactions between protonated amino groups of BPEI
and phenolate groups of PDATA and PDA. Hydrogen bonding interactions between
amino groups of BPEI and phenolic hydroxyl groups of PDATA and PDA as well
as amino groups of BPEI and quinone carbonyl of PDA or PDATA might have also

contributed to the multilayer growth.

Both PDATA/BPEI and PDA/BPEI exhibited non-linear growth (Fig.13A). The
increase in film thickness upon PDATA or PDA deposition was followed by a
decrease or insignificant change in thickness upon deposition of BPEI layers for both
films. Polyelectrolyte multilayers possess “stripping” behavior when one of the
building blocks has a relatively low molecular weight [163]. Few studies reported on
the molecular weight of PDA. Low-molecular-weight PDA ranging between 550 and
2450 g/mol was obtained at short polymerization times (5 min to 2 hours) [164—166],
while relatively high-molecular-weight PDA with average molecular weight of
11,200 g/mol was obtained with 16 hours of polymerization [22]. In this study,
polymerization of DOP/TA or DOP was maintained for 4 hours, thus they were
expected to be low molecular weight. While BPEI with relatively high molecular
weight (25,000 g/mol) deposited at the surface, PDATA or PDA might have partially
desorbed from the surface, forming water-soluble complexes with BPEI. As a result,
a decrease or insignificant change in thickness was observed upon deposition of each
BPEI layer. Apart from these, PDA coatings were reported to dissolve at strongly
acidic and alkaline conditions due to electrostatic repulsion between protonated
amino groups of PDA at acidic pH and deprotonated catechol groups of PDA at basic
pH [165]. Indeed, Yang et al. showed that peeling of PDA layer occured not only in
strongly acidic and alkaline conditions, but also within the pH range of 4-7, although
at smaller amounts. The detachment was reported to be approximately 15% at ~ pH
5 and remained nearly constant from pH 5 to pH 7 [167]. In the light of these studies,
the decrease or insignificant change in thickness upon deposition of BPEI at pH 5.5

may also be correlated with the slight detachment of PDATA or PDA layers.
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Despite the higher thickness obtained with one-time or LbL type PDA films
(Sections 3.2), the thickness of PDATA/BPEI multilayers (54 nm) was higher than
PDA/BPEI film (45 nm) at similar layer numbers. The higher thickness for
PDATA/BPEI may be attributed to the presence of TA in PDATA layers which
provided more interaction sites (additional phenolic hydroxyl and quinone carbonyl
moieties from TA) for association with BPEI. Of note, it is also possible that free TA

might have remained at the surfaces and promoted deposition of BPEI at the surface.

PDATA/TA and PDA/TA multilayers

PDATA/TA and PDA/TA and films were assembled through LbL deposition of
PDATA and PDA layers at pH 8.5 and TA layers at pH 5.5. Similar to LbL using
BPEI both PDA/TA and PDATA/TA exhibited zig-zag growth with a thickness
decrease after every TA layer deposition and increase after PDATA and PDA layer
deposition (Fig.13B). It must be borne in mind that pK, values of TA are pKa,1 = 6.5
and pKaz = 8.0 [111,155]. As mentioned earlier, ionization of polyacids was found
to enhance in the presence of polycations within the multilayers [162]. Therefore,
phenolic hydroxyl groups of TA were expected to be partially deprotonated at the
deposition pH of 5.5. The main driving force for LbL growth of PDATA/TA and
PDA/TA was hydrogen bonding interactions between quinone carbonyl, hydroxyl
and amino groups of PDATA or PDA and hydroxyl and quinone carbonyl groups of
TA. Note that, although PDA carries net negative charge at pH > 4, the presence of
protonated amino groups in PDA cannot be ignored [68]. Therefore, electrostatic
interactions between amine groups of PDATA and PDA and phenolate groups of TA
might have played a role in the multilayer growth. Besides, n-n stacking interactions
between TA and PDA or PDATA might have also taken place within PDATA/TA
and PDA/TA multilayers. Unlike multilayers with BPEI, PDA/TA films were thicker
(55 nm) than PDATA/TA multilayers (45 nm). The higher amount of negative
charge in PDATA layers might have decreased the amount of TA deposition due to
electrostatic repulsion between the like charges. It is worth to mention that different

from multilayers co-assembled with BPEI, LbL growth couldn’t be achieved when
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TA was dissolved in 0.05 M Tris HCI at pH 5.5. For this reason, TA was dissolved
in 0.01 M Tris HCI buffer for LbL self-assembly (inset, Fig. 13B). It was reported
that buffer concentrations participate in the optimization of LbL self-assembly where
critical factors are controlled such as the degree of polyelectrolyte ionization, the
length scale of electrostatic shielding, and the kinetics of self-assembly [168]. In this
case, two possibilities might be relevant for the inhibition of LbL growth in 0.05 M
Tris HCI: 1) higher concentration of salt ions might have significantly screened the
electrostatic charges of TA [169] which reduced the electrostatic association between
amino groups of PDATA and phenolate groups of TA [170,171]; 2) enhanced
ionization of phenolic hydroxyl groups of TA as well as previously adsorbed PDA
in the presence of salt cations might have prevented formation of hydrogen bonds
between TA and PDATA [172]. In addition, this excess negative charge might have
led to electrostatic repulsion between PDATA and TA and limited their association

at the surface.
PDA/PVCL and PDATA/PVCL multilayers

Similar to self-assembly with BPEI and TA, PDATA and PDA layers were
constructed at pH 8.5, while PVCL deposition was performed at pH 5.5. The driving
force for multilayer preparation with neutral polymer PVCL was hydrogen bonding
interactions among hydrogen accepting carbonyl groups of PVCL and phenolic
hydroxyl and/or amine groups of PDATA or PDA. Similar to BPEI containing
multilayers, PDATA/PVCL films were slightly thicker (58 nm) than PDA/PVCL (52
nm) films (Fig.13C). Based on these results, it is suggested that additional phenolic
hydroxyl groups of TA in a PDATA layer promoted deposition of the PVCL layer.
It is important to mention that different from self-assembly using BPEI or TA,
PDATA/PVCL films grew linearly until 7 layer and then displayed a stair-like
growth at increasing layer numbers. The lack of dissolution of PDATA layer by
PVCL at low layer numbers can be explained by the relatively low molecular weight
(1300 g/mol) and non-charged (neutral) nature of PVCL which made it less effective
in solubilization of PDATA layers. However, as chain coiling increases and layers

became more diffusive, the extent of association among the layers possibly
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decreased, facilitating the chain solubilization by PVCL. The decrease in ordering
and enhanced interpenetration among the layers with increasing layer number in
hydrogen-bonded driven LbL films has been reported by Kharlampieva et. al. They
claimed that loss of ordering was likely due to increased chain entropy causing
greater chain coiling at larger distance from the substrate [173]. In contrast to
PDATA/PVCL multilayers, linear growth wasn’t observed for PDA/PVCL films.
This may be attributed to the presence of TA in PDATA/PVCL films which might

have provided stronger association with PVCL at the surface.
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Figure 13. The LbL growth profile of A) PDATA/BPEI and PDA/BPEI surfaces, B)
PDATA/TA and PDA/TA surfaces, inset: The effect of dissolution of TA in 0.05 M

Tris Buffer and 0.01 M Tris Buffer on the growth of PDATA/TA films, C)
PDATA/PVCL and PDA/PVCL surfaces.
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3.3.1 Surface Morphology of Multilayers

As discussed earlier for 1-layer and LbL films consisted solely of PDATA and PDA,
the surface roughness of PDA containing films was always higher than PDATA films
due to larger size and nanoparticle-bound deposition of PDA compared to PDATA
with lower particle size and more network-like structure. In accordance with these
results, PDATA multilayer films exhibited relatively low surface roughness
compared to PDA multilayers regardless of the counterpart, i.e. BPEL, TA and PVCL
(Fig.14). Among PDATA films, the highest roughness was obtained with co-
assembly using TA. The greater roughness of PDATA/TA films can be explained
with the tendency of TA molecules towards self-association both in solution and at
the surface, resulting in deposition in the form of aggregates. This anticipated effect
of self-association of TA molecules on the roughness was not observed for PDA/TA
films possibly due to lower amount of TA in PDA/TA films. Among PDA
multilayers, co-assembly with PVCL displayed the highest surface roughness. The
association among PVCL and PDA was based on solely hydrogen bonding
interactions, while both electrostatic and hydrogen bonding interactions were present
among the layers in PDA/BPEI and PDA/TA films. On the contrary, PDATA/PVCL
displayed the lowest surface roughness compared to those co-assembled with BPEI
and TA. The strong association between PVCL and TA [94] might have formed an
intense film structure with relatively smooth surface morphology. Note that, the
average Rq values were provided from three different images with 10 pm x 10 pm

scan size.
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Figure 14. 3D AFM images of (10x10 um scan size, Zmax = 900 nm) A)
PDATA/BPEI (left) and PDA/BPEI (right), B) PDATA/TA (left) and PDA/TA
(right), C) PDATA/PVCL (left) and PDA/PVCL (right)).

The maximum peak height (Sp) represents the maximum height of the peak within
the measured area and maximum height (Sz) is defined as the summation of the
maximum peak height and the maximum valley depth within the measured area.
Figure 15 demonstrates Sz and Sp of PDATA and PDA films. PDA films revealed
higher maximum peak height compared to PDATA films. This result agreed well
with the larger PDA particles obtained in the absence of TA. Conversely,
significantly lower maximum peak height observed in PDATA films was due to
smaller particle size obtained in the presence of TA during polymerization. It is
worth noting that, Sp and Sz were represented as average values obtained from three

different images, each with 10 pm x10 um scan size.
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Figure 15. Maximum height (Sz) (right) and Maximum peak height (Sp) (left) of
PDATA- and PDA- based multilayers (1010 um scan size).

Both PDATA and PDA films exhibited regions populated by large aggregates on
their surfaces, which significantly affected their roughness values. However, it is
important to mention that the roughness varied significantly from one region to
another in the same film. In general, PDATA films contained aggregates with height,
ranging between ~100 - 180 nm in the smoother regions, while aggregates as high as
~270 - 400 nm were detected in the rougher parts of the same films. The difference
in the height of the aggregates was more remarkable for PDA films in which the
height of the aggregates ranged between ~170 - 210 nm and ~210 - 700 nm in the
rough and smooth regions, respectively. Accordingly, the roughness varied between
13-68 nm and 25-140 nm for PDATA and PDA multilayers, respectively. Fig. 16
and Fig. 17 present the zoomed-in regions (2x2 um) of 10x10 um images (already
presented in Fig. 14) belonging to various PDATA- and PDA-based films,

respectively, to reveal the significant variations in the roughness.
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Figure 16. AFM 2D and 3D height images (extracted 2x2 pm scan size from 10x10
pm, Zmax = 900 nm) of A) relatively rough region of PDATA/BPEI (left) and
relatively smooth region of PDATA/BPEI (right), B) relatively rough region of
PDATA/TA (left) and relatively smooth region of PDATA/TA (right), C) relatively
rough region of PDATA/PVCL (left) and relatively smooth region of PDATA/PVCL

(right)
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Figure 17. AFM 2D and 3D height images (extracted 2x2 pm scan size from 10x10
um, Zmax = 900 nm for PDATA and PDA films) of A) relatively rough region of
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PDA/BPEI (left) and relatively smooth region of PDA/BPEI (right), B) relatively
rough region of PDA/TA (left) and relatively smooth region of PDA/TA (right), C)
relatively rough region of PDA/PVCL (left) and relatively smooth region of
PDA/PVCL (right).

3.3.2  Wettability of PDATA and PDA based multilayers

The surface wettability is mainly determined by the chemical composition and
morphology of the topmost layer [145]. The evolution of contact angle with respect
to layer number is presented in Figure 18 for PDATA and PDA, self-assembled using
either BPEL, TA or PVCL. All multilayers contained either PDATA or PDA as the
topmost layer. The lowest wettability was obtained with PVCL containing
multilayers which were constructed mainly through hydrogen bonding interactions
as the primary driving force. In contrast to positively charged BPEI and partially
negatively charged TA, PVCL existed in the neutral form at the self-assembly
conditions and was expected to adopt coiled and loopy conformation due to lack of
electrostatic repulsion between the repeating units and intramolecular interactions in
the same chain. It has been reported that interdiffusion within the multilayers was
higher for polymers with coiled and loopy conformation. For this reason, the
contribution of previous PVCL layer to the surface and wettability should be greater

compared to multilayers with BPEI and TA as the polymer counterpart.

Apart from these, the effect of surface functional groups on wettability might be
discussed. While PVCL provided amide groups, BPEI and TA contributed with
amino and hydroxyl groups to the multilayers, respectively. As mentioned above,
PVCL existed in the neutral form at the self-assembly conditions. Wettability is
affected by the ionization of functional groups which lead to the change in free-
energy of solid-liquid interface [174]. The findings demonstrated a decrease in
contact angle and the attainment of a more hydrophilic surface when the carboxylic
acid groups deprotonate at high pH and amine groups protonate at low pH [175].

This increase in wettability was attributed to enhanced energy of adhesion between
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the surface and water [176]. In the light of this information, the lower wettability of
PVCL based multilayers could be attributed to their non-charged form. The
increasing contact angle values with increasing layer number can be explained by
the enhanced interpenetration between the layers as moved farther from the substrate
and greater contribution of PVCL to the topmost layer. Although the wettability of
PDATA/PVCL and PDA/PVCL was comparable for 7-layer films, the difference in
contact angle values between PDATA/PVCL and PDA/PVCL increased for 13-layer
films. This can be explained with the stronger association between PVCL and
PDATA due to greater number of hydrogen donating hydroxyl groups, resulting in
lower extent of interdiffusion between the layers. As mentioned earlier in Section
3.1, the stronger association among PDATA films might have resulted from smaller
particle size and dense packing of the particles side-by-side and on top of each other

within the film.

In the case of BPEI containing LbL films, the wettability of PDATA/BPEI films
were not affected by the layer number in the films. On the other hand, similar to
PVCL containing multilayers, wettability decreased with increasing layer number
for PDA/BPEI films. This difference in the behavior of the films was attributed to
greater electrostatic association between PDATA and BPEI and relatively low
interdiffusion between the layers because of not only greater number of phenolic
hydroxyl groups in PDATA but also enhanced ionization of phenolic hydroxyl
groups of TA compared to that of PDA. It must be borne in mind that, as mentioned
in Section 3.3, pKa values of phenolic hydroxyl groups of TA are lower than those
of PDA. Note that, when 7-layer PDATA/BPEI and PDA/BPEI films were
compared, the wettability was found to be higher for PDA/BPEI films. The greater
electrostatic association between BPEI and PDATA possibly left lower number of
free phenolic hydroxyl groups at the topmost PDATA layer, leading to an increase
in the contact angle value. On the other hand, greater interdiffusion between PDA
and BPEI and greater contribution of BPEI chains to the topmost PDA layer resulted
in a decrease in wettability due to the lower wettability characteristic of amino groups

compared to hydroxyl groups [177].
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Among all types of films, co-assembly with TA provided the highest wettability for
both PDATA and PDA containing films due to hydroxyl rich TA. For PDATA/TA
films, the contact angle values did not change as a function of layer number,
indicating lower interdiffusion among the layers possibly due to highly rigid nature
of TA. For example, WCA of a single-layer PDATA obtained after 4 hours of
polymerization was recorded as 9° and WCAs of 7- and 13-layers of PDATA/TA

films were 11.4° and 11.1°, respectively.
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Figure 18. Evolution of contact angle for 7- and 13-layer A) PDATA/BPEI and
PDA/BPEI B) PDATA/TA and PDA/TA, C) PDATA/PVCL and PDA/PVCL films.

3.3.3  Stability of PDATA and PDA Containing Multilayers

In this section, the stability of 7-layer PDATA and PDA films which were co-
assembled with either BPEI, TA or PVCL was examined in PBS at pH 7.4 and 37

°C to simulate physiological conditions. For this purpose, multilayers were
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constructed onto quartz surfaces and the evolution of absorbance of multilayers films

was followed as a function of time using UV-Visible Spectroscopy.

PDATA/BPEI and PDA/BPEI Films

The absorption peaks of DOP, PDA and TA were discussed in detail in Section 3.1.
Briefly, dopamine reveals two peaks at 220 nm [150] and at 280 nm [151], whereas
PDA coating displays a broad absorption across 200-800 nm wavelength range
[47,150]. TA exhibits two peaks at 214 and 280 nm at acidic pH [93] and the
intensities of the peaks at 214 and 280 nm decreases and two new additional peaks
at 245 nm and 320 nm are observed when pH is increased [152,153]. Of note, BPEI
does not have an absorption peak in the UV-Vis range. Different from PDA/BPEI
films with a small peak at 280 nm and a broad absorption between 200-800 nm,
PDATA/BPEI films made the peak at 320 nm more distinct due to greater number
of'ionized/oxidized phenolic hydroxyl groups in the film. The stability was examined
by following the absorbance at both 280 nm and 320 nm for PDATA/BPEI (Fig.19A,
left) and PDA/BPEI (Fig.19A, right) multilayers. The decrease in the absorbance of
the films indicated loss of polymers from the surface. The evolution of the
normalized absorbance of the peaks at 280 nm and 320 nm were very similar for
PDA/BPEI films and indicated ~25% loss from the surface after 24 hours of
immersion in PBS. For, PDATA/BPEI films, the peaks at 280 nm and 320 nm
showed ~20% and ~30% decrease in absorbance after 24 hours. The loss from the
multilayers was mainly attributed to salt-induced disruption of electrostatic
association between BPEI and PDA or BPEI and PDATA layers upon exposure to
PBS. Of note, the stability was examined in PBS (a mixture of 0.002 M NaH2POs,
0.008 M Na,HPOg4, 0.0027 M KCI and 0.137 M NaCl) which contained higher
amount of salt ions than Tris buffer used in self-assembly. Salt-induced
disintegration of multilayers has been reported before. The dissolution of
electrostatically bound multilayers was explained through charge screening by the
salt ions, resulting in disruption of electrostatic interactions between the
polyelectrolytes [178]. Similarly, the critical pH at which multilayers disintegrate

was found to decrease in the presence of salt ions for hydrogen-bonded multilayers
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[179]. In addition, disruption of electrostatic association among the layers due to
protonation of amino groups of BPEI and phenolate groups of PDA at pH 7.4 might
have induced a charge imbalance within the film and contributed to the loss from the
surface. It must be borne in mind that last layers of the films were either PDATA or
PDA and their depositions were performed at pH 8.5. Exposing multilayers to pH
7.4 enhanced protonation of amino groups in PDATA, PDA and BPEI layers as well
as phenolate groups of TA.

When a comparison was made between PDATA/BPEI and PDA/BPEI films by
taking the peak at 280 nm as a basis, the slightly greater stability (by ~5%) of
PDATA films was attributed to the presence of TA which provided additional
interaction sites for association with BPEI at the surface. On the other hand, the
greater decrease in the absorbance of the peak at 320 nm was correlated with the loss
of TA from the surface which physically incorporated into PDATA aggregates or
deposited at the surface in the free form. Apart from this, the decrease in the
absorbance of the peak at 320 nm might have also resulted from pH-induced dynamic
switching between quinone and phenolic hydroxyl groups of TA through pH [180].
It was reported that the pyrogallol groups and catechol moieties of TA tended to
ionize at neutral pH conditions, leading to dissociation of hydrogen bonds between
TA and the hydrogen-accepting building blocks [95]. Therefore, decreasing pH from
pH 8.5 (deposition pH of last PDATA layer) to 7.4 might have resulted in an increase
in the number of phenolic hydroxyl groups and a decrease in the amount of quinone
moieties, thus a decrease in the absorbance of the peak at 320 nm. Of note, the
absorbance at 280 nm might have increased due to protonation of phenolic hydroxyl
groups of PDA and TA with decreasing pH. Such an increase in the absorbance of

the peak at 280 nm was ignored when normalized absorbance values were calculated.
PDATA/TA and PDA/TA Films

The lowest stability was obtained with films in which PDATA and PDA were co-
assembled with TA (Fig.19B). Owing to the increase in the amount of TA in the

multilayers, these films showed also a peak at 245 nm, correlated with the ionized

66



form of TA. For comparison with BPEI containing films, the peak at 280 nm was
taken as a basis. Although PDATA/TA and PDA/TA films had the contribution of
electrostatics in addition to the hydrogen bonding interactions between the layers,
both multilayers showed lower stability compared to BPEI containing films. The
majority of the loss occurred in the first hour and attributed to pH and salt-induced
ionization of TA which not only disrupted the hydrogen bonding interactions
between the layers but also created excess negative charge and electrostatic repulsion
within the film, followed by dissolution of the layers. It must be borne in mind that
in case of BPEI containing films, the excess negative charge created within the
multilayers due to ionization of hydroxyl groups of PDA and phenolic hydroxyl
groups of PDATA was compensated by the protonated amino groups of BPEL thus
multilayers displayed greater stability under similar conditions. Differently,
PDATA/TA and PDA/TA films contained greater amount of TA and the positive
charge provided by the amino groups of PDA was probably not enough to

compensate the negative charge created within the multilayers.
PDATA/PVCL and PDA/PVCL Films

Self-assembly of both PDATA and PDA using PVCL yielded multilayers with lower
stability at pH 7.4/37 °C conditions compared to BPEI containing multilayers
(Fig.19C). The difference was due to contribution of both electrostatic and hydrogen
bonding interactions to the association between PDATA/BPEI and PDA/BPEI
multilayers, while PVCL based films were constructed solely through hydrogen
bonding interactions. The dissolution of PDATA/PVCL and PDA/PVCL can be
explained by the ionization of phenolic hydroxyl groups of PDATA and PDA and
disruption of hydrogen bonding interactions among the layers. Of note, LbL
deposition of PVCL was carried out at pH 5.5. Phenolic hydroxyl groups of PDA
were expected to protonate at pH 5.5 and form hydrogen bonds with PVCL.
Ionization of the phenolic hydroxyl groups enhanced in PBS at pH 7.4 due to not
only pH increase but also relatively high salt concentration. Enhanced ionization of
polyacids in the presence of salt ions has been reported [172]. Moreover, in contrast

to BPEI containing films but similar to multilayers co-assembled with TA,
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PDATA/PVCL films (~ 70% loss) exhibited lower stability than PDA/PVCL (~ 40%
loss) films. This was due to higher pKa values of phenolic hydroxyl groups of PDA
than that of TA, providing greater extent of hydrogen bonding driven association
with PVCL. Besides, it was reported that the presence of salt ions resulted in the
weakening of hydrogen-bonds and induced microphase separation between the
multilayers due to the ability of salts to change polymer solubility and hydration
[181,182]. The higher stability of PVCL containing films compared to those co-
assembled with TA can be explained by the strength of hydrogen bonds and
relatively more hydrophobic nature of PVCL. Hydrogen bonding acceptor strengths
of functional groups are evaluated through their hydrogen bond basicity (pKus).
Groups with higher basicity generally exhibit stronger hydrogen bond acceptor
characteristics and pKug increases in the following order: phenols < amine < amide
< cyclic amide (lactam), indicating stronger hydrogen accepting capability for
lactams [183,184]. The effect of strength of hydrogen bonding driven association to
the film stability has been demonstrated [179]. Contribution of hydrophobicity to the
stability of LbL films has also been reported. For example, Kharlampieva and
Sukhishvili compared the stability of PMAA-based hydrogen bonded-multilayers
prepared using PVCL and PVPON as the counterparts. PMAA/PVCL multilayers
exhibited higher stability than PMAA/PVPON films due to enhanced hydrophobic
interactions between PMAA and PVCL layers, arising from two additional methyl
groups in the caprolactam ring of PVCL [179]. Lastly, as mentioned earlier, the
greater decrease in the normalized absorbance at 320 nm can be attributed to either
release of free TA molecules or switching from quinone to hydroxyl groups with

decreasing pH.
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Figure 19. Evolution of normalized absorbance as a function of time for 7-layer A)
PDATA/BPEI (left) and PDA/BPEI films (right); B) PDATA/TA (left) and PDA/TA
films (right); C) PDATA/PVCL (left) and PDA/PVCL films (right). Insets show the
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absorbance spectra of the films before and after 2 hours and 24 hours exposure to

PBS at pH 7.4 and 37 °C. Multilayers were constructed onto quartz slides.
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CHAPTER 4

CONCLUSION

This study aimed preparation of single-layer and multi-layer PDATA films and
assessing their surface properties in comparison with PDA films. First, co-deposition
PDA and TA (PDATA) was examined at pH 8.5 in 0.05 M Tris HCl at 25 °C through
self-polymerization of DOP in the presence of TA. Increasing the concentration of
DOP and TA as well as polymerization time led to formation of thicker films. The
thickness of a single layer of PDATA was thinner than that of a PDA layer. However,
this difference increased with increasing deposition time. The lower thickness of
PDATA film was attributed to the formation of smaller particles and more network-
like structure when self-polymerization of DOP proceeded in the presence of TA. In
addition, PDA deposition occurs in the form of nanoparticles which imparts greater
roughness to the films. The enhanced roughness might have provided additional site
for chain-to-chain deposition of PDA, resulting in thicker films. Each PDATA or
PDA layer was deposited for 4 hours in the preparation of multilayers composed
solely of PDATA or PDA. Drying after each layer decreased the thickness due to
ordering and rearrangement of the chains at the surface. Using the same
polymerization solution also led to a decrease in film thickness due to increasing
particle size with time and lower tendency of the larger particles towards deposition
at the surface. Both single and multilayer films were found to be superhydrophilic
except multilayers prepared using unrefreshed solutions. Surface roughness
increased with increasing layer number due to irregular packing and deposition at
the higher parts of the film. It was higher for PDA films because PDATA exhibits
smaller nanoparticles, while PDA has larger nanoparticles which contributed to
roughness with increasing layer number. The presence of TA was found to decrease

the hydrodynamic size of PDATA particles due to a decrease in the extent of
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intermolecular interactions among PDA oligomers. The greater hydrodynamic size

of PDA particles was in good agreement with the higher roughness of PDA films.

The varying functional groups of PDATA and PDA provided LbL assembly through
both electrostatic and hydrogen-bonding interactions. Self-assembly of PDATA or
PDA with positively charged BPEI through electrostatic interactions provided the
most stable films in PBS at pH 7.4 and 37 °C. On the other hand, PDATA and PDA
co-assembled with TA through hydrogen bonding interactions exhibited the highest
wettability due to higher amount of TA, rich with phenolic hydroxyl groups.
Relatively smooth surfaces were obtained through co-assembly with PVCL and was
attributed to the stronger association between the layers, provided by PVCL. The
stability of hydrogen bonding driven films (TA and PVCL based) was lower than
electrostically driven films (BPEI based). Among hydrogen bonding driven films,
PVCL-based films exhibited higher stability than TA-based films due to the stronger
hydrogen accepting and hydrophobic character of PVCL. Overall, PDATA-based
films were more prone to disintegration, attributed to the loss of TA from the surface.
The presence of TA in PDATA layer contributed to the film thickness when co-
assembly with BPEI and PVCL were in question. This can be explained by the
additional interaction sites provided by TA molecules. In contrast, self-assembly of
PDATA and TA displayed lower thickness probably due to higher hydrophilicity of

TA and enhanced electrostatic repulsion between the layers.

In conclusion, this study demonstrates the versatility and tunable nature of PDATA -
and PDA-based multilayers, offering valuable insights into their structural and
functional properties. These findings highlight their potential for diverse applications

in surface engineering.
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OUTLOOK

The co-deposition of PDA and TA has been highlighted in several studies, as
discussed in Section 1.7. These studies investigated surface properties of PDATA
such as thickness and wettability; however, prepared surfaces were used in different
applications areas. For example, PDATA has been used to provide the hydrophilicity
to hydrophobic membranes, improve oil-repellent and dye rejection capabilities of
membranes, create antifouling membranes, coat electrodes to increase capacitance,
and functionalize silica nanoparticles for the removal of Cu™ from aqueous
solutions. However, the antibacterial properties of PDATA surfaces have not been

thoroughly investigated.

The antibacterial properties of both PDA and TA were discussed in Section 1.4 and
1.6, respectively. This study aims to explore the antibacterial potentials of PDA/TA
containing multilayer films as a future work. The results will be assessed in
comparison with PDA based multilayers. Specifically, the effects of layer number,

surface roughness and wettability on the antibacterial properties will be investigated.

In this regard, contact-killing experiments will be conducted to all multilayers

presented in this thesis study.
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