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ABSTRACT

BIOMEDICAL APPLICATIONS OF SHARKSKIN
MIMICKED POLYMERIC MEMBRANES

Infection is one of the biggest challenges of implantable biomaterials. The diffi-

culty of eliminating implant-associated infection imposes a huge burden on the patient's

life quality aside from the considerable financial cost of the treatment. Thus, effective

approaches must be explored to design biomaterials with enhanced antibacterial ac-

tivity. Sharks have been investigated via biomimetic and bioinspiration approaches

and discoveries have shown that sharkskin possesses antibacterial effects due to the

reduced drag force on the skin whilst swimming which is because of their skin’s surface

microstructure. In this thesis the antibacterial properties of sharkskin mimicked poly-

meric membranes in static conditions, with and without the aid of antibacterial and

bactericidal chemicals was studied. The aim was to understand the adhesion behav-

ior of both bacteria and mammalian cells onto the biomimicked polymeric membranes

and how the surface topography affected these properties. Moreover, the impact of

surface topography on drug release and bactericidal activity of these membranes was

investigated by examining the physicochemical, antibacterial, and cytocompatibility

properties of fabricated membranes. In vitro experiments were conducted to evaluate

cellular responses of mammalian cells along with bactericidal properties using human

keratinocyte (HaCaT), mouse fibroblast (L929), and human dermal primary fibroblast

(HDFa) cell lines as model cells and Gram-negative Escherichia coli and Gram-positive

Staphylococcus aureus bacterial strains as model bacteria species. The results presented

in this thesis show that sharkskin polymeric membranes have great potential for reduc-

ing bacterial biofilm formation most probably via preventing bacterial adhesion. Also,

the cell adhesion on these membranes can be enhanced via chemical modifications.

Keywords: Sharkskin, Biomimetic, Antibacterial, Cytocompatibility, Chitosan, Graph-

ene Oxide, Ampicillin Sodium Salt, Caffeic Acid Phenethyl Ester.
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ÖZET

KÖPEKBALIĞI DERİSİ TAKLİT EDİLEN
MEMBRANLARIN BİYOMEDİKAL UYGULAMALARI

Enfeksiyon, implante edilebilir biyomalzemelerin karşılaştığı en büyük sorun-

lardan birisidir. İmplanta bağlı enfeksiyonu ortadan kaldırmanın zorluğu, tedavinin

önemli ekonomik maliyetinin yanı sıra hastanın yaşam kalitesine de büyük bir yük ge-

tirmektedir. Bu nedenle, geliştirilmiş antibakteriyel biyomalzemeler tasarlamak için

etkili yaklaşımlar araştırılmaktadır. Köpekbalığı derisi, biyotaklit ve biyoesinlenme

yaklaşımlarıyla araştırılmış ve yapılan çalışmalar, yüzerken derinin yüzey mikro yapısı

nedeniyle sürtünme kuvvetini azaltmasından kaynaklı, antibakteriyel etki gösterdiği bu-

lunmuştur. Bu tezde, köpekbalığı derisi taklitli polimerik membranların statik koşullar-

da antibakteriyel ve bakterisidal kimyasalların yardımı ile ve yardımı olmadan antibak-

teriyel özellikleri incelenmiştir. Tezin amacı ise, bakterilerin ve memeli hücrelerinin biy-

otaklit edilen polimerik membranlar üzerine yapışma davranışını ve yüzey topografyasın-

ın etkisi araştırılmasıdır. Ayrıca, yüzey topograősinin bu membranların ilaç salımı

ve bakterisidal aktivitesi üzerindeki etkisi, üretilen membranların őzikokimyasal, an-

tibakteriyel ve sitouyumluluk özellikleri incelenmiştir. Model hücreler olarak insan

keratinositi (HaCaT), fare őbroblastı (L929) ve insan dermal primer őbroblast (HDFa)

hücreleri ve model bakteri türleri olarak Gram-negatif Escherichia coli ve Gram poz-

itif Staphylococcus aureus bakteri suşları kullanılarak, memeli hücrelerinin hücresel

tepkilerinin yanı sıra bakterisidal özelliklerin değerlendirilmesi için in vitro deneyler

yapılmıştır. Sunulan tezin sonuçları, köpekbalığı derisi taklit polimerik membran-

larının, büyük olasılıkla bakteriyel yapışmayı önleyerek bakteriyel biyoőlm oluşumunu

azaltmak için bir potansiyele sahip olduğunu göstermektedir. Ayrıca bu membranlar

üzerindeki hücre yapışması kimyasal modiőkasyonlar ile ayarlanabildiği gösterilmiştir.

Anahtar Sözcükler: Köpekbalığı Derisi, Biyo-taklit, Antibakteriyel, Sitouyumluluk,

Kitosan, Grafen Oksit, Ampisilin Sodyum Tuzu, Kafeik Asit Fenetil Ester
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1. INTRODUCTION

Biomaterial associated infections occur when microorganisms (primarily bacte-

ria) adhere to the surface and form a bioőlm [1]. The bacterial bioőlm layer could result

not only in localized infection but also in systemic infection and inŕammation [2]. Pre-

venting the formation of bacterial bioőlm on implantable biomaterials has been a major

challenge in healthcare for years [3],[4]. Common examples of implantable biomaterial

associated infection are cardiac assist device infection and pacemaker pocket infection.

These type of infections are very difficult to eliminate and, in most cases, result in pro-

longed hospitalization [1],[3]. Most common approaches to prevent implant-associated

infection are the use of antibiotics and antibacterial agents whether released from the

implant or administered as a drug which in most cases result in overuse of drug, causing

toxicity and inŕammation [5]. A combination of these two approaches is also a widely

utilized treatment [6].

Over the past decades there has been many studies aiming at the development

of antibacterial materials that promote cell growth as well. Unfortunately, in spite of

all these efforts biomaterial-associated infection and inŕammation still inŕicts serious

discomfort to the patient's quality of life, not to mention its high őnancial burden

both for the patient and the healthcare system [4],[7]. Moreover, the prolonged use of

antibiotics presents the risk of development of resistance by bacteria such as evident

in Methicillin-resistant Staphylococcus aureus (MRSA) [8]. Increasing the dose of an-

tibiotics in turn can cause serious adverse effects for patients, leading to more harm

which outweighs the beneőts of using the drug in the őrst place [9],[10]. Thus, it is

of paramount importance to minimize the use of antibiotics in implantable biomateri-

als while maintaining the antibacterial, anti-inŕammatory, and bio/cytocompatibility

properties of said materials for healthcare applications [1],[11].

In this regard, utilizing unique surface topographies has become widely explored

during the past two decades as a novel alternative [12–14] Biomimicked nano- and
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micropatterned surfaces such as sharkskin, dragonŕy wing [15], and gecko skin which

have shown remarkable potential in reducing bacterial adhesion [16],[17] are the front-

runners of this race [18]. Moreover, recent studies have shown that these surface

topographies can inŕuence bacterial adhesion and bioőlm formation via either reduction

or inhibition of bacterial settlement [19],[20]. Hence, taking advantage from natural

phenomena in order to design and fabricate biomaterials with enhanced antibacterial

and cytocompatibility is worthy endeavor.

1.1 Motivation

Sharks have attracted the attention of many researchers for the past few decades

due to two main characteristic features of their skin: drag-reduction and antifouling

properties [21–23]. Sharkskin microtopography has been investigated in the two forms

of biomimicked and bioinspired [19] for its biological properties [17] as well as hydrody-

namic characteristics [24],[25]. The procedure of biomimicking sharkskin only replicates

the epidermis (the outermost layer) of the skin which is in contact with water and it

does not include replicating the dermis [26],[27]. Studies on sharkskin mimicked sur-

faces have proven that the unique microstructures on the sharkskin surface known as

“denticlež decreases the friction forces at the interface of water and skin leading to

reduced drag force and increased swimming speed of the shark [17],[28]. Consequently,

it is hypothesized that the antibacterial effect of sharkskin topography occurs via pre-

vention of adhesion of microorganisms to the surface of the shark's skin as a result of

increased ŕow rate at the interface [29],[27].

Numerous studies have used sharkskin mimicked or bioinspired structures for

fabrication of antibacterial surfaces using Polydimethylsiloxane (PDMS) and other non-

biodegradable hydrophobic materials as the substrate. Nevertheless, the true mecha-

nism of antibacterial activity of sharkskin is yet unknown despite the reported high

anti-biofouling results in the literature [27],[30],[31]. So far, antibacterial properties

of sharkskin mimicked substrates made of natural and hydrophilic polymers, such as

Chitosan (CH), have not been studied. Moreover, there is not sufficient information
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in the literature regarding the effects of sharkskin mimicked or bioinspired topography

on cell adhesion and proliferation. Furthermore, despite extensive knowledge available

regarding the use of CH constructs for delivery of a wide range of antibacterial agents,

the effect of surface topography on the release rate of drugs is still unknown.

While focusing on achieving antibacterial characteristics in an implantable bio-

material, it is of utmost importance to not only prevent cytotoxicity but also to enhance

the adhesion and growth of mammalian cells as much as possible. Achieving such a

duo in a cost-effective and straight-forward manner would have tremendous biomedical

applications [15].

To this end, inspired from nature, design and fabrication of sharkskin mimicked

polymeric hydrogel membranes using CH is studied in terms of reducing bacterial

adhesion and bioőlm formation as well as promoting cellular viability and prolifera-

tion [31],[32].

CH is a biodegradable natural polymer which has antibacterial properties rising

from its chemical structure [33]. It is well-known that CH owes its antibacterial activ-

ity against a wide range of microorganisms to the presence of its cationic groups. The

ionic interactions of these charged groups with bacteria cell wall constituents damages

the bacteria leading to its death. Thus, the highest antibacterial activity of chitosan

is reported in its solution or gel form rather that solid őlm form [34],[35]. Due to the

presence of numerous functional groups within CH structure [36],[37], many studies

have been conducted on crosslinking it with antibacterial agents such as Graphene

Oxide (GO). Conjugation of CH and GO in form of nanocomposites has been studied

by many with the aim of enhancing CH membranes'physicochemical and antibacte-

rial properties [38],[39]. Based on previous reports, conjugation of GO into CH poly-

meric membranes does indeed enhance its mechanical and chemical properties, but the

amount of GO required to induce such changes is rather high [40] and might cause

cytotoxicity and tissue damage in case of degradation after implantation. Also, most

of the techniques for the fabrication of these composites utilize various cross-linkers [41]

which are cytotoxic and most probably unnecessary. Furthermore, there is very little



4

information regarding the antibacterial and chemical characteristics of GO coated onto

CH membrane and its advantages and disadvantages compared to GO/CH nanocom-

posite. Therefore, antibacterial and cytotoxicity properties of GO/CH composites with

low GO concentrations without the use of cross-linkers are needed to be investigated in

two distinct forms: nanocomposite and surface coating. In addition to chemical mod-

iőcations, the antibacterial potentials of CH membrane can be enhanced via utilizing

biomimetic techniques and shaping it into a surface with the unique surface topography

of sharkskin. In order to őll in all the aforementioned gaps, a part of the presented

thesis was designed to investigate not only the individual effect of GO and sharkskin

topography on antibacterial and biocompatibility characteristics of CH membranes but

also evaluate the dual effect of chemical and topographical cues on these properties.

As mentioned before, due to the presence of numerous oxygen-containing func-

tional groups within its chemical structure [42], CH can interact with a wide variety of

chemicals and has a high capacity for modiőcations [43], thus providing a vast range

of applications as a compatible biomaterial for healthcare applications namely drug

carrier, wound patch, etc. [44],[45]. Ease of conjugation of CH with Ampicillin sodium

salt (Amp), a water-soluble drug [46],[47], along with Caffeic Acid Phenethyl Ester

(CAPE), the active component of propolis [48], gives rise to countless designs for drug-

loaded polymeric substrates [42],[45].

Amp, which is a well-known broad-spectrum and potent antibiotic, has been

used to treat bacterial infections for many years [49]. Amp-loaded polymeric micro-

granules and őbers, for instance, have been used as local delivery for treatments of

infection in many cases such as wound healing [50],[51]. In this regard, it has been re-

ported that polymers like CH provide a matrix for the controlled release of Amp which

is a crucial property for implantable biomaterials [52]. Aside from Amp, CAPE which

is the extract of honey bee propolis has been known to act as an antioxidant, antibac-

terial, anti-inŕammatory, and cytotoxic compound against mammalian and bacterial

cells [53–55]. The necessity of CAPE extraction arose from some standardization com-

plications of using propolis due to the differences in its chemical composition based on

the origin [56],[57]. The extent of CAPE's effect is highly dependent on the dose at
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which it is administered as well as the means of delivery [56],[58]. Since CAPE is not

a water-soluble compound, it extremely difficult for IV administration at high doses,

hence it requires a vehicle to carry it and release it in a timely manner at the target

location [56],[59]. Such a problem can be resolved by loading a polymer-based carrier

with high doses of CAPE that would allow for its local delivery at controlled rates [60].

Therefore, loading CAPE into the CH network and fabricating membranes from this

mixture is a potential approach for the delivery of the otherwise undeliverable high

doses of CAPE [20].

Overall, the goal of this thesis was to fabricate an implantable and biodegrad-

able biomaterial via utilizing sharkskin surface micropattern along with bactericidal

agents, which possesses enhanced antibacterial characteristics as well as investigat-

ing the effect of sharkskin topography on drug release and antibacterial activity and

cytocompatibility of the membranes.

1.2 Objectives and Outline

The objective of this thesis was to obtain polymeric membranes with enhanced

antibacterial and cytocompatible properties. Properties which will make these mem-

branes potential candidates for fabrication of other polymeric structure having en-

hanced antibacterial properties and in vivo application (implantation). This will be

achieved by using and combining CH as the biodegradable component of the hydrogel

membrane, and GO, Amp, and CAPE as chemical antibacterial agents, along with the

presence of the unique surface micropattern of shark skin as the morphological aspect

of the thesis.

The outline of this thesis is as following:

• Chapter 2: Delivering a comprehensive and thorough summary of the literature

on sharkskin biomimicked and bioinspired surfaces and their applications in in-
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dustry so far to demonstrate their potentials along with brief introduction of the

used materials and their properties.

• Chapter 3: Presenting the data obtained for antibacterial and cytocompatibility

study of sharkskin mimicked CH/GO membranes.

• Chapter 4: Presenting the data obtained for antibacterial and cytotoxicity study

of sharkskin mimicked CH/Amp, CH/CAPE, and CH/Amp/CAPE membranes.
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2. BACKGROUND

2.1 Sharkskin: Anatomy and Characteristics

In most animals, the skin is known to play the roles of both a sensory mech-

anism for detecting changes in the environmental factors, like humidity, temperature

ŕuctuations, and pressure changes, and as a shield against harmful stimlui [61]. This

means that the skin is not directly involved in locomotion. However, in most ősh, the

skin has an active role in regulating motion in addition to sensing and protecting. This

happens via the muscles which are attached to the skeletal structure on the inner side

and to the skin on the outer side through collagenous myosepta [62]. This implies that

the muscle contractions which initiate the motion directly affect the skin. The skin

of ősh is basically a matrix of reinforced collagen őbers and the composition of the

collagen within this őbrous structure greatly depends on the structure of the muscles

attached to it [62],[63]. Particularly, in sharks, the entire skin acts as a wide exotendon,

with collagen type I [64] as the main component, that regulates the motion forces gen-

erated by muscle contractions during swimming. This coordination at different speeds

occurs via the shortening and lengthening of muscle őbers which passes along to the

tail [65],[66].

Similar to any other marine vertebrates, the skin of sharks is composed of three

layers, epidermis (outermost layer), dermis (middle layer) which includes Stratum laxum

and Stratum Compactum, and ŕesh [67]. The Stratum Compactum, which is the bottom

layer of the dermis, consists of layers upon layers of collagen őbers in helical formation

as if it is an external skeleton all over the shark's body [26] (Figure 2.1A).

Like most ősh, the shark skin surface is not smooth. In fact, micro-scale placoids

called “dermal denticlesž cover the entire exterior surface of all sharks regardless of

species [68] (Figure 2.1B). Each of these small denticles consists of a dentine vascular

core, which is made of apatite, and an outer layer made of enamel, resembling the
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human tooth, hence the name [66],[69]. Since apatite core is housed within a collagen

shell in the denticle, each individual denticle is signiőcantly hard yet not brittle [70].

The arrangement of these denticles is rather heterogeneous and occasionally there are

gaps. Also, the appearance of these placoids vary in dimensions (depth and height of

grooves), size, and shape from one part of the shark to another, in addition to the

morphological differences between different species [71],[72] (Figure 2.1C).

Figure 2.1 A) Layers of sharkskin [73]; B) Shape and dimensions of the a single blacktip Carcharhi-

nus limbatus shark's skin denticle (B, base; BL, base length; BW, base width; C, crown; CL, crown
length; CW, crown width; N, neck; RS, riblet spacing) [73]; C) Sharkskin morphology at different
regions on shark's body [74].

As seen in Figure 2.1A, the root of every denticle is deep-seated within the

Stratum Compactum, whereas the tip, which is also known as the crown, is in direct

contact with water relatively parallel to the direction of water ŕow pointing to the

opposite direction of the swimming [73]. The surface of each crown has a few riblets

which create grooves and hills. Due to these tiny dermal placoids, the highly active

skin of sharks has two very important functions which are drag reduction [74],[75] and

anti-biofouling [17],[66].

The speed of swimming of sharks was the őrst attribute that was noticed and

extensively studied by scientists. These studies led to the discovery of the drag force
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reduction property of the shark's skin [24]. Researchers found that the dermal denticles

covering the surface of sharkskin regulate the ŕow of water while the shark is swimming

so that the drag forces at the interface reduce signiőcantly, consequently making sharks

one of the fastest swimmers among the marine animals [76]. For instance, the shortőn

mako shark (Isurus oxyrinchus), which is the fastest among all sharks, is reported to

have reached the speed of approximately 50 km/hour (31 miles/hour) [77].

Following drag reduction őndings, scientists realized that the skin of sharks re-

mains free of microorganism attachment and biofouling which was a rare phenomenon

among large marine animals [78]. The anti-biofouling attribute of sharkskin has been

recognized rather recently and is still being studied [79],[80]. During the past two

decades, studies have been conducted on understanding the extent and the mechanism

of the anti-biofouling effect of sharkskin micropatterns and whether they can be trans-

lated into healthcare applications namely wound healing patches [81], antibacterial

plastic medical equipment such as cathaters [82], biodegradable implantable antibac-

terial materials [17], and covering sheets for the prevention of surface contamination in

healthcare centers [83].

Contrary to the reduced drag force property where a great number of arti-

cles have been published over the years [69],[76],[84–86], there is not a comprehensive

study on the antibacterial and anti-biofouling effects of sharkskin, even though numer-

ous studies have been conducted on designing sharkskin bioinspired and biomimicked

structures for several medical applications [87].

2.2 Bacterial Colonization and Bioőlm Formation on Surfaces:

A Short Summary of Mechanisms and Impacts

Microorganisms are found everywhere in our surroundings, on all kinds of sur-

faces, and even on our skin [88]. Biofouling, which refers to the “undesirable accumula-

tion of biotic deposit on a surfacež, is a common phenomenon in healthcare. Biofouling
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of bacteria on any type of surface results in the formation of fullthickness bacterial

bioőlms on the surface, causing serious problems [89] (Figure 2.2A).

2.2.1 Bacterial Biofilm: Structure and Properties

Bacterial bioőlm formation requires the initial settlement of planktonic bacteria

on the surface on a surface, either biotic or abiotic [90], that is in contact with aqueous

medium [91]. This transition from ŕoating or planktonic stage to sessile or immobile

stage is the őrst step towards bacterial bioőlm formation. Following the initial adhe-

sion, the bacterium starts to divide and within a few hours, the surface is nearly fully

covered with a layer of bacteria. As time passes, the Extracellular Polymeric Substance

(EPS) is produced by the bacteria, which acts as an impenetrable protective layer for

all bacteria ensuring its prolonged viability especially in hostile environments [92],[93].

Individual bacterium within the EPS can communicate with each other through bio-

chemical signals [94]. This internal signaling network within the EPS is known as

Quorum Sensing (QS) [95]. Additionally, the components of the EPS regulate the

metabolic activities of the enclosed bacteria. Growth and maturation of the bioőlm

depends on several factors namely medium pH level, nutrients, temperature, surface

roughness, surface wettability, and surface chemistry [93]. It has been hypothesized

that changes in environmental factors induces stress upon the bacteria encased inside

the EPS and as a result of QS, the bacteria activate stress response genes to protect

themselves [96]. These environmental factors and the resulting changes within the

EPS-enclosed bacteria regulates the shape and morphology of the bioőlm [97].

The EPS, which is self-produces and slimy in nature, is comprised of many

types of macromolecules such as nucleic acids, polysaccharides, proteins, enzymes,

lipids, along with ions [90]. Forces like electrostatic force and hydrogen bonds keep the

internal structure of the EPS together and provide its integrity. Moreover, the water

content of the EPS and its interstitial voids play a vital role in providing a constant

and effective nutrient circulation along the bioőlm [98]. The amount of EPS increases

as the bioőlm ages [99]. The composition of EPS differs from one strain of bacteria to
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the another, however, the main component is polysaccharide. For instance, the bioőlm

in Gram negative strains is either neutral or polyanionic [100]. On the other hand,

Gram positive bacteria have cationic chemistry [101]. Additionally, it is the structure

and composition of these polysaccharides that dictate the primary conőguration of the

bioőlm layer. The backbone of the majority of bioőlm types consist hexose residues.

These residues give rigidity to the bioőlm resulting in its low solubility in water [102].

Although the morphology and number of layer of bacteria within the EPS varies

from one strain to another, bioőlms are usually heterogeneous and sophisticated. A

bioőlm normally is comprised of layer upon layers of bacterial cells with interconnected

water channels [90]. The bioőlm thickness as well as its shape is highly dependent on

the strain type. A bioőlm layer may house more than one type of bacteria. In case of

mixed culture bioőlms, it has been reported that neither one enhances the stability of

the other species [103].

There have been several studies on the mechanisms by which bioőlm resists the

antibacterial agents and antibiotics [104–106]. Some of these őndings are as follows: i.

EPS prevents and/or delays the penetration of antibiotics [106], ii. In case of sensing

the presence of antibiotics, bacterial cells activate multidrug efflux pump to pump

out the antibacterial chemicals that has penetrated the bioőlm in order to save the

bioőlm [105], and iii. Activation of horizontal gene transfer by the bacteria leading to

development of resistance [104].

2.2.2 Implant Associated Bacterial Infection

A medical device is “an instrument, apparatus, appliance, tool or equipment used

in the prevention, diagnosis, treatment, mitigation, rehabilitation and/or generation of

information of a disease or medical conditionž [107]. Any of these devised that can

be implanted within the human body is referred to as “implantable medical devicež.

Most notable of these devices are cardiac assist devises, various catheters, bone and hip

implants, and intrauterine devices. Adhesion and colonization of any kind of bacteria on
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Figure 2.2 A) Illustration of stages of full thickness bacterial biofilm formation (Created in Bioren-
der.com); B) Various surfaces of implantable medical devices prone to bacterial biofilm formation
(Created in Biorender.com).



13

these devices poses the great risk of formation of bioőlm on them which in severe cases

leads to systemic infection. Examples of most common surface-associated bacterial

infection of implants are infected pacemakers, single-use plastic products like urinary

catheters, and silicon breast implants [108] (Figure 2.2B). This type of infections lead

to prolonged hospitalization and in severe cases even the death of the patient [109].

Moreover, the cost of hospitalization for treating implant related systemic infection is

very high [110]. Antibiotics and antibacterial agents have been sought as the solution

for this issue for many decades, which unfortunately gave rise to the development of

resistance in some of the most dangerous and pathogenic strains of bacteria such as

methicillin-resistant Staphylococcus aureus (MRSA) [111],[112]. Hence, defeating these

types of infections without overuse of antibiotics is of utmost importance and urgency.

Apart from these types of infections, Hospital Acquired Infections (HAIs) are

other issues with formation of bacterial bioőlms on medical devices and hospital sur-

faces [113]. Examples of these surfaces are hygiene sink drain and inanimate envi-

ronment around patients [114],[115]. According to a report by Carling et al. there

is an approximate 74% chance of transfer of infection from one infected patient with

multi-antibiotic resistant organism (MRO) to a healthy patient due to HAIs [116].

All these infections start with the adhesion of bacteria to the surface. Thus,

preventing the adhesion of planktonic bacteria in the őrst place would hinder the for-

mation of the bioőlm altogether. To do so, making use of unique natural or engineered

surface micro and nano-topographies such as sharkskin pattern could be very helpful.

2.3 Sharkskin Patterned Surfaces: Methods of Fabrication and

Their Antibacterial, Anti-Biofouling and Other Biological

Properties

Bionic is a term that describes any engineered design that is either mimicked,

inspired or guided by nature [117],[118]. As the need for anti-biofouling, antiviral and
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antibacterial surfaces increased, scientiőc inquiries were made into how animals and

plants deal with the issue of microorganism adhesion and infection [119]. Sharks have

been at the epicenter of this quest for some years now and many have tried fabricating

surfaces that mimic the exact surface topography of sharkskin or create structures that

resemble the shape of sharkskin microstructure at various scales and dimensions [86].

One of the őrst studies on the anti-biofouling properties of sharkskin itself was

conducted by Peng et al. [23]. The authors conducted a study on the attachment of

Mytilus edulis byssus along with the adhesion of diatoms on the sharkskin via optical

and SEM image acquisition. The authors'reported results revealed an obvious reduction

of diatom adhesion on the skin of a live shark compared to a dead one. Authors

hypothesized that the high speed of the shark while swimming which is a direct result

of water ŕow on the placoid microstructures, also known as dermal denticles, result

in a very strong momentum exchange at the surface of the skin resulting in decreased

chances of diatom attaching to the surface in addition to ease of detachment of those

already settled on the skin [23].

2.4 Sharkskin Bioinspired Surfaces: Fabrication and Bio-fouling

Properties

2.4.1 Marine Biofouling on Sharkskin Bioinspired Surfaces

To the best of our knowledge, Š . Petronis et al. [120] conducted the őrst study

on naturally occurring topographical features inspired by sharkskin and its bioadhesive

characteristics. They created pyramids and riblets structures separately at various

dimensions using room temperature vulcanized (RTV) silicone surfaces along with

Polydimethylsiloxane (PDMS) was used as the material to prepare these surfaces via

solution casting (molding) technique. The height of both shapes was in the range

of 23 - 69 µm and the width was between 33 - 97 µm. The authors measured the

macrofouling of barnacles Balanus improvises in a őeld study at the west coast of
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Sweden. The objective was to optimize the surface feature dimensions for minimum

adhesion. Electron spectroscopy, dynamic contact angle, and time-of-ŕight secondary

ion mass spectroscopy measurements were taken. It is reported that the 69 µm-high

riblet features reduced the larvae settling by nearly 67%. It was concluded that the

feature dimension plays a vital role in controlling and inhibiting larvae settlement [120].

2.4.2 Bacterial Adhesion on Sharkskin Bioinspired Surfaces: Mere Effect

of Topography

Following the initial őndings on the anti-bioadhesive properties of Sharklet

AFTM design against Ulva linza zoospores and its superiority among other engineered

surface topographies, Chung et al. [32] reported that the sharkskin pattern inspired

surface topography, Sharklet AFTM, successfully reduces the rate of bioőlm formation

of Staphylococcus aureus (S. aureus) over the course of 21 days of incubation in sta-

tionary conditions. Sharklet micropatterned PDMS substrate was tested for bacterial

coverage over a prolonged culture period of 21 days against a smooth PDMS surface as

a control. The authors'aim was to understand the effectiveness of surface topography

on the inhibition of bacterial adhesion to the surface. Based on their reported results,

bacteria covered nearly 54% of the smooth surface after 14 days of culture while the

coverage on the Sharklet patterned surface was only 7%. The remarkable decrease

in the bacterial growth on the surface indicated the positive impact of the Sharklet

micropattern in disrupting bacterial bioőlm formation of S. aureus [32].

One of the most susceptible locations for bacterial colonization and bioőlm for-

mation is the inside of catheters. In urinary catheters, for instance, bacterial adhesion

moslty leads to urinary tract infection which imposes serious risks and complications

for patients. In this regard, Reddy et al. [82] investigated the potentials of Sharklet

AFTM design in preventing catheter-associated urinary tract infection by inhibiting

bacterial colonization and bioőlm formation. To do so, 3 versions of Sharklet pattern

varying in pillar width and protrusion were used along with the smooth surface. All

of them were made of silicone and uropathogenic Escherichia coli (E. coli) strain was
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used. The colony size, number of bacteria, and area coverage of bacteria were measured

to evaluate the colonization along with its migration on the prepared surfaces. Incu-

bation of E. coli took place in two mediums: Tryptic Soy Broth (TSB) and artiőcial

urine (AU). According to the reported data, bacterial colonization was reduced on all

three patterns compared to the smooth surface with protruded Sharklet having the

highest reduction rate. However, for migration assay, Inversed Sharklet pattern (ISK)

and enlarged pillars (SK10x2) resulted in a higher decrease in migration rate in AU in

comparison to Sharklet AFTM. Another interesting reported őnding was the difference

between bacterial migration through the Sharklet pattern when patterns were parallel

to the direction of migration vs. transversed condition which resulted in a more than

80% reduction in migration rate for the transversed positioning. The importance of

inhibiting bacterial colonization in the prevention of catheter-associated infections is

of utmost importance hence, the proposed surface pattern has great potentials for this

application since it requires to merely pattern the surface without the need for any

antibacterial agent [82].

Sakamoto et al. [121] investigated the antibacterial effects of sharkskin bioin-

spired polyacrylate surfaces that were either protruding or recessed. Two types of

topographies were designed: one was aligned protruded or recessed lines with equal

length, and the other one was sharkskin micropatterned either recessed or protruded.

Dimensions of the sharkskin inspired pattern were 0.4 µm in height, and 2 µm in width

with 2 µm spacings which was the same as Sharklet AFTM from Chung et al.'s work [32]

on silicon elastomer Sharklet AFTM (3 µm) surfaces. Linear ridged patterns with di-

mensions of 2 µm wide, 16 µm long, and 0.4 µm high with 2 µm spacing were used

as an alternative pattern. The smooth surface was used as the control group. The

authors studied bioőlm formation using Pseudomonas aeruginosa (P. aeruginosa) and

S. aureus bacteria strains along with a swarming motility test. Their results indicates

that despite the shallowness of the patterns in sharkskin patterned surface compared to

Sharklet AFTM, the surface exhibited signiőcant inhibitory effects on reducing bacte-

rial bioőlm formation for both Gram-negative and Gram-positive strains in comparison

to ridged pattern and smooth surfaces. No statistical signiőcance has been reported

between bioőlm formation on protruding sharkskin pattern and recessed one. The au-
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thors concluded that the shape and arrangement of the pattern plays a more important

role in reducing bacterial bioőlm formation and their motility than their height [121].

2.4.3 Bacterial Adhesion on Sharkskin Bioinspired Surfaces: Dual Effect

of Topography and Chemistry

Although sharkskin bioinspired surfaces considerably reduce bacterial adhesion

and bioőlm formation, they fail to prevent bacterial settlement all together. Thus,

combination of chemical cues and sharkskin bioinspired topography needed to be stud-

ied. In this regard, Arisoy et al. [19] enhanced antibacterial properties of Sharklet

patterned surfaces by adding titanium dioxide (TiO2) nanoparticles. This approach

decreased bacterial settlement while eliminating already attached bacteria. To this

end, poly (ethylene terephthalate) (PET) composite substrates containing 0, 10, or 50

wt % TiO2 nanoparticles with sharkskin inspired patterns (Sharklet AF) were fabri-

cated. Furthermore, the surface of these substrates was coated with 90 wt % TiO2

nanoparticles and 10 wt % tetraethyl orthosilicate. The authors reported that the

presence of TiO2 at only 10wt % concentration was signiőcantly effective in the inacti-

vation of E. coli and S. aureus up to 95% and 80%, respectively. This technique allows

for the mass fabrication of high-performance antibacterial surfaces on large scales [19].

Inspired by sharkskin denticle microtopography, Miyazaki et al. [79] designed

and fabricated riblet-patterned surfaces that could reduce bacterial colonization on the

surface. Samples were produced via a nanoimprinting technique using cyclooleőn poly-

mer. To test the antibacterial properties of the fabricated surfaces, S. aureus bacteria

strain was used and the ratio at which the bacteria cover the surface was measured

over a 5-day incubation period under dynamic culture conditions. The result of crystal

violet staining of formed bioőlms indicated a reduction in the area of the surface cov-

ered with bacteria on patterned surfaces as opposed to smooth control groups. This

reduction varied as a function of the nonuniformity of the riblets and grooves, which

was measured by feature height ratios. It was concluded that a longitudinal vortex

is created on the sharkskin-inspired surfaces as a result of liquid ŕow on the surface,
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causing the adhered bacteria to detach, thus suppressing the formation of a bacterial

bioőlm layer [79].

2.4.4 Sharkskin Bioinspired Surfaces: Potentials of Usage in Medical In-

struments

So far, the production of sharkskin patterned polymeric surface (Sharklet) was

proven to be rather a straightforward and low-cost procedure. Hence, May et al. [31]

tested the effect of Sharklet pattern in a more practical setting, the interior of the

endotracheal tube (ETTs). The authors aimed to study the reduction in bacterial col-

onization on said tubes in order to reduce Ventilator-Associated Pneumonia, which is

mostly caused due to bioőlm formation and infection within the ETT. Several bacterial

species are involved in ETT infections among which Gram-negative E.coli, Klebsiella

pneumonia (K. pneumonia), P. aeruginosa, Acinetobacter baumannii (A. baumannii),

and MRSA are on top of the list. May et al. investigated the antibacterial activity of

Sharklet microtopography toward all of these bacteria via studying bacterial coloniza-

tion. Bacterial experiment owed a reduction in colonization percentages of 99.2% for

MRSA, 97.2%, 95.6%, and 99.4% for three types of P. aeruginosa, 99.5% for E. coli,

99.9% for K. pneumonia, and 98.6% for A. baumannii. The bioőlm formation tests

also showed a signiőcant reduction in bacterial bioőlm on Sharklet micropatterned sur-

faces with values of 67% and 52% for MRSA and P. aeruginosa strains, respectively

compared to unpatterned control [31].

In a follow-up study May et al. [87] studied the potentials of sharkskin micropat-

tern in reducing colonization of bacteria as well as platelet adhesion on central venous

catheters. In an attempt to resolve issues of bioőlm formation inside the central ve-

nous catheters (CVC), thermoplastic polyurethane Sharklet substrates were fabricated

and used for platelet adhesion, bacterial colonization, and őbrin formation tested for

two model skin ŕora bacteria strains, S. aureus (ATCC 6538) and Staphylococcus epi-

dermidis (S. epidermidis) (ATCC 35984). Reported results showed an approximately

70% reduction in bacterial colonization after 18 h incubation for both strains. Fur-
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thermore, 86% and 80% reduction of platelet adhesion and őbril sheet formation was

observed for S. aureus and S. epidermidis, respectively. May et al. concluded that

sharkskin patterned catheters may prevent catheter-related thrombosis and catheter-

related bloodstream infections, which are the two main problems of CVC by inhibiting

the initial bacterial and platelet adhesion [87].

For evaluating the effectiveness of surface topography in preventing or control-

ling infection on medical devices, Xu et al. [122] developed ŕat and cylindrical Sharklet

micropatterned surfaces and conducted several in vitro and in vivo experiments to

characterize them with respect to the smooth surface as the control. For the in vitro

bacterial tests, Gram-negative P. aeruginosa and Gram-positive S. aureus strains were

used and colonization assay along with transference assay tests were done. The authors

reported a 92.3% and 90.5% reduction in S. aureus colonization on a patterned ŕat

surface and patterned cylindrical surface, respectively. As for the transference assay,

transference of S. aureus was reduced by 95.1%. Approximately 99.9% and 95.5%

reductions were reported for colonization of P. aeruginosa on the patterned ŕat sur-

face and patterned cylindrical surface, respectively whereas the transference reduction

was found at 94.9%. As for the in vivo tests, a percutaneous rat model including

healthy or immunocompromised rats was used. Patterned silicone rods were inserted

percutaneously into the healthy rats, then the skin of their back was inoculated with

S. aureus. Examination of spleen and tissue in contact with the rods revealed 88% less

S. aureus in the spleen and 91% less S. aureus in the subcutaneous tissue compared to

the smooth surfaces which was a remarkable decrease in infection. The same test was

done on immunocompromised rats, which resulted in a 99.5% reduction in bacterial

presence on the external segments of the micropatterned implant and 99.9 % fewer bac-

teria on the internal sections. The quantitative values of bacterial presence detected

in the spleen and subcutaneous tissue of immunocompromised rats were 90.7% and

97.8%, respectively [122].

Following the conclusive studies into the effectiveness of sharkskin micropat-

tern in reducing bacterial colonization, Magin et al. [81] designed and fabricated a

unique gelatin-based hydrogel dressing with Sharklet micropattern to heal full-thickness
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wounds. The authors designed Sharklet patterned surfaces with dimensions different

than standard Sharklet AFTM. The two pattern types were designated as +1SK10x5,

with features measurements of 1 µm in height, 10 µm in width, 5 µm in spacing, and

0.1 aspect ratio, and +10SK50x50 which had 10 µm in feature height, 50 µm in width,

5 µm in spacing, and 0.2 aspect ratio. The designed wound dressing was intended to

guide the re-epithelialization and revascularization phases, which are two vital steps in

wound healing. In vitro cell migration assay experiments were conducted along with a

bipedicle ischemic rat wound model for the in vivo tests. Approximately 64% increase

in wound coverage for Sharklet patterned wound dressing was reported. Additionally,

larger features seemed to allow for better migration and surface coverage for the hu-

man keratinocyte cells. Moreover, results of rat wound closing and tissue histology

revealed that the bilayered Sharklet patterned dressing improved the overall healing of

the wound in comparison to untreated control which suggested the high potentials of

this micropatterned scaffold for healthcare uses [81].

2.4.5 Sharkskin Bioinspired Surfaces: Adhesion of Viruses and Mammalian

Cells

Since the transfer of pathogens is a key effector in the spread of infection, uti-

lizing surface topographies that prevent such transmission is necessary. Liu et al. [123]

investigated the potential of Sharklet patterned surfaces in the transference of inŕuenza

B virus and human coronavirus as well as S. aureus, Bacteriophage T4 microorgan-

isms. To do so, the bead transfer method was used to evaluate pathogen transference

on Sharklet patterned surfaces from polypropylene and silicone. Surfaces made from

polypropylene, designated as “Sharklet Shield polypropylenež, reduced the transfer of

inŕuenza B virus and human coronavirus by 82.8% and 85.1% respectively as shown in

Figure 2.3. As for S. aureus and Bacteriophage T4, 97.8% and 93.0% were the values

obtained for reduction of transfer rate on silicon surfaces. Results signify the impor-

tance of surface topography in micron-scale on the transfer of pathogens and spread of

infection [123] (Figure 2.3).
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Figure 2.3 A) Sharklet micropatterns and the bead transfer method; B) Transfer of S. aureus

on silicone surfaces (*** p < 0.001; **** p < 0.0001); C) Transfer of Bacteriophage T4 on silicone
surfaces. Smooth or SK2x2 micropatterned silicone samples were tested against Bacteriophage T4

using beads transfer method; D-E) Transfer of human viruses on silicone surfaces [125].
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Effects of Sharklet surface topography on mammalian cell adhesion and prolifer-

ation were studied by Mobini et al. [124] using őbroblasts and Schwann cells. With the

aim of producing a neural interface substrate that inhibited őbroblasts involved in for-

eign body reactions while promoting neural cells, various patterned Polyimide surfaces

were designed and fabricated. For in vitro cell culture tests őbroblast and Schwann

cell lines from adult rats were used and metabolic activity, immunocytochemistry, and

morphology of adhered cells were studied. Results indicated that on patterned sur-

faces with 20 µm-wide channels with 2 µm spacing strongly promoted adhesion and

alignment of Schwann cells while inhibiting őbroblasts at the same time. Overall, it

was found that cell alignment and spreading on patterned surfaces with feature sizes

at the range of 2-20 µm were indeed regulated by the pattern arrangement. For each

topographical pattern this regulation varied among different cell types, however, no

statistical differences were found between cellular responses based on the pattern of

the surface which is due to the ability of cells to change their shape and adapt to the

environment [124].

Based on the data reported for antibacterial properties of various sharkskin

bioinspired designs, it is evident that sharklet pattern has superior potentials to be

used in reducing surface associated bacterial infection. This product can be used to

cover the surface of hospital beds, medical instruments, and walls but their lifespan

and effectivity must be further studied under different environmental conditions like

high or low heat and humidity, or different wards within the hospitals. As for non-

medical uses, these antibacterial surfaces can be used to cover elevator buttons and

door handles, subway train chairs and handles, and public bathrooms. But, prior to

applying, an extensive őeld study must be conducted regarding their feasibility and

cost effectiveness.

2.5 Sharkskin Biomimicked Surfaces

Contrary to the considerably high number of studies on sharkskin bioinspired

surfaces, there have not been as many researches on the biological attributes of shark-
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skin biomimicked surfaces. This phenomenon is most probably due to the standardiza-

tion of prepared surfaces via biomimetic technique as a result of variation in topography

shape and dimension between different shark types and the location on the body (Fig-

ure 2.1C).

2.5.1 Antibacterial Activities of Sharkskin Biomimicked Surfaces

Pu et al. [27] studied the anti-biofouling of sharkskin mimicked surfaces made

of PDMS and polyurethane and their effect on wettability and drag reduction. By

utilizing PDMS embedded elastomeric stamping (PEES) method, the authors produced

ŕat and sharkskin mimicked surfaces that were later characterized by SEM images,

water contact angle, protein adhesion, and algae adhesion tests. Reported data based

on the Wenzel model of hydrophobic theory showed a signiőcant difference between

hydrophobicity of ŕat (WCA = 101°) and sharkskin mimicked (WCA = 119°) PDMS

surfaces. Furthermore, the anti-biofouling properties of sharkskin mimicked PDMS was

found to be superior to its ŕat counterpart (Figure 2.4A and 2.4B). It was reported

that the layer of air őxated at the interface of the surface and the liquid is the key

player in the reduced biofouling as well as increased WCA. Moreover, a 12.5% reduction

in drag force was observed on sharkskin mimicked PDMS surfaces. It was addressed

that the three factors of surface microtopography, air pockets at the interface, and

hydrophobicity simultaneously lead to reduced bioadhesion [27].

In a similar study, H.-W. Chien et al. [125] studied the dimensions, roughness,

wettability, and antibacterial properties of sharkskin mimicked PDMS surfaces with

two distinct patterns. As shown in Figure 2.5, differences between patterns arose from

the location on the body from where the skin piece was collected, the abdomen (A),

and the őn (F). For the samples of abdomen skin, the following values were obtained

for single denticle dimensions: 165-180 µm in length, 86 - 100 µm in width, and 10.5 -

13.5 µm in height. As for the őn, the length, width, and height were recorded at 145

- 165 µm, 64 - 70 µm, and 6.2 - 8.8 µm, respectively. The density of denticles was

also measured and reported at 110-130 denticles/mm2 for the abdomen sample and
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Figure 2.4 A) SEM images of algal cells adhered onto the surfaces of flat PDMS (F-PDMS) surfaces
after being immersed in the Pearl River for various durations. (a) 1 day, (b) 21 days, (c) 70 days, (d)
after being washed [27]; B) SEM images of algal cells adhered onto the biomimetic shark skin PDMS
(S-PDMS) surfaces post immersion in the Pearl River for various durations. (a) 7 days, (b) 21 days,
(c) 70 days, (d) after being washed [27].

80 - 130 denticles/mm2 for the őn sample. The anti-biofouling test was conducted for

two model bacteria stains, S. aureus and E. coli. Samples were incubated in 2 mL of

the bacterial in a shaking incubator at 85 rpm for up to 14 days. According to the

results, the dimensional variations, as well as denticle surface density, greatly affect

its wettability and roughness properties as well as early-stage bacterial settlement and

bioőlm formation under dynamic culture conditions [125].

H-W Chien et al. [126] also produced sharkskin mimicked surface from photo-

catalytic titanium dioxide (TiO2) nanoparticles at 0, 4, and 8 wt% concentration in

polymethyl methacrylate (PMMA) via replication from PDMS negative mold. In

vitro bacterial bioőlm formation test was performed using E. coli. Sharkskin mimicked

8 wt% PMMA/TiO2 nanocomposite surfaces prevented full-thickness bioőlm formation

for up to 14 days which was attributed to the synergistic antibacterial, photocatalytic,

and structural effects [126].
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Figure 2.5 A) SEM (upper) and CLSM (lower) images of the Mako shark skin surface at different
body locations; B) The residual biofilm of (a) S. aureus and (b) E. coli was quantified by crystal-
violet staining; C) Investigation of biofilm formation by (a) S. aureus and (b) E. coli on smooth and
biomimetic shark skin surfaces. Scale bar = 100 µm [127].

2.5.2 Medical Applications of Sharkskin Biomimicked Surfaces

A study into possible medical application of sharkskin-inspired surfaces in biosen-

sors was done by H.-H. Jang et al. [127]. Using a negative PDMS mold of sharkskin,

a ŕexible piezoresistive pulse sensor (FPPS) was designed and fabricated. The poten-

tials of this sharkskin biomimicked sensor in in vivo detection and quantiőcation of

physiological cues were studied. The sensor part was made of PEDOT:PSS thin őlm

which was coated onto the negative PDMS mold. The contact resistance which is a

major issue of sensors was reduced by nearly 700 fold at a pressure below 500 Pa as a

result of sharkskin topography as opposed to PEDOT:PSS ŕat control sensor. Addi-

tionally, the Reŕection Index (R.I.) and Stiffness Index (S.I.) of the physiological pulse

signal of a human subject were measured at 64.03% and 6.73 m/s, respectively. The
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actual reading of these values were 48.19 ± 9.51% and 5.72 ± 0.28 m/s which in the

authors'opinion were very close to the FPPS readings. The obtained data suggested

that sharkskin topography can be useful in troubleshooting standard sensors [127].

Y.-T. Lin et al. [128] designed a novel wound dressing with sharkskin biomim-

icked topography on one side and a micro-channled 3D structure on the other. The

authors studied the impact of sharkskin micropattern wound repair characteristics.

PDMS was used to produce the bionic polymeric surface which was modiőed őrstly

with polyvinyl alcohol (PVA) and then again with 2-methacryloyloxyethyl phosphoryl-

choline (MPC) in the form of surface coatings applied to the surface via atmospheric

plasma-induce surface activation and polymerization technique. Apart from chemical

modiőcations, the surface topography of 3 different species of the sharkskin was repli-

cated as shown in Figure 2.8 and bacterial adhesion on Etmopterus Lucifer proved to

have the least bacterial adhesion rate. The őnal product named “PDMS-PVAPMPCž

membranes acted as a double-sided substrate which exhibited superhydrophobic an-

tibacterial properties on the outer layer and superhydrophilic characteristics on the

inner layer, suitable for absorption of wound exudates, eventually accelerating the re-

pair process. In addition to its antibacterial feature, the fabricated membrane showed

acceptable biocompatibility, making them a high-potential candidate for bifunctional

wound dressings, one which increases the speed of healing, due to the presence of

PMPC and PVA, at the same time as it prevents bacterial infection at the wound site,

as a result of sharkskin micropattern [128].

The overall őndings suggest that similar to sharkskin bioinspired surfaces, shark-

skin biomimicked surfaces possess remarkable potentials in reducing bacterial coloniza-

tion and bioőlm formation. Unlike sharkskin bioinspired surfaces that did not have any

effect on mammalian cells, the sharkskin mimicked membranes enhance mammalian

cell growth and proliferation.
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Figure 2.6 A) SEM images of the actual skin topography of Etmopterus Lucifer (a), Alopias

superciliosus (b), and Prionace glauca sharks (c), Biomimicked PDMS surfaces with microtopography
of Etmopterus Lucifer (d), Alopias superciliosus (e), and Prionace glauca (f) [130]; B) E. coli adhesion
on the surface of (a) Alopias superciliosus, (b) Prionace glauca and (c) Etmopterus Lucifer and (d)
pristine PDMS membrane [130].

2.6 Surface Associated Infection

Among all possible surgical complication, device related infections play a major

role. Device-related infections (DRIs) essentially arise from surface infection which

occur after bacterial adhesion and proliferation on the surfaces of biomedical devices

and implants. These infections are a signiőcant issue in implantable device surgeries as

well as with biomaterials. Surface associated infection of implants often are diagnosed

at late stages, hence they pose a considerable risk to patients'health. Therefore, they

often requiring re-operation and replacement of the infected device, and are very costly.

The severity of these infections varies greatly among devices and patients, however it

can be serious and/or even fatal in some cases. Unfortunately, since most implantable

devices lack the means by which early warning symptoms of bacterial infection can

be detected, the onset of an infection is mostly concealed with the continued post-

surgery inŕammatory events. As a result, DRI diagnosis is frequently made only after

a full-blown infection has already caused substantial tissue damage. The re-operation

of contaminated implants has resulted in the death of elderly individuals who were

already vulnerable due to the previous surgery or other factors.
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2.7 Chitosan

The alkaline deacetylation of chitin, which is a major component of the pro-

tective cuticles of many crustaceans such as crabs, shrimps, prawns, and lobsters, as

well as the cell walls of several fungi such as aspergillus and mucor, produces a natural

linear bio-polyaminosaccharide known as Chitosan (CH). CH is a low-cost, biodegrad-

able, and a non-toxic substance. CH, as a result of its deacetylation, has the additional

features of water solubility, biodegradability, and biocompatibility, and is known to

have several interesting biological activities, including antibacterial, anticancer, and

hemostatic activity, as well as the acceleration of wound-healing process. Due to these

properties CH has shown remarkable applications in the biomedical őeld. In this in-

stance bone tissue, skin tissue, Tendon and ligament, Cartilage, Liver are őelds in tissue

engineering that have been using CH as a suitable choice among other polymers [129].

Moreover, CH possess numerous advantages over other type of polymers because

it has a higher antibacterial activity and a broader spectrum of activity against several

bacterial strains with a relatively high killing rate, and a extremely low toxicity toward

mammalian cells [130],[131]. In some researches, it has been shown that the presence

of quaternary ammonium salts, such as N,N,N-trimethyl , N-propyl-N,Ndimethyl , and

N-furfuryl-N,N-dimethyl increased the antibacterial activity of CH against Escherichia

coli when CH is dissolved in acidic medium compared to when it is dissolved in water.

Thus, it was concluded that there is a correlation between the antibacterial activity of

CH solution and potency of the solvent. In terms of antibacterial activity, CH is more

soluble and has better antimicrobial action than chitin at pH values below 6 which is

most probably due to the positive charge on the C-2 of the glucosamine monomer. The

speciőc mechanism of chitin, CH, and their derivatives'antibacterial effect is unknown,

but various processes have been hypothesized [132].

Interaction between positively charged CH molecules and negatively charged

microbial cell membranes leads to the leakage of proteinaceous and other intracellular

constituents. For example, fermentation with baker's yeast is inhibited by certain

cations that act at the surface of the yeast cell in order to prevent glucose from entering
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the cell. Furthermore, the impact of molecular weight on antibacterial and antifungal

activity has been investigated. CH with a molecular weight of 10000 to 100000 would

be beneőcial in limiting bacterial development. Furthermore, the antibacterial activity

of CH is affected by its degree of deacetylation, the CH concentration in the solution,

and the acidity of the solvent [131],[133].

All these properties and characteristics make CH an ideal choice for our pur-

poses. But CH alone is not capable of terminating bacteria to the necessary extent.

Therefore, in the process of preparing membranes with antibacterial properties using

polymers, some pre- and post- modiőcations must be done in order to increase the

antimicrobial property of the fabricated membrane such as addition of chemicals with

antibacterial property like Graphen Oxide (GO), Caffeic acid phenethyl ester (CAPE)

and Ampicillin sodium salt (Amp).

2.8 Graphene Oxide

GO, a carbon based substance with large surface area and numerous functional

groups in its structure, will also be used in order to enhance cyto-compatibility and an-

tibacterial activity at the surface of the fabricate envelope [134–136]. GO, a well-known

derivative of graphite, is in the form of pseudo-two-dimensional oxygencontaining sheets

or ŕakes at nano-scale thickness with sharp edges which possesses multiple functional

groups, namely hydroxyl, epoxy, and carboxyl [32]. Moreover, GO ŕakes own nano-

scale surface roughness and due to their high surface area, they can impose strong

geometric restrictions to the mobility of polymer molecules [137–139]. Recent studies

have attributed antibacterial effect of GO to membrane stress induced by sharp edges

of its ŕakes and presence of highly active functional groups at the edges which most

probably induces physical damages to the cell wall, resulting in the loss of bacterial

membrane integrity, leading to the leakage of RNA [139],[140].
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2.9 Caffeic acid phenethyl ester (CAPE)

In recent years, many studies about natural products have been conducted; one

of these components is CAPE, which is known to be a potent inhibitor of activation

of NF-κB [141]. A major part of CAPE bioactivities is thought to be related to NF-

kB inhibition [142]. CAPE is also an anti-inŕammatory and antioxidant agent with

antiviral, antibacterial, and antifungal effects, according to studies [143].

CAPE's antibacterial mechanism of action was discovered in studies on the in

vitro inhibitory effects of an aqueous extract of CAPE against distinct Gram positive

and Gram negative bacteria. According to the őndings, CAPE efficiently suppressed

the growth of the majority of Gram positive bacteria tested, while having a modest

effect on a subset of Gram positive bacteria and all Gram negative bacteria tested.

The authors theorized that this selective effect was due to the presence of a capsule

surrounding these bacteria, which prevented the tested items from penetrating the

bacteria. Hence, only little amounts of the compounds could permeate into the capsular

bacteria and somewhat alter their growth at very high doses of the products [144].

2.10 Ampicillin Sodium Salt

Amp also has antibacterial property except in this case, the mechanism of de-

feating bacteria differs in a way that ampicillin is a drug synthesized for killing bacteria.

Ampicillin sodium salt is a β-lactam antibiotic that works against both gram-positive

and gram-negative bacteria. It is commonly used to treat infections. The majority

of medications can be administered through a variety of routes, which are essentially

classiőed as local and systemic. Because systemic antibiotic treatment can result in

a variety of side effects (sensitivity, resistant strains, and super infections), local an-

tibiotic administration has gotten a lot of the attention. For instance, an adequate

drug concentration at the site of action, as well as a way of maintaining that level

for a long enough duration to allow the agent to act, are required for the efficient use



31

of antibacterial agents in the treatment of periodontal disorders. Studies conducted

on antibacterial effects of ampicillin sodium salt have concluded that it retains its

antimicrobial efficacy after being incorporated into the polymer solution and twisted

into yarns, and released this antimicrobial agent is considerably effectively against S.

aureus [145],[146].

So far, it can be proposed that presence of CAPE, GO, and Amp will equip the

shark skin mimicked polymeric membranes with antibacterial property. The proposed

hypothesis in this thesis aims to investigate whether addition of antibacterial agents

and antibiotics can be ruled out due to the signiőcance of sharkskin micro-pattern's

antibacterial effect. By combining these materials and sharkskin topography, antibac-

terial surfaces with numerous biomedical applications can be fabricated namely surface

covering material for implantable cardiovascular devices.
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3. BIFUNCTIONAL SHARKSKIN MIMICKED

CHITOSAN/GRAPHENE OXIDE MEMBRANES:

REDUCED BIOFILM FORMATION AND IMPROVED

CYTOCOMPATIBILITY

The two most signiőcant features that an ideal implanted biomaterial must have

at the same time are antibacterial activity and cytocompatibility. Biomaterials with

these qualities can be made by combining chemical and topographical factors. This

research looked at the design and fabrication of a sharkskin-like GO-modiőed CH mem-

brane with improved antibacterial and cytocompatibility properties. The viability of

planktonic and bacterial bioőlm was tested against Gram-positive S. aureus and Gram-

negative E. coli to determine antibacterial capabilities. Furthermore, cell viability and

proliferation of cultured HaCaT and L929 cell lines were studied both on plain and

sharkskin mimicked membranes.

3.1 Experimental

3.1.1 Materials

A Basking Shark (Cetorhinus maximus) was supplied from a local ősherman.

Low molecular weight chitosan (50,000-190,000 Da), Glacial acetic acid (99%), Abso-

lute ethanol, Glutaraldehyde (25% in H2O), Sodium hydroxide (NaOH) (anhydrous,

pellets), and Graphene Oxide (2 mg/mL) were purchased from Sigma Aldrich. Sylgard

184 PDMS was bought from Dow Chemical.

3.1.2 Preparation of Chitosan-Based Membrane

Chitosan solution was prepared by dissolving 2.5 g of puriőed chitosan in 2.5%

aqueous acetic acid solution and stirred overnight. To prepare CH/GO nanocomposites,
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Figure 3.1 Schematic representation of overall experimental procedures.

GO solution was exfoliated using an ultrasonic homogenizer at 50 kHz for 30 min in

an ice bath prior to addition to CH solution. GO/CH nanocomposite solutions were

prepared by addition of GO to CH at 3 different concentrations: 0.1, 0.2 and 0.3 %wt

which were designated as GO1, GO2, and GO3, respectively (Table 3.1). Then, the

solution was ultrasonicated for 1 h in ice bath followed by mixing for another 3 h by

magnetic stirring [35],[147]. CH based membranes were prepared by solution casting

method. Brieŕy, solutions were poured onto sharkskin negative mold and smooth

PDMS substrate to fabricate sharkskin mimicked and plain membranes, respectively.

Samples were degassed for 60 min under vacuum to remove air bubbles and then

dried in the oven at 65°C overnight. Afterwards, dried membranes were collected and

submerged in 1M NaOH solution for 60 min, followed by rinsing with dH2O prior storing

at +4°C for further use [148],[149]. In order to coat the CH membranes with GO, 0.5

mg/mL solution of GO was prepared and exfoliated using an ultrasonic homogenizer

at 50 kHz for 60 min in ice bath. Afterwards, the dried membranes were subjected to

UV-Ozone treatment for 2 min, then submerged in the solution of exfoliated GO and

kept at 4°C overnight. Samples were then washed twice with dH2O and stored at 4°C
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for further use [150].

Table 3.1
Experimental groups of CH/GO nanocomposites and their chemical contents.

Abb. g CH mg GO

CH 2 0

GO1 2 2

GO2 2 4

GO3 2 6

GOc 2 Coated

3.1.3 Fourier-Transform Infrared Spectroscopy (FTIR)

In order to study the intermolecular interactions between CH and GO in fabri-

cated membranes, FTIR spectra of were examined using Perkin Elmer, Spectrum 100,

USA in the range of 4000 - 400 cm-1 [151],[152].

3.1.4 Water Contact Angle (WCA)

Water contact angles were measured by Biolin Scientiőc Attension Theta in-

strument using dH2O at room temperature (RT). Samples were put on an adjustable

sample stage then a drop of approximately 15 µL of distilled water was placed on the

surface of the samples using a micro-syringe [153].

3.1.5 L929 and HaCaT Cell Culture on Plain Membranes

In order to understand the effect of chemistry regardless of surface topography,

the interactions between mammalian cell lines and plain membranes were investigated

by measuring cell viability, proliferation and morphology. To this aim, mouse őbroblast
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from mouse adipose tissue (L929) and Human Keratinocyte (HaCaT) cell lines were

chosen as mammalian model cell lines. All other chemicals and supplements used in

the cell culture were purchased from Sigma Aldrich unless mentioned otherwise. Both

L929 and HaCaT cells were seeded at cell density of 1.5x104 cells per well in 24 cell cul-

ture treated well plates using DMEM (Dulbecco's modiőcation of Eagle medium) and

RPMI-1640 Medium, respectively. Growth mediums were supplemented with 10% v/v

Fetal Bovine Serum (FBS) and 1% v/v antibiotic (penicillin-streptomycin) and viabil-

ity, proliferation and morphology tests were performed on days 1, 3, and 5 [20],[41],[154].

3.1.5.1 Cell Viability (MTT Assay). Viability and proliferation of cells were

quantiőed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

and AlamarBlue assays. To this end, MTT solution with concentration of 5 mg/mL was

prepared in őltered Phosphate Buffer Saline (PBS) (pH = 7.2) and added to the cell

medium at the ratio of 1:10 followed by 3.5 h incubation at 37°C. Then, the medium was

disposed and Dimethyl sulfoxide (DMSO) was added to dissolve formazan crystals. Ab-

sorbance measurements were done using a Bio-Rad iMark Microplate Reader at 570 nm

and 750 nm wavelengths as measurement and reference őlters, respectively [155],[156].

3.1.5.2 Cell Proliferation (AlamarBlue Assay). The AlamarBlue assay, which

uses a water-soluble colorimetric oxidation-reduction indicator to measure cytotoxicity

or proliferation using spectrophotometry, includes a colorimetric oxidation-reduction

indicator that changes color in response to the chemical reduction of the culture medium

caused by cell growth (metabolic activity). To perform this assay on days 1, 3, and 5,

a 10% v/v mixture of AlamarBlue reagent in culture medium was prepared and added

to each test well of 24 well plate. After 3 h incubation at 37°C, 5% CO2, absorbance

of supernatant was at 570 nm measurement őlter (reduction) and 590 nm background

őlter (oxidation). Relative cytotoxicity was calculated with respect to tissue culture

plate (TCP) [157].
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3.1.5.3 Immunofluorescent (IF) Staining. Cultured cells on membranes were

stained with Alexa Fluor 488 conjugated phallotoxin to stain actin őlaments of cy-

toskeleton and DAPI (4', 6-diamidino-2-phenylindole) in order to observe cell nucleus.

Prior to staining, samples were immersed in őxation solution (3.7% w/v Formaldehyde

in PBS) for 10 min at RT and washed with PBS twice afterwards and kept at 4°C for

future staining. Brieŕy, cells were permeabilized using 0.1% v/v Triton X-100 solution

in PBS and blocked with 1% v/v Bovine serum albumin (BSA) solution in PBS. Then

9 µL of stock solution of Alexa 488 stain was added to fresh BSA solution of each well

and incubated at RT on a gentle shaker for 20 minutes [158]. After washing the sam-

ples twice with PBS, DAPI counter stain was added and gently shook for 3 minutes.

Fluorescence microscope (Leica DFC 295) was used for imaging.

3.1.6 Bacterial Culture Tests

3.1.6.1 Antibacterial Activity Test (ISO 22196). Loss of planktonic bacte-

rial viability during őrst few hours of contact was measured according to the ISO

22196 international standard [159],[160]. Brieŕy, bacteria suspensions with 0.5 OD600

of S. aureus(ATCC 6538P) and E. coli (ATCC 8739) were prepared in PBS. Then 10

µL of each bacteria suspension was placed on each sample of sterilized plain and shark-

skin mimicked membranes and a non-adherent plastic sheet (1cm x 1cm) was placed

on the droplet to ensure the even spread of droplet on the surface for all samples. After

incubation at RT for 3 h, samples were washed with 10 mL PBS and shook for 10 min

at 200 rpm to detach adhered bacteria. Finally, 100µL of each solution was spread on

Lysogeny broth (LB) agar and incubated at 37°C overnight. Colony Forming Units

(CFU) were counted and normalized with respect to control group, droplet spread on

non-adherent plastic sheet, to calculate loss of viability [159],[160].

3.1.6.2 Bacterial Biofilm Formation (MTT Assay). Bacterial bioőlm forma-

tion rate was measured as an indicator of bioőlm formation on CH-based membranes.

S. aureus and E. coli were used as gram-positive and gram-negative model organisms,
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respectively. 100 µL of overnight grown suspensions of each strain were added in 10

mL LB medium and supplemented by 100 µL of 50% w/v glucose solution to sup-

port bioőlm formation. Then sterilized plain and sharkskin mimicked membranes were

placed in wells of 24 well plates and 750 µL of prepared bacterial suspension (pH=7.0)

was added onto each sample. Plates were incubated at 37°C for 24 h in stationary

incubator. Afterwards, samples were removed from 24 well plates, gently immersed in

PBS 3 times to remove the unattached bacteria. Then MTT [3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl-tetrazolium bromide] assay was performed to evaluate the viability

by means of percentage metabolic activity of the bioőlm formed on the membranes in

comparison to that of TCP which was the control group [161].

3.1.6.3 Morphology of Adhered Bacteria. SEM imaging was used to obtain

information regarding bacterial adhesion behavior of plain and sharkskin mimicked

membranes. To this, a suspension of 104 bacteria/mL was prepared by serial dilutions

from an overnight grown culture. Plain and sharkskin mimicked membranes were

sterilized by immersion in ethanol for a few hours followed by UV treatment of each

side of membranes for 2 h. Then 2.5 mL LB was added to each 15 mL conical test

tube and 100 µL of bacterial suspension was added and mixed. After 24 h incubation

at 37°C in a stationary incubator, samples were őxated using glutaraldehyde solution,

prepared in PBS, at RT for 30 min followed by PBS washes twice and dehydration with

30%, 50%, 75%, 80%, 95% and 100% v/v ethanol aqueous solutions each for 15 min.

Then samples were treated with Hexamethyldisilazane (HMDS) and dried slowly under

fume hood overnight. Prior to imaging, all samples were coated with a 5 nm-thick layer

of gold and SEM images were captured at 5.00 kV voltage and 15mm working distance.

3.1.7 L929 and HaCaT Cell Culture on Sharkskin Mimicked Membranes

In order to study the dual effect of sharkskin surface microtopography and GO,

the interactions between mammalian cell lines and biomimicked membranes was inves-

tigated by measuring cell viability (MTT assay), proliferation and adhesion morphology
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(SEM imaging) as mentioned above. L929 and HaCaT cells were cultured at cell den-

sity of 1.5x104 cells per well in 24 well plates and all measurements were done on days

1, 3, and 5 [162],[163]. Cell viability and proliferation were measured via MTT and

AlamarBlue assays respectively, as mentioned in section 3.1.5. Morphology of adhered

cells was studied via SEM imaging. (See section 3.1.6.3)

3.1.8 Statistical Analysis

All data are presented as mean ± SD for 3 biological repetitions and statistical

evaluations were done using one-way ANOVA with p-value<0.05 was considered sta-

tistically signiőcant. Statistical signiőcances are designated with letters. Groups with

different letter designations are statistically signiőcantly different.

3.2 Results

3.2.1 FTIR and Water Contact Angle

FTIR spectra of CH, GO and GOc membranes were obtained to detect struc-

tural changes in the functional groups of CH-based polymeric membranes. Results are

shown in Figure 3.2. The spectrum of CH shows its characteristic peaks at 1022 and

1158 cm-1 attributed to alcoholic group of C6-OH and secondary alcoholic group of

C3–OH, 1075 cm-1 related to stretching vibration of C–O–C functional group, 1398

cm-1 assigned to stretching and vibration of C-O and C-H, 1573 cm-1 corresponding

to primary amine (-NH2), 1642 cm-1 assigned to amide groups (carbonyl stretching vi-

bration of -HNCOgroups), 2937 and 2972 cm-1 representing symmetric aliphatic -CH,

asymmetric aliphatic -CH bands, and 3317 cm-1 , and 3394 cm-1 corresponding to N-H

and -OH stretching vibrations, respectively [153],[164]. In GO and GOc spectra, all

characteristic peaks of CH appear to have slightly shifted. It can be seen from the

spectra that all peaks assigned to amine and amide groups become sharper because of

the presence of GO in the polymeric network of CH. This higher intensity is observed
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in GOc groups with even sharper peaks than that of GO2. This increase in peaks in-

tensity suggests that conjugation of GO with CH took place via formation of chemical

bonds between -NH2 groups of CH and functional groups of GO [164],[165].

Figure 3.2 FTIR spectra of CH, GO and GOc membranes (CH: chitosan, GO2: 0.2%wt graphene
oxide/chitosan nanocomposite, GOc: graphene oxide coated chitosan).

Water contact angle measurements were performed for both plain and sharkskin

mimicked membranes. It is evident from the obtained results (Figure 3.3) that in plain

membranes addition of GO to CH changes the water contact angle, signiőcantly. Water

contact angle of plain CH membrane was measured as 81.85°which is in agreement

with reported literature [153],[166]. After GO is added to CH and as its concentration

increases from 0.0 to 0.1% wt and again to 0.2% wt, the contact angle decreases but

when the GO content reaches 0.3% wt (GO3), the contact angle increases and the

hydrophilic surface suddenly becomes hydrophobic [153]. Similar ŕuctuation in WCA

values for GO/CH composites is reported by Maraschin et al. [167].

3.2.2 L929 and HaCaT Cell Culture on Plain Membranes

Cell viability and proliferation rate of cultured HaCaT and L929 cell lines on

plain membranes were evaluated. Cells were seeded at the cell density of 1.5x104 for

duration of 5 days. On days 1, 3, and 5, MTT and AlamarBlue tests were performed for
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Figure 3.3 Water contact angle results for plain and sharkskin mimicked membranes (Mean ± SD,
n=5) (CH: chitosan, GO: graphene oxide, GO1, GO2, GO3: 0.1, 0.2, 0.3 %wt graphene oxide/chitosan
nanocomposites, GOc: graphene oxide coated)

cell viability and proliferation assessment with respect to TCP as the positive control

and CH as the negative control (Figure 3.4 and 3.5). IF staining was also done as

the morphological characterization of adhered cells and its results are represented in

Figures 3.6. As shown in Figures 3.4A and 3.4B, on day 5 the highest cell viability

of both cell types belongs to GOc group where the cell density of L929 has increased

nearly 400% within 5 days. Similarly, viability of HaCaT cells increased as well to

almost 200% that of the initial seeding density [150]. The cell viability sequences are

as follows: for L929: GOc > GO2 > GO3 > GO1 > CH and for HaCaT: GOc >

CH > GO2 > GO1 > GO3. There is no statistically signiőcant difference between

nanocomposite groups in L929 in term of cell viability even though the cell viability

is highest for GO2 group compared to that of GO1 and GO3 on day 5. However, for

HaCaT, cell viability on GO2 is signiőcantly higher than GO1 and GO3. It is evident

from the obtained results that GO coating has the highest potential to promote cell

adhesion and proliferation which is in agreement with reported literature [150].

Similar results have been reported for cell viability on GOc and conjugated

polymers. P. Sangsanoh et al. reported similar cell viability results on plain CH

membranes [163]. Also Zuo et al. report promising results for adhesion and viability

of mouse mesenchymal stem cells to GO/CH nanocomposites [40].
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Figure 3.4 Cell culture results of HaCaT and L929 on plain membranes. A) Cell viability of HaCaT
on plain membranes (MTT assay), B) Cell viability of L929 on plain membranes (MTT assay),
(Mean ± SD, n=4; CH: chitosan, GO1, GO2, GO3: 0.1, 0.2 and 0.3%wt graphene oxide/chitosan
nanocomposite, GOc: graphene oxide coated chitosan)

Figure 3.5 Cell culture results of HaCaT and L929 on plain membranes. A) Cell proliferation of
HaCaT on plain membranes (AlamarBlue assay), B) Cell proliferation of L929 on plain membranes
(AlamarBlue assay), (Mean ± SD, n=4; CH: chitosan, GO1, GO2, GO3: 0.1, 0.2 and 0.3%wt graphene
oxide/chitosan nanocomposite, GOc: graphene oxide coated chitosan)
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AlamarBlue results conőrm the highest values of cell proliferation rate for GOc

for both cell lines as well (Figure 3.5). High cell viability for GO2 among nanocompos-

ites is most probably due to its high and stable water uptake ratio, highly hydrophilic

nature along with having the highest percentages of -NH2 and –NH3 functional groups

which may make it more polar than other nanocomposites.

IF staining results represented in Figure 3.6 show that cell number and their

spreading behavior on GOc membrane is very similar to that of positive control (TCP)

for both cell types. It seems that GO coating not only increased the proliferation rate

but also improved adhesion, spreading and cytoskeletal development.

After comparing mammalian cell viability and proliferation results with physic-

ochemical characterizations, it became obvious that despite the changes caused by

conjugation of GO with CH in form of nanocomposite, no noticeable impact was in-

duced on viability of HaCaT or L929 cells cultured on plain membranes. It is also

obvious that coating GO onto CH membranes promotes surface properties in favor

of cell adhesion, viability and proliferation. The study regarding effects of chemistry

for fabricated membranes can be concluded at this step by selection of GOc as the

best group. However, GO2 was chosen as the best group among nanocomposites in

order to study the behavior of bacterial adhesion and process of bioőlm formation

on GO/CH nanocomposites. This selection was done based on cell viability results

on plain membranes in which GO2 had the highest cell viability. Thus, for the re-

maining experiments the following groups were used as experimental groups: chitosan

(CH) as negative control, 0.2 %wt graphene oxide/chitosan nanocomposite (GO2),

graphene oxide coated chitosan (GOc), and graphene oxide coated 0.2 %wt graphene

oxide/chitosan nanocomposite (GO2c). TCP was used as the control group.

3.2.3 Bacterial Culture Tests

3.2.3.1 ISO 22196 Test. Using ISO 22196 protocol, which is a quantitative mea-

surement test for bacteriostatic and/or bactericidal capacity of plastic surfaces against
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Figure 3.6 IF staining images of HaCaT and L929 cells stained with Alexa Fluor 488 phalloidin
(green) and DAPI (blue) on day 3. Scale bars: 200µm and 50µm.
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various microorganisms, antibacterial properties of prepared membranes towards plank-

tonic bacteria during the early hours after initial contact were studied [159].As shown

in Figures 3.7, there is a statistically signiőcant difference between CFU counts of plain

and sharkskin mimicked membranes with the same chemical composition for both E.

coli and S. aureus proving the remarkable effect of sharkskin topography on bacterial

adhesion. As for the effect of chemistry, plain membranes with different chemical com-

positions have similar percentage of live E. coli bacteria on the surface (Figure 3.7A).

Similarly, sharkskin mimicked membranes with difference chemical compositions show

no statistically signiőcant difference in percentage of live E. coli bacteria on the surface.

The reductions in CFU count of E. coli between plain and mimicked are as follows: CH:

80%, GOc: 76%, GO2: 77% and GO2c: 75%. As for S. aureus, there is a statistically

signiőcant difference between plain CH group and GO containing plain groups which is

due to the high antibacterial activity of GO against gram positive bacteria. Sharkskin

mimicked membranes have similar S. aureus CFU counts regardless of chemical com-

positions. The reductions in CFU count for S. aureus because of sharkskin topography

are as the following: CH: 76%, GOc: 72%, GO2: 59% and GO2c: 79%. It is obvious

that GO has considerably higher antibacterial activity against S. aureus than E. coli

even during initial hours of attachment and adhesion onto smooth surfaces, hence the

reduction of CFU count for mimicked membranes for S. aureus becomes less than that

of E. coli similar to bioőlm growth rate results [11],[168]. However, when the surface

topography changes, the effect of surface chemistry on CFU count of S. aureus is inca-

pacitated similar to that of E. coli. Overall, it can be concluded that during the initial

phase of bacterial bioőlm formation, which is attachment and adhesion of planktonic

bacteria, the inhibitory effect of surface microtopography is far superior to chemical

cues [169],[170].

3.2.3.2 Biofilm Growth (MTT assay). After measuring antibacterial activi-

ties during őrst hours of surface contact, MTT assay, which acts on metabolic activity

of living cells, was used to measure growth rate of bacterial bioőlm formed during a 24

h incubation period [161],[170]. By implementing this test, bacterial bioőlm formation

of S. aureus and E. coli strains were quantitatively measured and are represented in



45

Figure 3.7 ISO 22196 test results, A) E. coli, B) S. aureus, (Mean ± SD, p<0.05, n=4; CH: chitosan,
GO2: 0.2 %wt graphene oxide/chitosan nanocomposite, GOc: graphene oxide coated chitosan, GO2c:
graphene oxide coated 0.2 %wt graphene oxide/chitosan nanocomposite)

Figures 3.8 (normalized with respect to TCP). As seen in Figure 3.8A, there is no

statistically signiőcant difference between bacterial bioőlm growth rates among plain

membranes with different chemical compositions for E. coli. The same trend was ob-

served for sharkskin mimicked membranes with various chemical compositions as well.

But, by comparing bioőlm formation of plain and sharkskin mimicked membranes with

same chemical composition, the effect of surface topography becomes very clear.

As shown in Figure 3.8A, there is a noticeable drop in bioőlm growth between

plain and sharkskin mimicked membranes of CH and GOc groups. Sharkskin micropat-

tern reduced bioőlm growth by nearly 45% in CH and 55% in GOc. Moreover, for GO2

and GO2c, it appears that the presence of GO in CH structure as nanocomposite, GO

coated or not, reverses the effect of surface topography and results in higher amount of

bioőlm growth rate in E. coli cultured on mimicked membranes despite the statistical

insigniőcance of it. Thus, presence of GO as surface coating on sharkskin mimicked

CH is likely to be more effective in reducing bacterial bioőlm formation than GO inside

CH against E. coli.

For S. aureus, similar results to that of E. coli were obtained between plain
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Figure 3.8 Bacterial biofilm growth on plain and sharkskin mimicked membranes (MTT assay) A) E.

coli, B) S. aureus, (Mean ± SD, p<0.05, n=4; CH: chitosan, GO2: 0.2 %wt graphene oxide/chitosan
nanocomposite, GOc: graphene oxide coated chitosan, GO2c: graphene oxide coated 0.2 %wt graphene
oxide/chitosan nanocomposite)

membranes with varying chemical compositions and sharkskin mimicked membranes

with varying chemical compositions with the single exception of CH vs. GOc in plain

membranes (Figure 3.8B). There is no statistically signiőcant difference between bioőlm

formation of mimicked membranes with various chemical compositions. As for plain

membranes, bioőlm growth of plain GO2 and GO2c groups show no difference however,

there is a statistically signiőcant difference between bioőlm growth rates of plain CH

and plain GOc which is attributed to antibacterial properties of GO.

Reduction of bioőlm growth rate between plain and sharkskin mimicked GOc,

GO2 and GO2c groups are signiőcantly less than that of CH. The differences between

the effect of GO on formation of bioőlm of S.aureus and E. coli on mimicked surfaces

show that, evidently GO is more effective in reducing bacterial bioőlm growth rate in

S. aureus than E. coli. In a similar study conducted by Krishnamoorthy et al. it has

been reported that GO has higher antibacterial activity against gram positive bacterial

than gram negative, which is in agreement with presented results [11],[171].
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3.2.3.3 Biofilm Morphology. Since the antibacterial assessment tests performed

so far cannot provide sufficient information regarding mechanism of reduction in bac-

terial viability, SEM imaging was used to observe bacterial morphology attached onto

plain and sharkskin mimicked membranes. Obtained data are presented in Figures 3.9

and 3.10. As shown in the images, there is considerable difference between the numbers

of adhered bacteria on plain and sharkskin mimicked membranes.

It is seen that there are signiőcantly fewer bacteria on mimicked membranes

than on plain membranes for both strains. SEM results agree with reported results

of bioőlm and planktonic bacteria viabilities as well as published studies on effects of

topography and chemistry on antibacterial activity as mentioned previously [19],[125].

Figure 3.9 SEM images of E. coli on membranes. Scale bars: 50µm and 10µm (CH: chitosan,
GO2: 0.2 %wt graphene oxide/chitosan nanocomposite, GOc: graphene oxide coated chitosan, GO2c:
graphene oxide coated 0.2 %wt graphene oxide/chitosan nanocomposite).
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Figure 3.10 SEM images of S. aureus on membranes. Scale bars: 50µm and 10µm (CH: chitosan,
GO2: 0.2 %wt graphene oxide/chitosan nanocomposite, GOc: graphene oxide coated chitosan, GO2c:
graphene oxide coated 0.2 %wt graphene oxide/chitosan nanocomposite).

3.2.4 Mammalian Cell Culture on Sharkskin Mimicked Membranes

After ensuring the superiority of antibacterial activity of sharkskin mimicked to

plain membranes, L929 and HaCaT cell lines were cultured on sharkskin mimicked CH,

GOc, GO2 and GO2c groups. Seeding density was 1.5x104 and on days 1, 3, and 5 MTT

and AlamarBlue assays were performed. As shown in Figure 3.11, on day 5 highest

values of cellular viability for both L929 and HaCaT belong to GOc membranes. It

seems that coating sharkskin mimicked CH membranes with GO increased cell viability

of L929 and HaCaT by 1.75 and 2.17-fold, respectively. Similar results for GO/CH

composites with higher GO concentrations have been reported by M. Mazaheri et al.

for viability of human mesenchymal stem cells (hMSCs) [172]. Based on their results,
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cell viability is higher in low GO concentrations (1.5% wt).

Figure 3.11 HaCaT and L929 cell culture tests results on sharkskin mimicked membranes. A) Cell
viability of HaCaT on Sharkskin mimicked membranes (MTT assay), B) Cell viability of L929 on
Sharkskin mimicked membranes (MTT assay) (Mean ± SD, p<0.05, n=4; CH: chitosan, GO2: 0.2
%wt graphene oxide/chitosan nanocomposite, GOc: graphene oxide coated chitosan, GO2c: graphene
oxide coated 0.2 %wt graphene oxide/chitosan nanocomposite).

AlamarBlue proliferation results (Figure 3.12) conőrms the viability results and

shows the higher values of cell proliferation in sharkskin mimicked GOc and GO2c

groups compared to CH and GO2 groups. Several other studies conőrm the prohibitory

effect of GO in cell viability as well as proliferation [11],[173]. The promoting effect

of GO on cellular viability and proliferation may be attributed to two main factors,

i: the large surface area of GO sheets with numerous oxygen containing functional

groups provide a highly favorable platform for cell attachment through formation of

focal adhesions and ii: the adsorption of serum proteins onto GO sheets due to its

numerous surface functional groups, which can be attributed to π − π stacking, and

electrostatic and hydrogen bonding on the surface of GO [150]. Adsorption of serum

protein cocktail onto membrane surface provides a familiar and favorable substrate for

cells to adhere and spread. The most abundant of these functional groups are epoxy

and hydroxyl groups that belong to carboxyl groups located at the edges of GO sheets.

These functional groups make GO a polar material with an overall negative

charge which is beneőcial in enhancing cellular responses since it has been reported
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that polarity plays an important role in cellular functions and promote cell-biomaterial

interactions [174],[175].

Figure 3.12 Cell culture results of HaCaT and L929 on SSM membranes. A) Cell proliferation
rate of HaCaT on SSM membranes (AlamarBlue assay), B) Cell proliferation rate of L929 on SSM
membranes (AlamarBlue assay), (Mean ± SD, p<0.05, n=4; CH: chitosan, GO2: 0.2 %wt graphene
oxide/chitosan nanocomposite, GOc: graphene oxide coated chitosan, GO2c: graphene oxide coated
0.2 %wt graphene oxide/chitosan nanocomposite)

3.2.5 Morphology of Adhered Cells

Cellular morphology is an excellent indicator of healthy cell spreading behavior

and metabolic activity status. SEM images of L929 and HaCaT cultured on sharkskin

mimicked CH, GOc, GO2, GO2c, and glass (positive control) were obtained on days 1,

3, and 5 (Figures 3.13, 3.14, and 3.15). As shown in Figure 3.15 coated surfaces have

remarkably promoted cell adhesion and spreading of both cell lines. On day 5, cell mor-

phology of both cell types on CH group is closer to round shape indicating that cells are

experiencing high levels of stress and are less likely to proliferate which is in agreement

with MTT and AlamarBlue results. Cells of both types on sharkskin mimicked GOc

and GO2c membranes resemble morphology of viable and proliferating cells [like glass

(positive control)] since they are well spread and highly populated. It appears that GO

incorporated inside CH polymer network also increases cell adhesion and number of

viable cells but not as effectively as GO coating. A favorable substrate for cell adhesion
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results in well-spread cells. The process of spreading changes the organization of cell

cytoskeleton which in turn regulates cellular signals and pathways towards maturation

and proliferation. Presented results provide additional proof regarding the boosting

effect of GO on cell adhesion, spreading, proliferation and viability and highlight the

contact-based nature of GO's effects on model mammalian cells [174],[176],[177].

Figure 3.13 SEM images of HaCaT and L929 cultured on sharkskin mimicked membranes 1 day
post culture. Scale bars: 100µm and 10µm.
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Figure 3.14 SEM images of HaCaT and L929 cultured on sharkskin mimicked membranes 3 days
post culture. Scale bars: 100µm and 10µm.
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Figure 3.15 SEM images of HaCaT and L929 cultured on sharkskin mimicked membranes 5 days
post culture. Scale bars: 100µm and 10µm.
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3.3 Discussion

Inspired from nature, the dual antibacterial and cytocompatibility properties of

sharkskin microtopography and GO in form of surface coating and nanocomposite were

studied with the following objectives: maximum cell adhesion and proliferation, maxi-

mum antibacterial properties, and ease of fabrication. To do so, CH-based membranes

were fabricated with GO in forms of nanocomposite and surface coating.

Based on the FTIR results, presented in Figure 3.2 it can be said that since

the bonding of GO to CH mostly occurs via interactions between ionized -COOH

group of GO and protonated -NH2 group of CH, the abundant of charged groups may

increase interactions with water molecules [153]. The effect of surface topography on

surface wettability is unprecedentedly unique. In all sharkskin mimicked experimental

groups the water contact angle values were signiőcantly greater than that of their

corresponding plain membranes. Similar results have been reported by Tae Wan Kim,

Zhao et al. and Bharat Bhushan for sharkskin bioinspired surfaces [178–180].

Surface properties were further characterized with water contact angle measure-

ments of both plain and sharkskin mimicked membranes which are shown in Figure

3.3. It is evident that GO in form of coating had the highest impact on increasing

the surface hydrophobicity. These changes in surface hydrophilichydrophobic proper-

ties of the membranes have been in the literature [153]. Maraschin et al. reported

similar ŕuctuation in WCA values for GO/CH composites [167]. Presence of GO on

CH membranes in the form of surface coating increases the contact angle of water

as well, similar to that of GO3. Also, most likely the curvatures of sharkskin topog-

raphy create a very small gap of air between the liquid and the polymer surface at

every single groove. This tiny pocket of air along with the fact that available contact

points for a water droplet is less in sharkskin mimicked surface compared to that of

plain membrane, keep the shape of the droplet closer to a full circle, hence increasing

the water contact angle [178]. Moreover it appears that combined effect of chemistry

and surface topography resulted in CH, GO2 and GOc to have WCA values above

90°(hydrophobic) and very close to each other. It can be deduced that the number of
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functional groups which can interact with water molecules, such as oxygen-containing

groups, increases with addition of GO up to a threshold point (0.3% wt) where surface

properties change rather sharply.

As shown in Figure 3.4 the presence of GO on the surface of the membrane

increases the cell viability to a great extent. This may be due to π-π bond on GO which

has the ability of absorbing adhesion proteins from the serum, leading to formation of a

substrate that facilitates cell adhesion and spreading [150],[174]. Moreover, the oxygen

containing functional groups of GO are believed to have complementary effects on

the cell adhesion and proliferation at low concentration of GO [147],[176]. Overall IF

images provide additional conőrmation of the MTT assay.

In term of antibacterial properties of GO, it has been reported that the oxida-

tive stress induced on bacterial cell wall via reactive oxygen species (ROS) generation

is primarily responsible for GO's antibacterial effect on both strains and the difference

between its effect on gram positive vs gram negative strain is probably due to the

differences between cell wall structure on the two strains [171]. Despite the consid-

erable reduction in formation of bacterial bioőlm on sharkskin mimicked membranes

coated with GO, the underlying cause can be either bactericidal effect of GO or topog-

raphy induced reduction of bacterial bioőlm formation or a combination of these. In

term of effect of surface topography on bioőlm, obtained results are in agreement with

reported literature regarding antibacterial effects of sharkskin mimicked and inspired

surfaces [125],[181]. Xia Pu et al. showed that PDMS based sharkskin mimicked

surfaces have remarkable antifouling properties in form of anti-algae adhesion due to

substrate's combined hydrophobicity and surface topography characteristics [27],[182].

Furthermore, H. W. Chien et al. and Choi et al. sharkskin inspired micropat-

terned surfaces reported that signiőcantly reduce bacterial bioőlm formation for both

E. coli and S. aureus strains in dynamic culture conditions [30]. Considering that the

drag force reduces considerably on a surface with sharkskin micropattern, reduction

of bacterial bioőlm growth is probably greatly affected by the constant movement of

the bacterial suspension on it. Thus, the true underlying mechanism of antibacterial

effect of sharkskin mimicked surface in static (stationary) culture condition was still
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unexplained. Our őndings show that even in stationary conditions, sharkskin mim-

icked surfaces can signiőcantly reduce bacterial bioőlm formation. So far it seems that

sharkskin topography in CH membranes signiőcantly decreases the bacterial bioőlm

formation of S. aureus and E. coli formed over 24 h by approximately 50% with or

without GO modiőcation. However, the chemical effect of GO, both on the surface

and within the polymer network, changes the signiőcance of this effect. It appears that

despite the numerous studies conducted on antibacterial potentials of GO, at low con-

centrations of GO in combination with CH, sharkskin topography can reduce bioőlm

formation just as effectively, thus debilitating the antibacterial properties of GO both

on surface and within the polymer network.

According to the literature, sharkskin mimicked, and inspired surfaces show

remarkable antibacterial properties. Bacterial adhesion and bioőlm formation is inŕu-

enced by many factors namely, surface charge, chemistry, topography, and wettabil-

ity [183]. As the majority of these studies used hydrophobic nondegradable polymers

such as PDMS and PMMA for fabrication of the substrates, the combined effect of

hydrophobicity and topography are responsible for the obtained results. In addition,

it has been reported that surface topography of sharkskin creates a certain amount of

surface roughness which disrupts the process of bioőlm formation [13]. Moreover, it has

also been suggested that the grooved shape of sharkskin creates a very thin pocket of

air at the interface of bacterial suspension and the substrate which in turn reduces the

available adhesion point for microorganism, hence reducing the number of attached

bacteria. While all these might be acceptable, the true mechanism behind the an-

tibacterial properties of sharkskin mimicked surfaces still remains unknown [125]. The

present study indirectly evaluates the validity of air pocket speculation being the only

effector by using a biodegradable polymer that has a high water uptake capacity, which

eliminates the possibility of formation of the air pocket. Thus, it is shown that even

by using hydrophilic substrates, the sharkskin microtopography does indeed decreases

bacterial bioőlm growth rate by signiőcantly reducing the number of adhered bacteria

to the surface. Using CH as the base polymer opens up the way for application of

sharkskin mimicked biomaterials for implantation purposes.
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Apart from topography, the effect of GO on sharkskin effect is evaluated as

well. It is widely accepted that antibacterial properties of GO is to be due to the

oxidative stress of GO sheets on the bacterial cell wall via ROS production [168],[171].

The highly reactive oxygen containing functional groups on the surface and at the

edges of GO sheets can bind to the outer membrane of the bacterium [168],[171]. It

has been reported that when GO sheets are introduced to bacterial suspensions in

the form of liquid mixture, bacteria usually get wrapped by free ŕoating GO sheets

thus losing their mobility [140],[184]. In case of GO sheets are őxated on the surface

of the substrate, small sized GO sheets induce an effective oxidative stress to outer

cell wall and damage it resulting in leakage of cytoplasm out of the cell, therefore

killing it. Both these mechanisms require GO sheets to be in direct contact with the

microorganism [38]. When GO is dispersed within the CH polymer network at low

concentration, most probably majority of functional groups of GO sheet on both sides

interact with active sites of CH, resulting in considerably fewer amount of GO sheets

on the outer surface of the membrane. But, when GO is coated on the surface of the

polymer, antibacterial activity of GO is most likely to enhance. Our őndings align

with the proposed mechanism for antibacterial properties of GO regarding induced

oxidative stress following contact and reported differences of its activity towards gram

negative and gram positive bacteria [171],[185]. Therefore, considering that the amount

of necessary GO for fabrication of nanocomposites membranes is far greater than that

of coated membranes and the fact that there is no statistically signiőcant difference

between antibacterial properties of GOc, GO2 and GO2c groups, GO coating appears

to be superior to nanocomposites in term of cost and ease of fabrication process. As for

the effect of surface topography, SEM images conőrm the ISO 22196 and MTT assay

results. It has become obvious that sharkskin mimicked surface indeed has antibacterial

properties via reducing bacterial attachment and adhesion.

Examining the cell viability and proliferation rate of HaCaT and L929 on shark-

skin mimicked surfaces showed that most probably due to the larger surface area of

sharkskin mimicked membranes in micro scale compared to that of plain membranes

per unit area (cm2) there are more adhesion points available for cells to attach and

spread. Additionally, as reported in the literature, sharkskin topography creates a cer-
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tain level of surface roughness which in this case appears to promote cell adhesion and

increase metabolic activity [186],[187]. Thus, combination of sharkskin micropattern

and GO has proven to have remarkable effect of model L929 and HaCaT cell viability

and proliferation.

In summary, it is concluded that sharkskin topography has indeed remarkable

antibacterial properties against both gram-negative E. coli and gram-positive S. au-

reus in static conditions even though sharkskin in known to demonstrate this behavior

mainly under dynamic ŕow conditions (swimming). Furthermore, sharkskin microto-

pography not only does not have cytotoxic effects on L929 and HaCaT mammalian

cell lines but also it enhances cell viability and provides more available surface for

cell adhesion and spreading. In term of using GO, like reported literature regarding

its antibacterial activities against both gram-positive S. aureus and gram-negative E.

coli, the presented study reports no statistically signiőcant reduction in neither bac-

terial bioőlm growth rate nor loss of planktonic viability between GO coated and GO

nanocomposites in sharkskin mimicked membranes. However, the mammalian cell re-

sults clarify the necessity of GO coating for cell adhesion and proliferation. Finally,

considering the ease of GO coating onto CH membranes compared to that of GO/CH

nanocomposite along with simplicity of sharkskin micropattern mimicking procedures

and abundance and low cost of CH polymer, it is concluded that GOc sharkskin mim-

icked CH based membrane has remarkable potentials as a convenient biomaterial can-

didate for numerous biomedical applications such as urinary and respiratory catheters

as well as biodegradable, highly biocompatible and antibacterial coating layer for im-

plantable medical devices.
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4. BIOMIMETIC SHARKSKIN SURFACES WITH

ANTIBACTERIAL, CYTOCOMPATIBILE, AND DRUG

DELIVERY PROPERTIES

Fighting with the infection is one of the most challenging and costly burdens

of the healthcare system. Several types of antibiotics and antibacterial agents have

been designed and used in combating this dilemma. Nevertheless, the overuse of drugs

and the difficulties of proper delivery have led to the development of drug-resistance

in many species of bacteria which has reduced the efficacy of antibiotics. Furthermore,

localized delivery of these drugs can be more effective in eliminating biomaterial sur-

faceassociated infection compared to systemic administration. This type of infection

occurs mostly by the formation of a bacterial bioőlm layer on the surface of the im-

plantable biomaterial which is the interface between the biomaterial and the tissue.

Sharkskin topography is known for its antibacterial properties due to its unique pat-

tern. Herein, antibacterial properties and drug release potentials of sharkskin mimicked

chitosan membranes are investigated with the aim of studying the impact of this to-

pography in reducing bacterial bioőlm formation on drug-loaded polymeric membranes.

Amp and CAPE loaded CH membranes were fabricated. Gram-positive S. aureus bac-

teria strain is used in antibacterial experiments, and Human primary dermal őbroblast

(HDFa) and HaCaT cells were used as model cell lines in cytocompatibility tests.

4.1 Experimental

4.1.1 Materials

Low molecular weight CH (50,000-190,000 Da), L-(+)-Lactic acid (80%), Ampi-

cillin sodium salt, Caffeic Acid Phenethyl Ester, Absolute ethanol, NaOH (anhydrous,

pellets), DMSO, Glutaraldehyde (25% in H2O), and HMDS were purchased from Sigma

Aldrich. PDMS (Sylgard 184) was purchased from Dow Chemical.
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4.1.2 Preparation of Sharkskin Biomimicked Membranes

The skin of a Basking Shark (Cetorhinus maximus), supplied from a local ősh-

erman [17]. The skin was cleaned and chemically őxated prior to use. Then by using

molding technique and PDMS at the ratio of 15:1 (silicone elastomer to curing agent),

the negative mold of sharkskin was prepared as described in the literature [188],[189]

(Figure 4.1).

2.5 %w/v CH solution was prepared in 2.5 %v/v aqueous L-(+)-Lactic acid.

The stock solutions of 200 mg/mL Amp in dH2O and 0.1 M CAPE in absolute ethanol

were prepared as well. Amp and CAPE were added to CH solution to obtain őnal

concentrations of 1 mg/mL and 2.5 mg/mL for Amp-containing groups designated

as A1 and A2.5, and 200 µM, 500 µM, and 1000 µM for CAPE-containing groups,

designated C200, C500, and C1000, respectively [190]. The rest of the experimental

groups contained both Amp and CAPE at the aforementioned concentrations in CH

solution (Figure 4.1 and Table 4.1). Following the overnight mixing of polymer solutions

on a magnetic stirrer, sharkskin mimicked (SSM) and plain samples were prepared

via solution casting method [191]. Samples were degassed and dried at 65°C for 36

h, then collected and stored at +4°C for further use [17] (Figure 4.1). Due to the

nature of CH and fabrication methods used here, the prepared membranes were in fact

hydrogels [192],[193].

Table 4.1
Chemical compositions of experimental groups.

Experimental Groups A1 A2.5 C200 C500 C1000 A1-C200 A1-C500 A1-C1000 A2.5-C200 A2.5-C500 A2.5-C1000

CH (%w/v) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5

Amp (mg/mL) 1 2.5 - - - 1 1 1 2.5 2.5 2.5

CAPE (µM) - - 200 500 1000 200 500 1000 200 500 1000

4.1.3 Physicochemical Characterization

Chemical and mechanical characterization were performed on A2.5, C500, and

A2.5-C500, all selected at random along with CH as the control group to investigate the
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Figure 4.1 Schematic representation of experimental procedures for SSM CH/Amp/CAPE mem-
brane preparation. A) Sharkskin mimicked negative mold preparation, B) Amp-CAPE loaded CH
membrane fabrication, C) Bacterial biofilm growth test, and D) HaCaT and HDFa cell culture
experiments.
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effect of Amp and CAPE on surface roughness, chemistry, and mechanical properties.

X-Ray Photoelectron Spectroscopy (XPS), FTIR, Tensile Strength, and Atomic Force

Microscopy (AFM) were chosen as characterization techniques to provide information

regarding chemical interactions between CH and additives, Amp and CAPE.

4.1.3.1 Swelling Ratio. Swelling ratio, which is the capacity of enlargement via

water absorption, was measured by immersing dried membranes in PBS at RT for

a certain time. Measurements were done at time points between 0, 1, 5, 10, 30, 60

minutes and, 2, 4, 6, and 12 hours. At each time point, excess PBS on each membrane

was absorbed by gently pressing both sides of the membrane onto a őlter paper followed

by immediate weighing [194]. The equation below (Eq. 4.1) was used to calculate the

ratio of swelling (Q) [195].

Swelling Ratio = [(Wt −W0)/W0]× 100 (4.1)

Wt = sample weight at time point t

W0 = sample dry weight

4.1.3.2 X-Ray Photoelectron Spectroscopy (XPS). XPS spectra of all groups

were obtained using a Thermo Scientiőc K-Alpha X-Ray Photoelectron Spectrometer

(base pressure of 1x10−10 Torr). Measurements were taken at an angle of 65° to the

analyzer, 165 eV pass energy, and between 1200 and 0 eV [196].

4.1.3.3 FTIR. FTIR spectra of A2.5, C500, A2.5-C500 along with CH membranes

were examined using Thermo Scientiőc Nicolet iS50 FT-IR Spectrometer in the range

of 4000 – 400 cm−1 to obtain information regarding the intermolecular interactions in

composite membrane [151].
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4.1.3.4 Tensile Strength. Tensile Strength measurements were done as an indi-

cator of effect of Amp and CAPE on mechanical properties of CH samples. To do this,

samples with 5cm x 1cm dimensions were prepared and mechanical tests were done at

0.5mm/s speed with 5kN load using LLOYD Instruments Universal Material Testing

Machine (LR Plus Series).

4.1.3.5 Atomic Force Microscopy (AFM). Surface roughness values were mea-

sured using Nanosurf Flex Axiom Atomic Form Microscopy (AFM) Device at contact

mode via a V-shaped tip 2,000 mm long cantilever with a spring constant of 0.06

Nm−1 [197].

4.1.4 Drug Release Rate

Dried samples were weighed prior to immersion in 500 µL of dH2O for 48 h at

37°C. Samples were then removed and the amount of released Amp and CAPE into

dH2O was measured at 220 nm and 340 nm, respectively using UV-VIS spectropho-

tometer (NanoDropTM 2000/2000c Spectrophotometers, Thermo ScientiőpTM) [50],[161].

4.1.5 Zone of Inhibition

To understand the mechanism of drug release from the fabricated membranes,

the zone of inhibition test was performed. Brieŕy, circular samples with 5 mm diameter

were prepared. Using tryptic soy agar (TSA) plates were prepared. 107 CFU of the

model bacteria, S. aureus (ATCC 25923), in 100 mL of Tryptic Soy Broth (TSB) was

spread on the agar plate with a L-spreader. Then both plain and SSM samples were

placed on the agar plate. Plates were incubated at 37°C for 24 h and then imaged.
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4.1.6 Bacterial Studies

4.1.6.1 Biofilm Growth (MTT Assay). Formation of bacterial bioőlm was

measured using S. aureus. 100 µL of overnight grown suspension (CFU = 109) was

added into 10 mL TSB medium. The mixture was supplemented with 100 µL of 50%

w/v glucose solution to support bioőlm formation. 750 µL of prepared bacterial sus-

pension was added onto plain and SSM membranes already placed in wells of 24-well

plates followed by incubation in the stationary incubator at 37°C for 24 h. Thereafter,

samples were gently immersed in PBS to remove the unattached bacteria. In order to

evaluate the viability by measuring the metabolic activity of the bacteria within the

bioőlm layer, MTT assay was performed with respect to TCP as the positive control

group [25].

4.1.6.2 Morphology of Bacterial Adhesion. SEM was used to obtain images

of bacteria cultured on plain and SSM membranes in order to morphologically evaluate

the effect of surface topography on bacterial adhesion and bioőlm layer formation.

Samples were incubated for 24h in stationary incubator at 37°C while submerged in

2.5 mL TSB containing 100 µL of the overnight S. aureus bacterial suspension in a 15

mL conical tube. Prior to imaging samples were őxated with 2.5% v/v Glutaraldehyde

in PBS at RT for 30 min followed by rinsing with PBS twice. Then samples were

dehydrated using gradient solution of absolute ethanol in dH2O ranging from 30% to

95% v/v and őnally with 100% ethanol incubated at RT for 15 min on each step.

Finally, few drops of HMDS were added onto each membrane and samples were dried

overnight at RT. All samples were coated with an approximately 5 nm-thick layers of

gold before imaging and images were obtained at 5.00 kV voltage and 15 mm working

distance settings using a Philips XL30 ESEMFEG/EDAX instrument [198].
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4.1.7 HDFa and HaCaT Cell Culture

Primary Human Dermal Fibroblast and keratinocyte cells were used as model

mammalian cell lines. HDFa cell line (ATCC®PCS-201-012TM) purchased from Amer-

ican Type Culture Collection organization alongwith its culture medium kit, Fibroblast

Growth Kit–Low Serum (ATCC®PCS-201-041) [199]. Cells were grown in this cul-

ture medium until passage 6 (P6) was reached and all cell culture experiments of HDFa

were performed using P6 cells. Brieŕy, 0.5 mL rh FGF b, 18.75 mL L-glutamine, 0.5

mL Ascorbic acid, 0.5 mL Hydrocortisone Hemisuccinate, 0.5 mL rh Insulin, and 10.0

mL FBS was added to 480 ml of Fibroblast Basal Medium. As for HaCaT cell line,

cells were grown in RPMI-1640 medium supplemented with 10% v/v FBS, 1% v/v

L-glutamine (Invitrogen, USA), together with 1% v/v penicillin-streptomycin (Invitro-

gen, USA) [200]. Passage number 35 (P35) of HaCaT cells was used for all cell culture

experiments.

4.1.7.1 Cell Viability (MTT Assay). For the cell viability test, MTT assay

was used as a measure of cell metabolic activity [201]. HDFa and HaCaT cells were

seeded at 4×104 cell densities onto samples placed into the wells of 24-well cell culture

plates and incubated at 37°C and 5% CO2. On days 1, 3, and 5, MTT assay was

performed by removing culture media and adding the mixture of MTT stock solution

[5 mg/mL of the reagent in sterile PBS (pH=7.2)] [202] and fresh medium at the

ratio of 1:10. Plates were transferred to the incubator (37°C, 5% CO2) and kept

there for 2.5 h. Afterwards DMSO was added and gently shaken to dissolve formazan

crystal. The optical absorbance of őnal solutions was measured at 570 nm and 750 nm

as measurement and background őlters, respectively using Bio-Rad iMark Microplate

Reader. Readouts were collected and analyzed with respect to TCP as the positive

control group.

4.1.7.2 Cell Proliferation (AlamarBlue Assay). AlamarBlue assay was car-

ried out to investigate the proliferation rate of cells cultures on SSM membranes. To
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perform the test, a mixture of 1:10 AlamarBlue reagent to the culture medium was

prepared. On days 1, 3, and 5, culture medium was discarded and replaced with the

prepared mixture. After 3 h incubation at 37°C and 5% CO2, supernatants were trans-

ferred to 96-well plates for optical absorbance measurement at 570 nm and 595 nm

wavelengths as measurement (reduction) and reference (oxidation) őlters, respectively.

Results were obtained with blank medium as the negative control group [203].

4.1.7.3 HDFa and HaCaT Cell Morphology. To investigate the adhesion and

spreading behavior of HDFa and HaCaT cells on SSM samples, SEM images of cells

cultured on membranes were captured on days 1, 3, and 5. Prior to imaging samples

were őxated and dehydrated according to the protocol mentioned in section 4.1.6.2.

4.1.8 In vitro Enzymatic Degradation

Lysozyme-induced enzymatic degradation test was performed for samples used

in mammalian cell culture tests. Brieŕy, samples were dried at 65°C for 48 h prior to

the addition of enzyme solution. After measuring the dry-weight of each membrane,

750 µL of freshly prepared 0.8 mg/mL lysozyme enzyme in dH2O was added to wells of

24-well plates containing dried membranes [129]. Afterwards plates were incubated for

21 days at 37°C. The solution was refreshed every 3 days. Dry weights of all membranes

were measured on days 7, 14, and 21, and the degradation rate was calculated based

on the equation below (Eq. 4.2):

Weight Loss Ratio = [(W0 −Wt)/W0] (4.2)

Wt: sample weight on day t

W0: the initial sample dry weight
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4.1.9 Statistical Analysis

All experiments were performed in triplicates with a sample size of n=3 and

analyzed data are presented as mean ± SD. Statistical calculations were done using

one-way ANOVA followed by Tukey test with a p < 0.05 as an indication of statistical

signiőcance.

4.2 Results

4.2.1 Chemical and Mechanical Characterization

Chemical characterizations included swelling ratio, XPS, AFM, FTIR, and ten-

sile strength. The swelling ratio test was performed for all experimental groups for

24 h duration. As shown in Figure 4.2, sharkskin microtopography decreased the

swelling ratio of all experimental groups regardless of the chemical compositions. In

membranes, containing both Amp and CAPE, the highest amount of the swelling be-

longed to plain A1-C500 and A2.5-C500. This agrees with the swelling ratio of plain

CAPE-only samples in which C500 had a higher water uptake ratio than both C200

and C1000. However, this difference was not observed in SSM samples. In addition to

the swelling ratio, tensile strength measurements of plain membranes of all chemical

compositions were performed [204].

Mechanical properties of the plain membranes were measured. As indicated in

Figure 4.3, the presence of Amp and CAPE within the CH polymer matrix changed

the tensile strength of plain membranes. Addition of Amp reduced the tensile strength

of CH membranes but interestingly increasing Amp concentration from 1 mg/mL to

2.5 mg/mL, increased tensile strength to nearly the same value as CH. On the other

hand, the presence of CAPE increased the tensile strength of plain CH membranes in

all concentrations (200 µM, 500 µM, and 1000 µM). Combination of 1 mg/mL Amp

with all concentrations of CAPE once again decreased tensile strength but there was
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Figure 4.2 Swelling ratio results (SSM: sharkskin mimicked, CH: chitosan, Amp: Ampicillin sodium
salt, CAPE: Caffeic acid phenethyl ester, A1: 1 mg/mL Amp, A2.5: 2.5 mg/mL Amp, C200: 200 µM
CAPE, C500: 500 µM CAPE, C1000: 1000 µM CAPE, A1-C200: 1 mg/mL Amp + 200 µM CAPE,
A1-C500: 1 mg/mL Amp + 500 µM CAPE, A1-C1000: 1 mg/mL Amp + 1000 µM CAPE, A2.5-C200:
2.5 mg/mL Amp + 200 µM CAPE, A2.5-C500: 2.5 mg/mL Amp + 500 µM CAPE, A2.5-C1000: 2.5
mg/mL Amp + 1000 µM CAPE).

no statistically signiőcant difference between them. Similar to Amp-only samples, 2.5

mg/mL Amp content together with CAPE boosted tensile strength values nearly to

that of CAPE-only membranes.

Following swelling and mechanical test, incorporation of Amp and CAPE into

CH network was conőrmed with XPS and FTIR tests. Figures 4.4, 4.5, and 4.6 along

with Tables 4.2 and 4.3 represent the obtained results. As seen in XPS survey spectra

in Figure 4.4, Sodium (Na) was detected in A2.5 and A2.5-C500 samples which indi-

cated the presence of Amp within the samples since the molecular structure of Amp,

C16H18N3NaO4S, contains Na atoms [205]. Atomic ratio of C/Na also conőrmed this

as shown in Table 4.2. Addition of CAPE, with the molecular structure of C17H16O4

[130], increased the number of oxygen (O) atoms which was detected by the decrease
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Figure 4.3 Tensile strength results of plain membranes of all chemical compositions (Mean ± SD,
*p < 0.05, CH: chitosan, Amp: Ampicillin sodium salt, CAPE: Caffeic acid phenethyl ester, A1: 1
mg/mL Amp, A2.5: 2.5 mg/mL Amp, C200: 200 µM CAPE, C500: 500 µM CAPE, C1000: 1000 µM
CAPE, A1-C200: 1 mg/mL Amp + 200 µM CAPE, A1-C500: 1 mg/mL Amp + 500 µM CAPE, A1-
C1000: 1 mg/mL Amp + 1000 µM CAPE, A2.5-C200: 2.5 mg/mL Amp + 200 µM CAPE, A2.5-C500:
2.5 mg/mL Amp + 500 µM CAPE, A2.5-C1000: 2.5 mg/mL Amp + 1000 µM CAPE).

in the C/O ratio of CH sample from 5.40 to 2.04 in the C500 sample and conőrmed

by the higher intensity of O1s peak in the survey spectrum compared to that of CH

[(C6H11NO4)n] [206],[207]. When CAPE and Amp were added to the CH solution to-

gether, in theory, the number of both C and O atoms should have increased as well as

a slight increase in nitrogen (N) atom content.

Apart from XPS analysis, FTIR spectra of the same samples were obtained

and shown in Figure 4.5. The location of the N-H peak in CH was recorded at 3291

cm−1 and it shifted to 3391 cm−1 in A2.5 and again to 3465 cm−1 in A2.5-C500 [208].

Similarly, C=O peak’s location of CH was recorded at 1795 cm−1 which shifted to 1761

cm−1 in A2.5, to 1681 cm−1 in C500, and to 1785 cm−1 in A2.5-C500. Lastly, peak

location of C-O was recorded at 1066 cm−1 for CH which shifted to 1172 cm−1 in C500

and then again to 1066 cm−1 in A2.5-C500 [208],[209]. FTIR data along with XPS

results conőrm the incorporation of Amp and CAPE into the CH polymer network.

The observed slight shifts of the characteristic peaks of CH occurred most probably
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Figure 4.4 XPS survey spectra (SSM: sharkskin mimicked, CH: chitosan, Amp: Ampicillin sodium
salt, CAPE: Caffeic acid phenethyl ester, A2.5: 2.5 mg/mL Amp, C500: 500 µM CAPE, A2.5-C500:
2.5 mg/mL Amp + 500 µM CAPE).

due to the presence of Amp and CAPE within the CH polymer chains. These minor

changes in position of the peaks and their intensities are most likely an indicator of

non-covalent bonds between the additives and the polymer molecules.

Additionally, some peaks have appeared which do not belong to CH namely

peaks at 695 cm−1 in A2.5 and 689 cm−1 in A2.5-C500 groups which belong to Benzene

group of Amp. Also, the C=O group which exists in Amp and CAPE results in different

peak positions as a result of differences in overall numbers of the groups present in the

sample.
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Table 4.2
Atomic ratios of CH, A2.5, C500 and A2.5-C500 membrane obtained from XPS analysis.

Atomic Ratios C/N C/O C/Na

A2.5-C500 15.19 3.49 107.50

C500 13.21 2.04 -

A2.5 16.08 1.73 55.11

CH 20.44 5.40 -

Table 4.3
Characteristic FTIR peaks and their corresponding wavenumbers (cm-1).

Peaks CH A2.5 C500 A2.5/C500

-OH - - 3471 3490

N-H 3291 3391 - 3465

C-H 2921 - - 2926

C-H 2877 - - 2868

C=O 17.95 1761 1681 1785

C-C - 1648 - 1650

C-N 1262 - - 1268

C-O-C 1153 - - 1148

C-O 1066 - 1172 1066

Benzene - 695 - 689

To investigate how Amp and CAPE affected the surface roughness of plain CH,

A2.5, C500, and A2.5-C500 membranes AFM measurements were performed. As seen

in Figure 4.6, the addition of Amp created small clump-like features on the surface of

the membrane. These features increased the surface roughness (Rq) of CH from 31.52

± 3.415 nm to 47.2 ± 5.925 nm in A2.5. Contrary to the effect of Amp, the presence

of CAPE reduced the surface roughness of CH from 31.52 ± 3.415 nm to 9.352 ± 1.578

nm. Combining Amp and CAPE resulted in the surface absolute roughness value very

close to that of A2.5 at 47.63 ± 5.912 nm, showing the predominant effect of Amp

within the composite. This phenomenon is most probably due to the higher molecular
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Figure 4.5 FTIR spectra of CH, A 2.5, C500, and A2.5-C500 membranes (CH: chitosan, Amp:
Ampicillin sodium salt, CAPE: Caffeic acid phenethyl ester, A2.5: 2.5 mg/mL Amp, C500: 500 µM
CAPE, A2.5-C500: 2.5 mg/mL Amp + 500 µM CAPE)

weight and water solubility of Amp (C16H18N3NaO4S, 371.4 g/mol) compared to CAPE

(C17H16O4, 284.31 g/mol) which might have resulted in more homogeneous dispersion of

Amp across the membrane surface, inhibiting the effect of CAPE on surface roughness.

The Ra values for CH, A2.5, C500, and A2.5-C500 were measured 26.91 ± 3.311 nm,

39.69 ± 6.18 nm, 7.367 ± 1.303 nm, and 40.09 ± 6.202 nm, respectively. The same

trend for Rq was reported by K. Divya et al. showing increase in surface roughness of

CH membranes in composite membranes as a result of additive and varying depending

on its concentration [210].
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Figure 4.6 AFM results (10 µm x 10 µm scan area) of plain membranes (CH: chitosan, Amp:
Ampicillin sodium salt, CAPE: Caffeic acid phenethyl ester, A2.5: 2.5 mg/mL Amp, C500: 500 µM
CAPE, A2.5-C500: 2.5 mg/mL Amp + 500 µM CAPE).

4.2.2 Drug Release and Zone of Inhibition

Drug release test was performed to investigate the inŕuence of surface topog-

raphy on the release of Amp and CAPE from CH polymer network for a period of

24h at 37°C in dH2O (Figure 4.7 and 4.8). Figure 4.7A, B, and C represent µg Amp

released in dH2O per mg of the sample dry weight. An overall evaluation of this data

showed a higher drug release for plain membranes compared to SSM membranes. Even

though the surface area of SSM sample is more than that of plain samples due to the

riblets and grooves of sharkskin microtopography [211], the amount of released drug is

noticeably less in SSM membranes compared to plain membranes in most groups. It
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is most likely that due to the noticeably low swelling ratio of SSM samples compared

to that of their plain counterparts, release rates have decreased as well.

Figure 4.7 Drug release results of Amp (µg Amp per mg sample) after 24 h incubation in dH2O at
37°C); A) Amp-only groups, B) A1-CAPE groups, C) A2.5-CAPE groups (Mean ± SD, *p< 0.05,
**p< 0.001, SSM: sharkskin mimicked, Amp: Ampicillin sodium salt, CAPE: Caffeic acid phenethyl
ester, A1: 1 mg/mL Amp, A2.5: 2.5 mg/mL Amp, A1-C200: 1 mg/mL Amp + 200 µM CAPE, A1-
C500: 1 mg/mL Amp + 500 µM CAPE, A1-C1000: 1 mg/mL Amp + 1000 µM CAPE, A2.5-C200:
2.5 mg/mL Amp + 200 µM CAPE, A2.5-C500: 2.5 mg/mL Amp + 500 µM CAPE, A2.5-C1000: 2.5
mg/mL Amp + 1000 µM CAPE).

Detailed examination of the A1 release rate revealed that there was very little

and statistically insigniőcant difference between the amounts of Amp released from the

plain and SSM samples (Figure 4.7A). This indicated that the larger surface area of

SSM samples [211] and the higher swelling of plain A1 most probably have cancelled

out each other’s effect and overall did not affect the transfer of Amp molecule to dH2O

over the 24 h incubation. As for A2.5, it seems that the effect of swelling ratio overcame

the difference of surface area and resulted in higher Amp release in plain membranes
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even though this difference was not statistically signiőcant either (Figure 4.7A). As for

the signiőcant release of Amp from SSM A2.5 compared to SSM A1, most likely the

concentration gradient between Amp and dH2O overcame the inhibitory effect of low

swelling ratio SSM A2.5 and resulted in a high rate of Amp release.

After the addition of CAPE to A1 groups, the release rate of Amp increased for

both plain and SSM groups although it was more subtle for SSM (Figure 4.7B). De-

spite this noticeable boost, there was still no statistically signiőcant difference between

released Amp amounts from plain A1-C200, A1-C500, and A1-C1000 groups. Similar

insigniőcance was also observed for SSM A1-C200, A1-C500, and A1-C1000 groups. A

close look into A2.5 and its combination groups with CAPE in Figure 4.7C revealed

that SSM A2.5-C200 has a release value of 9.8 µg Amp per mg sample which is very

close to that of A2.5 at 9.1 µg Amp per mg sample, indicating that C200 did not have

a noticeable effect on Amp release.

CAPE release in dH2O over the period of 24 h at 37°C is presented in Figures

4.8. As seen in the Figure 4.8A, the amount of CAPE released from plain C200 mem-

brane was very close to SSM C200 sample. By increasing CAPE content by 2.5 and 5

times, the release from SSM increased as well but not relative to the CAPE content.

Interestingly sharkskin microtopography increased CAPE release compared to that of

plain membranes.

It appeared that the larger surface area of SSM samples might have affected

CAPE release. Addition of 1 mg/mL Amp to CAPE affected CAPE release behavior

of all groups containing both Amp and CAPE in the manner of reversing the effect of

topography on CAPE release (Figure 4.8B). It appears that the addition of 1mg/mL

Amp change the release rate of CAPE from plain CH membranes compared to SSM CH.

Increasing the Amp content to 2.5 mg/mL induced a statistically signiőcant impact on

raising CAPE release from plain A2.5-C200 compared to that of plain A2.5-C500, and

plain A2.5-C1000 (Figure 4.8C). Similarly, SSM A2.5-C1000 release was measured at

very similar level SSM C1000 groups and statistically signiőcantly different than SSM

A2.5-C200 and SSM A2.5-C500. Presence of 2.5 mg/mL Amp within the polymer
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Figure 4.8 Drug release of CAPE (µM CAPE per mg sample) after 24 h incubation in dH2O at
37°C); A) CAPE-only groups, B) A1-CAPE groups, C) A2.5-CAPE groups (Mean ± SD, *p < 0.05,
**p < 0.001, SSM: sharkskin mimicked, Amp: Ampicillin sodium salt, CAPE: Caffeic acid phenethyl
ester, C200: 200 µM CAPE, C500: 500 µM CAPE, C1000: 1000 µM CAPE, A1-C200: 1 mg/mL
Amp + 200 µM CAPE, A1-C500: 1 mg/mL Amp + 500 µM CAPE, A1-C1000: 1 mg/mL Amp +
1000 µM CAPE, A2.5-C200: 2.5 mg/mL Amp + 200 µM CAPE, A2.5-C500: 2.5 mg/mL Amp + 500
µM CAPE, A2.5-C1000: 2.5 mg/mL Amp + 1000 µM CAPE).

seems to have boosted the CAPE release to its certain maximum level for all A2.5-

C200, A2.5-C500, and A2.5-C1000 groups.

Based on the data given in Figure 4.2 regarding the swelling ratio of the mem-

branes and their correlation with the data obtained for drug release (Figure 4.7 and

4.8), it has been concluded that the mechanism of drug release is mainly regulated by

the transfer of drug molecules from the membrane to the medium during swelling of

the membranes (swelling-associated diffusion). Moreover, the concentration gradient

of the drug plays a vital role in drug release as well.
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To further conőrm this conclusion, a zone of inhibition test was performed, and

results are shown below. Based on the lack of a measurable zone of inhibition around

the plain and SSM samples, as seen in Figure 4.9, it was found that the release of either

drugs did not occur via diffusion. As a result, it is concluded that the swelling ratio

is the key property controlling the rate of drug release from the fabricated hydrogel

membranes.

Figure 4.9 Zone of inhibition of plain and SSM samples against S. aureus bacteria on TSA plate
after 24 h incubation at 37°C.

It can be summarized from release data presented in Figure 4.7 and 4.8 that

CAPE had in fact been released into dH2O during a 24 h period up to a certain level

regardless of total content, which is probably due to the very low solubility of CAPE in

dH2O. Furthermore, simultaneous loading of Amp and CAPE within the CH polymer

changed Amp release rate and increased it transfer rate from the membrane into the

dH2O.

4.2.3 Bacterial Biofilm Growth (MTT assay) and Morphology

Coagulase negative staphylococci, typically Staphylococcus aureus is the most

common organism isolated from infected medical devices. Staphylococcus aureus is

slightly less common yet more virulent [212]. Thus, elimination and/or prevention

of bacterial bioőlm formation on the surface is one of the major issues of biomate-
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rials, hence testing the formation rate of bioőlm and its viability is of great impor-

tance [2],[16]. Figure 4.5 represents MTT assay results of S. aureus bioőlm layer

formed over 24 h on plain and SSM membranes. As expected, bacterial bioőlm for-

mation was reduced as a result of the presence of the antibacterial agent, Amp, and

the cytotoxic compound, CAPE, within the polymeric membranes. This reduction was

additional to the signiőcant inŕuence of sharkskin microtopography in disrupting the

uniformity of the bioőlm layer, hence decreasing the bioőlm growth rate. At the őrst

glance it was obvious that SSM membranes had noticeably less bioőlm formation values

than their chemically similar plain membranes regardless of the amount of additives

within the polymer, emphasizing the remarkable effect of sharkskin topography on re-

ducing bacterial bioőlm formation in static (stationary) culture conditions [17],[28].

The difference between bioőlm layer formation of S. aureus on plain and SSM with the

same chemical composition are statistically signiőcant in CH, A1, A2.5, C500, C1000,

A2.5-C500, and A2.5-C1000. Considering IC50 value [213] as the measure of effective

reduction of bacterial bioőlm formation in plain and SSM membranes, with respect to

plain CH as the control, it becomes clear that sharkskin micropatterned A2.5, C1000,

A1-C500, A1-C1000, A2.5-C500, and A2.5-C1000 membranes are the only groups that

have the acceptable bacterial bioőlm formation rates of 32.5%, 39.0%, 47.9%, 50.8%,

34.6% and 41.7%, normalized with respect to the positive control (TCP), that satisfy

the IC50 threshold. This indicated two main points: őrst, the extraordinary effect of

sharkskin microtopography in reducing bacterial bioőlm formation on CH based mem-

branes, second, the optimum concentration of Amp and CAPE necessary for inducing

a 50% reduction in bacterial bioőlm in addition to the sharkskin micropattern effect.

Figure 4.10 also shows the inŕuences of different concentrations of Amp and CAPE in

the bioőlm formation inhibition process. It was evident that bioőlm formation on A2.5

is less than that of A1, which was expected since the amount of antibiotic in A2.5 is

1.5 times more than the antibiotic amount in A1 (Figure 4.10A). The bacterial bioőlm

in plain A1 membrane had a value of 82.2% whereas plain A2.5 membrane had a value

of 71.1%. Similarly, SSM A1 membrane scored 51.5% in bacterial bioőlm formation

whereas SSM A2.5 membrane scored 32.5%. The difference between plain A1 and A2.5

was calculated at the average value of 11.1% while the same difference for SSM A1 and

A2.5 was 19%.
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As for CAPE, despite C200, C500, and C1000 having CAPE concentrations of

200 µM, 500 µM, and 1000 µM, there is no statistically signiőcant difference between

bioőlm formations of S. aureus on plain membranes with different CAPE concentra-

tions (Figure 4.10B). The same trend was observed between SSM C200, C500, and

C1000 groups. This meant that regardless of surface topography, the release of CAPE

did not signiőcantly change relative to CAPE concentration within the membrane.

This is most probably due to the low solubility of CAPE in aqueous solutions.

Figure 4.10 Bacterial biofilm growth of S. aureus in TSB over 24 h (MTT assay). A)Amp-only
SSM and plain membrane, B) CAPE-only SSM and plain membrane, C) A1-CAPE SSM and plain
membrane, D) A2.5-CAPE SSM and plain membrane (Mean ± SD, *p < 0.05, **p < 0.001, #p <

0.001 compared to the control group, plain CH, SSM: sharkskin mimicked, Amp: Ampicillin sodium
salt, CAPE: Caffeic acid phenethyl ester, CH: chitosan, A1: 1 mg/mL Amp, A2.5: 2.5 mg/mL Amp,
C200: 200 µM CAPE, C500: 500 µM CAPE, C1000: 1000 µM CAPE, A1-C200: 1 mg/mL Amp
+ 200 µM CAPE, A1-C500: 1 mg/mL Amp + 500 µM CAPE, A1-C1000: 1 mg/mL Amp + 1000
µM CAPE, A2.5-C200: 2.5 mg/mL Amp + 200 µM CAPE, A2.5-C500: 2.5 mg/mL Amp + 500 µM
CAPE, A2.5-C1000: 2.5 mg/mL Amp + 1000 µM CAPE).

Nevertheless, the combination of CAPE at 1000 µM concentration with shark-

skin microtopography resulted in more than 50% reduction of bacterial bioőlm for-

mation, hence satisfying the IC50 threshold.Apparently, the antibacterial effect of
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CAPE was affected and enhanced by the sharkskin topography. In the present thesis,

high number of initial bacterial load was used for bioőlm test where the constructed

SSM membranes were in contact with higher number of pathogens during initial ad-

hesion of bacteria. However,in clinical scenario the initial bacterial number that could

lead to bioőlm formation and subsequent infection is less than that of the in vitro

test [30],[214],[215]. Thus, more efficient effect on prevention of bioőlm formation by

constructed SSM membrane could be expected in a clinical application.

The efficacy of simultaneous release of Amp and CAPE from CH membranes

and its impact on bacterial bioőlm formation was tested via MTT assay as well. Dual

addition of Amp and CAPE within CH solution was done at the following concentra-

tions: A1-C200, A1-C500, A1-C1000, A2.5-C200, A2.5-C500, and A2.5-C1000 in which

A1 designated CH solutions containing 1 mg/mL Amp, and A2.5 groups contained 2.5

mg/mL Amp.

Since Amp is an antibiotic and CAPE has high cytotoxic effects, it was expected

that the reduction of bacterial bioőlm formation to be more than that of CAPE-

only and Amp-only membranes for both plain and SSM. Contrary to expectations, A1

combination groups (A1-C200, A1-C500, and A1-C1000) of SSM showed MTT bioőlm

values close to that of SSM A1, and SSM A2.5 combinations (A2.5-C200, A2.5-C500,

and A2.5-C1000) had similar values to that of SSM A2.5 as well (Figures 4.10C and D).

It seems that even by combining two cytotoxic agents; bacterial bioőlm formation could

not be reduced any further. So far, it could be concluded that A1-C500, A2.5-C500

along with A2.5-C1000 had the lowest bacterial bioőlm formation rates in addition to

C1000-only and A2.5-only groups.

After analyzing MTT assay results for S. aureus bioőlm along with Amp and

CAPE release, SEM images of S. aureus on plain and SSM samples of all chemical

compositions were acquired to evaluate the morphology of bacterial bioőlm layer formed

on prepared membranes.

As seen in Figure 4.11, there is a clear difference between plain CH and SSM CH
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Figure 4.11 SEM images of S. aureus growth on plain and SSM CH membranes after 24 h incubation
at 37°C. Red arrows indicate layers of bacteria on the surface of the membranes. Scale bars: 20 µm, 5
µm, and 2 µm (SSM: sharkskin mimicked, Amp: Ampicillin sodium salt, CAPE: Caffeic acid phenethyl
ester, CH: Chitosan, A1: 1 mg/mL Amp, A2.5: 2.5 mg/mL Amp, C200: 200 µM CAPE, C500: 500
µM CAPE, C1000: 1000 µM CAPE).
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membrane in terms of bioőlm uniformity. Evidently, grooves and riblets of sharkskin

microtopography disrupt this uniformity resulting in lower bacterial bioőlm formation

in MTT assay. Furthermore, the layered structure of the bioőlm on plain membranes

appeared to be a multilayered bulk of planktonic bacterium held together in the shape

of a wide and thick sheet whereas in SSM the bioőlm seemed like colonies of bacteria

with approximately 1-5 layers, scattered all over the membrane surface. In the A1 plain

membrane, a disruption in the uniformity of the thick bioőlm layer was observed which

most likely occurred due to Amp release. Bacterial bioőlm formed on SSM A1 seemed

more scattered compared to the SSM CH due to the antibacterial activity of the Amp.

The layer of bioőlm on SSM A1 had approximately 1-3 layers of bacteria in form of a

relatively homogenous sheet with larger bacteria-free zones compared to SSM CH mem-

brane. For A2.5 plain and SSM samples, a bacterial accumulation pattern and bioőlm

formation behavior similar to A1 membranes was observed. Although, the bioőlm

layer on SSM A2.5 had much less sheet uniformity compared to SSM A1 consisting of

approximately 1-2 layers of the planktonic bacterium with a higher number of gaps.

In the case of CAPE, there was no noticeable difference between plain C200, C500,

and C1000 groups regarding bacterial bioőlm layer uniformity. All three had scattered

clumps of multilayered bacterial colonies. Regarding uniformity of bioőlm layer on

SSM C200, C500, and C1000, by increasing CAPE concentration, the morphology of

the bioőlm layer went from being very similar to SSM CH in C200, a relatively multi-

layered sheet with few gaps, to scattered clumps in C500 with some bacteria-free zones

and fewer bacterial clump-like colonies and more free zones in C1000.

As for bacterial bioőlm morphology on membranes containing Amp and CAPE

together, as shown in Figure 4.12 in all plain membrane groups, the bacterial bioőlm

layer resembled a very thick and tightly packed multilayer bacterial sheet. By increas-

ing CAPE concentration, some gaps appeared on this layer though not large enough to

be considered signiőcantly different. In SSM samples, A1-C200 and A2.5-C200 samples

had very similar bioőlm layer morphology to their Amp-only counterparts. Evidently,

200 µM CAPE concentration was not enough to induce additional change to the adhe-

sion and formation behavior of the bioőlm layer. On plain A1-C500 a few small gaps

appeared because of increased CAPE concentration but the bioőlm morphology of S.
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aureus on SSM membranes still looked a lot like SSM A1 membrane. Increasing CAPE

content to 1000 µM had a signiőcant impact on plain and SSM membranes of both A1-

C1000 and A2.5-C1000 groups by creating more bacteria-free zones on plain membranes

and reducing the size and number of bioőlm’s bacterial layers on SSM membranes along

with notably larger gaps on SSM membranes compared to their plain counterparts.

To the best of our knowledge, the phenomenon regarding reduction in layers

of bacteria forming the bioőlm sheet as a result of sharkskin microtopography and

antibacterial activities of the additives has not been reported in the literature to this

date.

Figure 4.12 SEM images of S. aureus growth on plain and SSM CH membranes after 24 h incubation
at 37°C. Red arrows indicate layers of bacteria on the surface of the membranes. Scale bars: 20 µm, 5
µm, and 2 µm (SSM: sharkskin mimicked, Amp: Ampicillin sodium salt, CAPE: Caffeic acid phenethyl
ester, CH: Chitosan, A1-C200: 1 mg/mL Amp + 200 µM CAPE, A1-C500: 1 mg/mL Amp + 500
µM CAPE, A1-C1000: 1 mg/mL Amp + 1000 µM CAPE, A2.5-C200: 2.5 mg/mL Amp + 200 µM
CAPE, A2.5-C500: 2.5 mg/mL Amp + 500 µM CAPE, A2.5-C1000: 2.5 mg/mL Amp + 1000 µM
CAPE).
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So far based on bacterial MTT assay, SEM images, and release test results, it

can be concluded that only SSM A2.5, C1000, A1-C500, A1-C1000, A2.5-C500, and

A2.5-C1000 fall under the IC50 threshold both in terms of morphology and MTT assay

values. Henceforth, only these groups were selected for further mammalian cell culture

experiments.

4.2.4 HDFa and HaCaT Cell Culture Tests

HDFa and HaCaT cells were cultured on SSM A2.5, C1000, A1-C500, A1-C1000,

A2.5-C500, and A2.5-C1000 membranes with the seeding density of 4 × 104 cells per

well of 24-well plates for both cell types (Figure 4.13). MTT and AlamarBlue assays

experiments were conducted on days 1, 3, and 5, post culture with respect to TCP as

the positive control. Data are presented in Figure 4.13A to 4.13D. As shown in Figure

4.13A, HDFa cells of SSM C1000, A1-C500, A1-C1000, and A2.5-C1000 had the lowest

cell viability values with similar values at 37.1%, 33.1%, 36.5%, and 35.8% respectively

on day 1. On the contrary, A2.5, and A2.5-C500 had viability values of 42.7% and

47.1% with the 41.7% value for CH, the negative control. Considering the two most

important properties of CAPE being anti-inŕammatory and high cytotoxicity, it ap-

pears that C1000, A1-C500, A1-C1000, and A2.5-C1000 induce a high levels of cell

toxicity compared to that of CH which was expected due to Amp and CAPE release

rate results. CAPE’s anti-inŕammatory effect along with Amp, seemingly inŕuenced

HDFa cells in the A2.5-C500 group making it not only the least cytotoxic concentra-

tion of Amp-CAPE mix for cell viability of HDFa type but also boosting the number

of viable cells compared to CH membranes although not statistically signiőcant. Cell

proliferation rates of HDFa agree with MTT assay data in which the highest HDFa pro-

liferation on day 5 belonged to A2.5-C500 (Figure 4.13C). The rest of the experimental

groups have relatively similar proliferation rates after 3 and 5 days of incubation.

As for HaCaT viability, represented in Figure 4.13B, CH, A2.5, and A1-C500

groups had the highest cell viability values on day 5 at 380.2%, 339.3%, and 323.2%,

respectively. Evidently, the cytotoxicity of Amp and CAPE on HaCaT cells was not
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signiőcant enough to induce a statistically signiőcant difference. C1000, on the other

hand, had the least HaCaT cell viability at 156.4%, which emphasizes the cytotoxic

effects of CAPE at 1000µM concentration. Consequently, A1-C1000 with 185.1% via-

bility and A2.5-C1000 with 212.5% viability had similar MTT values to C1000.

In addition to CAPE, a higher concentration of Amp induced a reduction in

the number of viable HaCaT cells as well since the measured MTT assay value for

A2.5-C500 was 227.9%. Obtained results were expected based on drug release data.

Evaluating AlamarBlue assay data of HaCaT conőrmed MTT assay results in which

A2.5 and A1-C500 had the highest cell proliferation values like that of CH. As shown

in Figure 4.13D, A2.5 increased the cell proliferation rate of HaCaT compared to CH,

meaning the higher concentration of Amp-only was, in fact, helpful in boosting HaCaT

cell proliferation rate resulting in the increased number of viable cells.

SEM images of HDFa and HaCaT cell types cultured on SSM A2.5, C1000, A1-

C500, A1-C1000, A2.5-C500, and A2.5-C1000 along with SSM CH were obtained for

days 1, 3, and 5. SSM CH was used as the negative control and glass as the positive

control. Figure 4.14, 4.15, and 4.16 shows cells on days 1, 3, and 5.

Similar to MTT and AlamarBlue results for HDFa, cells on A2.5, C1000, A1-

C1000, and A2.5-C500 samples appeared to be very well spread and spindle-shaped

whereas cells on other membranes were round in shape and fewer in number. The

highest population of well-spread cells of HDFa belonged to A2.5 and A2.5-C500 com-

pared to CH negative control.

4.2.5 In vitro Enzymatic Degradation

Enzymatic degradation test of SSM CH, A2.5, C1000, A1-C500, A1-C1000,

A2.5-C500, and A2.5-C1000 was also performed using lysozyme enzyme. As presented

in Figure 4.17 the addition of Amp and CAPE, whether individually or together, re-

markably slowed the degradation of SSM CH membranes. It appeared that addition



86

Figure 4.13 A) HDFa cell viability (MTT assay) results, B) HaCaT cell viability (MTT assay)
results, C) HDFa cell proliferation (AlamarBlue assay) results, D) HaCaT cell proliferation (Alamar-
Blue assay) results (Mean ± SD, *p < 0.05, **p < 0.001, #p < 0.001 compared to the CH control,
n=3, Amp: Ampicillin sodium salt, CAPE: Caffeic acid phenethyl ester, CH: Chitosan, A2.5: 2.5
mg/mL Amp, C1000: 1000 µM CAPE, A1-C500: 1 mg/mL Amp + 500 µM CAPE, A1-C1000: 1
mg/mL Amp + 1000 µM CAPE, A2.5-C500: 2.5 mg/mL Amp + 500 µM CAPE, A2.5-C1000: 2.5
mg/mL Amp + 1000 µM CAPE).
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Figure 4.14 SEM images of HDFa and HaCaT on SSM CH membranes on day 1. Scale bars: 200
µm and 50 µm (CH: Chitosan, A2.5: 2.5 mg/mL Amp, C1000: 1000 µM CAPE, A1-C500: 1 mg/mL
Amp + 500 µM CAPE, A1-C1000: 1 mg/mL Amp + 1000 µM CAPE, A2.5-C500: 2.5 mg/mL Amp
+ 500 µM CAPE, A2.5-C1000: 2.5 mg/mL Amp + 1000 µM CAPE, Control: glass slide).
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Figure 4.15 SEM images of HDFa and HaCaT on SSM CH membranes on day 3. Scale bars: 200
µm and 50 µm (CH: Chitosan, A2.5: 2.5 mg/mL Amp, C1000: 1000 µM CAPE, A1-C500: 1 mg/mL
Amp + 500 µM CAPE, A1-C1000: 1 mg/mL Amp + 1000 µM CAPE, A2.5-C500: 2.5 mg/mL Amp
+ 500 µM CAPE, A2.5-C1000: 2.5 mg/mL Amp + 1000 µM CAPE, Control: glass slide).
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Figure 4.16 SEM images of HDFa and HaCaT on SSM CH membranes on day 5. Scale bars: 200
µm and 50 µm (CH: Chitosan, A2.5: 2.5 mg/mL Amp, C1000: 1000 µM CAPE, A1-C500: 1 mg/mL
Amp + 500 µM CAPE, A1-C1000: 1 mg/mL Amp + 1000 µM CAPE, A2.5-C500: 2.5 mg/mL Amp
+ 500 µM CAPE, A2.5-C1000: 2.5 mg/mL Amp + 1000 µM CAPE, Control: glass slide).
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of CAPE at 1000µM concentration to SSM samples dramatically decreased the degra-

dation percentage of SSM CH samples. A1-C500 and A1-C1000 had almost identical

degradation percentage and close to that of C1000. A2.5, on the other hand, increased

the rate of SSM CH membrane’s degradation compared to C1000 but still much slower

than SSM CH samples. Addition of CAPE did not change the degradation of A2.5-

C500 and A2.5-C1000 in favor of the C1000 sample and their degradation percentage

remained like A2.5. A. Lončarević et al. conducted a study on the degradation rate

of CH porous scaffolds induced in water with and without lysozyme [129]. They con-

cluded that CH scaffolds had a nearly 16% weight loss in PBS medium at the end of 3

weeks.

Figure 4.17 Lysozyme-induced enzymatic degradation (CH: Chitosan, A2.5: 2.5 mg/mL Amp,
C1000: 1000 µM CAPE, A1-C500: 1 mg/mL Amp + 500 µM CAPE, A1-C1000: 1 mg/mL Amp +
1000 µM CAPE, A2.5-C500: 2.5 mg/mL Amp + 500 µM CAPE, A2.5-C1000: 2.5 mg/mL Amp +
1000 µM CAPE).

According to the obtained results, SSM CH membranes had an average degra-

dation of nearly 30% at the end of 3rd week (21 days). Based on the measurements, the

highest degradation rate belongs to CH membrane followed by, A2.5-C500, A2.5-C1000,

A2.5, A1-C500, A-C1000, and C1000. The measured swelling ratio of the corresponding

groups were: 355.5%, 328.9%, 311.8%, 308.7%, 308.1%, 309.4%, and 291.2%, respec-

tively which followed the same trend as the weight loss of the membranes. Degradation

percentages of SSM A2.5, A2.5-C500, and A2.5-C1000 were calculated at 23.1%, 25.8%,
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and 24.7% whereas 24h-swelling ratios of these membranes were measured at 308.7%,

328.9%, and 311.8%, respectively. A similar trend was observed for SSM C1000, A1-

C500, and A1-C1000, which have percentage weight losses of 8.9%, 13.1%, and 14.8%

along with 24 h-swelling ratios of 291.2%, 308.1%, and 309.4%. SSM CH had the high-

est swelling ratio at 355.5%, which explained the highest degradation compared to the

rest of the experimental groups.

4.3 Discussion

Preventing bacterial bioőlm formation and growth is the őrst step in hindering

biomaterial surface and implant-associate infections. In a quest to design surfaces with

enhanced antibacterial and cytocompatible properties, the study of the duo of sharkskin

topography and drug (Amp/CAPE) loaded polymeric membranes was undertaken and

reported here. Sharkskin biomimicked membranes were investigated for their potentials

as implantable biodegradable drug delivery platform that could reduce the bacterial

bioőlm growth and promote cell viability and proliferation.

In this chapter the antibacterial, cytotoxicity, drug release, and physicochem-

ical properties of Amp and CAPE loaded CH-based sharkskin mimicked membranes

were studied. As the őrst test, swelling ratio of both plain and sharkskin mimicked

membranes were measured. As shown in Figure 4.2, in all experimental groups, the

sharkskin micropattern reduced the swelling ratio signiőcantly. Following this, the me-

chanical properties were studied by measuring the tensile strength of plain membranes.

Despite the fact that presence of additives changed the tensile strength of all groups,

only A1 was found to have the only statistically signiőcantly different tensile strength

value among all experimental groups. Similar results were observed by F.-L. Mi et al.

in the ultimate tensile strength values of genipin cross-linked CH membrane vs CH

membrane. They reported that cross-linking material increased the tensile strength of

CH membranes up to a point, but with increasing the concentration of the cross-linker,

the value of ultimate tensile strength decreased [216].
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For chemical characterization of fabricated membranes, XPS analysis was done.

Obtained results, which are shown in Figure 4.4, validated our expectation in which

atomic ratios of C/O and C/N increased along with the increase in peak intensity of

O1s and C1s in the survey spectrum. Presence of Na atoms was detected in A2.5-C500

as expected. The increase in C/Na ratio from 55.11 in A2.5 to 107.5 in A2.5-C500

meant that the percentage of Na in A2.5 was higher than A2.5-C500 which was rea-

sonable since the increase in C, O, and N atoms content was so high that the overall

percentage of Na atoms within the membrane decreased [217],[218]. Apart from XPS,

FTIR analysis was also performed. As shown in Figure 4.5, the obtained results all

together conőrm the presence of Amp and CAPE within the CH membranes. Similar

shifts in peak position were observed by Vijayalakshmi et al., Dogan, J Xu et al., and

Venkatesan et al. in the FTIR spectra of CH upon addition of PEG, tripolyphos-

phate (TPP), gelatin blends of various concentrations, and carbon nanotubes (CNTs),

respectively [219–222]. Since both drugs were present within the polymeric network,

their possible effects on surface roughness were studied via AFM. As seen in Figure

4.6, CAPE decreased the surface roughness signiőcantly. In contrast, Amp increased

the surface roughness in both A2.5 and A2.5-C500 membranes.

The drug release was one of the most important properties of the hydrogel

membranes fabricated here. Therefore, the results of drug release rate, which are shown

in Figures 4.7 and 4.8, are in agreement with the literature. Numerous studies have

been conducted to this date regarding the combination of Amp with the majority of

polymers many of which aimed at designing efficient drug carriers for controlled release.

In a study conducted by X. Zhang et al. antibacterial activity of Amp-loaded alginate-

chitosan őber was investigated by performing the agar diffusion plate test. Results

revealed that not only CH induced an increase in antibacterial activity of fabricated

őbers, most probably due to its crosslinking capabilities which allowed for a higher

uptake of Amp during the fabrication process, but also Amp could indeed be released

from the CH matrix into the surrounding environment and exhibit its antibacterial

activity [223]. Incorporation of Amp into CH beads at various Amp concentrations

without the use of crosslinkers was investigated by T. Chandy and C.P. Sharma and the

antibacterial test results of these beads revealed that Amp can be effectively released
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from CH beads and eliminate bacteria [45]. Furthermore, the antibacterial properties

of Ampicillin–Chitosan–Polyanion nanoparticles were characterized by Y. Ciro et al.

in which by utilizing broth micro-dilution method on sensitive and resistant S. aureus

strains, a nearly 2-fold increase in antibacterial effect of fabricated nanoparticles was

reported compared to free Amp. This indicated the effectiveness of Amp encapsulation

within polymeric nanostructures in enhancing drug release as opposed to its direct

administration [224].

By increasing CAPE concentration, the amount of released Amp increased sig-

niőcantly for both plain and SSM membranes. It is most likely that the presence of

CAPE molecules led to a faster transfer of Amp molecules from the membrane into the

dH2O. Higher solubility of Amp in water compared to CAPE, most probably resulted

in a higher release rate of Amp instead of CAPE despite the higher molecular weight

of Amp (C16H18N3NaO4S, 371.4 g/mol) in comparison to CAPE (C17H16O4, 284.31

g/mol).

Like Amp, CAPE has been investigated in the literature for its antibacterial

potentials while either incorporated into or coated onto polymeric constructs mostly

nanoparticles. The need for such studies arose due to the remarkable characteristics of

CAPE like antibacterial, anti-inŕammatory, antioxidant, antitumor, and antiviral ef-

fects. For instance, in a study conducted by T. Arasoglu et al. it was shown that CAPE

encapsulated Poly-D,lactide-co-glycolide (PLGA) nanoparticles have antibacterial ac-

tivity against P. aeruginosa, E. coli, most of all on S. aureus and methicillin-resistant

S. aureus (MRSA). Interestingly, they reported that free CAPE did not induce any

antibacterial effect while CAPE encapsulated PLGA nanoparticles had moderate and

long-term antibacterial effect towards methicillin-resistant S. aureus (MRSA) and S.

aureus, respectively. They attributed this phenomenon to the low solubility of CAPE

in aqueous media as opposed to slow and controlled delivery of CAPE while loaded

into PLGA nanoparticles [225]. In another research by M. Ignatova et al. CAPE

was incorporated into nanoőber mats made of Polyvinylpyrrolidone (PVP), poly(3-

hydroxybutyrate) (PHB), and combinations of them. Based on their results, CAPE

induced bactericidal effects on S. aureus whether it was used as a coating or loaded
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into the core of the őber. Despite the complete eradication of S. aureus bacteria

by CAPE/PVP/PHB, the growth of E. coli could only be inhibited [224]. Several

studies have attributed the antibacterial activity of CAPE to the generation of re-

active oxygen species (ROS) on the cell wall of bacteria, which induced microorgan-

ism’s death [226],[227]. On the other hand it has been suggested by Takaisi-Kikuni

and Schilcher that CAPE most probably inhibits the polymerase reaction of bacterial

RNA [144]. Since the published CAPE release results are in correlation with our őnd-

ings for CAPE release rate into dH2O, it can be concluded that CAPE incorporated

into the polymer network of CH membranes released into the LB medium, leading

to bacterial bioőlm reduction most probably via inducing bactericidal effects. As for

the release proőle of CAPE and Amp together, to the best of our knowledge, there

is only one study conducted by Meyuhas et al. in which minimum inhibitory con-

centration (MIC) of CAPE+Amp against S. aureus was studied where the optimum

concentrations were found to be 16 µM for CAPE and 24 mg/mL for Amp where they

were administered directly to the bacterial suspension [228]. They have concluded that

while CAPE had signiőcant antibacterial effects on most of the tested Gram-positive

bacteria strains, it could not prevent bacterial growth of Gram-negative strains.

After detailed examination of zone of inhibition data and comparing it with drug

release and swelling ratio results, it was concluded that most likely the drug release

rate is correlated mainly with the swelling ratio of the membranes. This conclusion

was drawn since the concentration gradient between the membrane and the medium

was the same for both plain and SSM samples however, the amount of released drug

was different between plain and SSM membranes with same additive content for both

Amp and CAPE. Consequently, the conclusion was made that the key regulator of the

drug release in this case is mostly the swelling ratio-associated diffusion, resulting in

the release of the loaded drugs.

Comparing obtained results for swelling ration in Figure 4.2 with drug release

data in Figures 4.7 and 4.8 showed a perfect correlation between the swelling ratio

after 24 h of the membranes and the amount of drug released after 24 h. According

to this relation, it can be concluded that the swelling ratio is the key regulator of the
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drug release CH membranes. This deduction was in agreement with existing literature

regarding drug release mechanisms from CH based structures [229],[230]. For instance,

Gull et al. investigated the potentials of CH based multi-responsive hydrogels in de-

livering drugs. The stated that sustained drug delivery by their non-toxic biomaterial

was achieved and that the mechanism of the drug release was in fact dependent on the

swelling ratio [230]. Furthermore, Damiri et al. conducted a study on the controlled

release of drugs (caffeine, 5-ŕuorouracil (5-FU), and ascorbic acid) from CH based

hydrogels. Their reported results showed a similar trend between swelling ratio and

the in vitro drug release which is in agreement with the correlation observed in SSM

membranes [229].

In chapter 3, it was established that CH-based sharkskin mimicked membrane

has remarkable antibacterial properties by reducing bacterial bioőlm formation by

nearly 50% for S. aureus (ATCC 6538P) cultured in LB broth for 24 h, conőrming

the results presented here [17]. Moreover H.W. Chien et al. showed that the roughness

of sharkskin micropatterned PDMS substrates caused a dramatic reduction in bacte-

rial bioőlm growth [28]. Similarly, Choi et al. reported that under dynamic culture

conditions, a signiőcant reduction of bacterial bioőlm formation occurred for both E.

coli and S. aureus strains, which were attributed to acute drag force reduction [231].

Furthermore, according to the studies conducted by Xia Pu et al., SSM PDMS surfaces

reduced the adhesion of algae as a result of sharkskin’s surface microtopography along

with PDMS’s hydrophobicity [27]. The data presented in Figure 4.10 is in agreement

with the literature, proving the undeniable impact of sharkskin topography on reducing

the formation of a viable bacterial bioőlm layer regardless of the additive type and/or

its concentration.

It is well-known that CAPE is a relatively toxic compound extracted from propo-

lis [48].Studies conducted on the mechanism of action and level of cytotoxicity of CAPE

have shown that CAPE acts in a selective manner [232] towards some cell types in term

of causing cell death [54],[233] while protecting others from it [234]. Due to its cytotox-

icity, CAPE has been used as an anticancer drug candidate for the past few decades.

Y.J. Lee et al. showed that after treating buccal mucosal őbroblast (BF), tongue squa-
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mous cell carcinoma (TSCCa), neck metastasis of Gingiva carcinoma (GNM), and oral

submucous őbroblast (OSF) cell lines with 25-200 µM concentration range of CAPE,

severe cell death occurred for all of them except for BF [235]. In terms of the effect

of CAPE on HaCaT cell line, D. Zhou and X. Weng reported that a novel butylated

derivative of Caffeic Acid (CA), a bioactive polyphenol component found abundantly

in plants with a structure very similar to CAPE [236], not only did not induce toxicity

but also protected them from squalene peroxidationinduced stress which is generally

caused by UVA irradiation [234]. In short, CAPE seems to have different effects on

different cell lines at different doses. Hence it was of utmost importance to study the

cytotoxic effects of CAPE on HDFa and HaCaT cell lines. Similar to CAPE, the effect

of Amp content on cell viability and proliferation of HDFa and HaCaT were also in-

vestigated despite reported cases of its very low cytotoxicity [237]. A. Balupillai et al.

conducted a study regarding the mechanism of action of CA in photocarcinogenesis of

HDFa cells as a result of UVB irradiation. Their reported cell viability (MTT assay)

data of cells treated with 0 µM, 6.25 µM, 12.5 µM, 25 µM, 50 µM, 100 µM, and 200

µM concluded that the highest non-toxic CA concentration at 100 µM even though

the őrst notable drop in cell viability was observed 25 µM CA concentration. Also,

the optimum CA concentration for preventing UVA-induced photocarcinogenesis was

found to be 40 µM, for direct administration of CA to the cultured cells [238]. Apart

from CAPE, 2.5 mg/mL Amp concentration of SSM A2.5 did not induce any signif-

icant cytotoxicity against HDFa cells compared to SSM CH was in agreement with

abovementioned literature [237].

As mentioned above regarding CAPE and CA derivatives, there are reports of

their non-toxic effects on HaCaT cell line. D. Zhou and X. Weng synthesized and

characterized butylated caffeic acid (BCA) to be used instead of CA as an effective

antioxidant for skin protection against UVA-induced environmental stresses. According

to their results, CA was administered up to 200 µM concentration to cells exposed to

peroxidized squalene and cell viability values showed no cytotoxic effect [234]. In

another study conducted by K. M. Lim et al. in vitro and in vivo performance of

CAPE in reducing skin inŕammation using the HaCaT line as the model cell in in vitro

experiments was studied. Their őndings suggested that direct administration of CAPE
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with up to 10 µM concentration signiőcantly reduced secretion of pro-inŕammatory

cytokines in 20 ng mL TNF-α-stimulated HaCaT cells including IL-1β, IL-6, and TNF-

α [236]. Although the concentration of CAPE in our study are far more than the

maximum non-toxic amounts reported in the literature, 100 µM for HDFa and 200 µM

for HaCaT, the fact that CAPE was entrapped within the SSM CH polymer network

prevented its burst release and allowed for the investigation of both antibacterial and

cytotoxic effects of high doses of CAPE. So far it can be summarized that SSM CH

can be used as a carrier for high amounts of CAPE and Amp with the aim of reducing

both bacterial bioőlm formation and mammalian cell toxicity.

Looking over SEM images of HaCaT on day 5 revealed similar results compared

to HDFa in the sense of being in agreement with MTT and AlamarBlue assay data. As

expected from the viability and proliferation results, numbers of well-spread HaCaT

cells on A2.5, A1-C500, and A1-C1000 membranes were considerably more than other

groups. The sheet of HaCaT cells on A1-C500 looked like a thick, homogenous layer of

interconnected cells, entirely covering the sharkskin grooves and riblets. SEM images

of HaCaT on SSM A2.5 sample did show higher number of cells compared to C1000,

A2.5-C500, and A2.5-C1000 but it was like cell adhesion behavior and cell number

of A1-C1000 membrane. Overall, the only group with both high levels of HDFa and

HaCaT viability and proliferation along with well-spread cell morphology is A2.5.

The in vitro degradation rate of the membranes induced by lysozyme enzyme

was studied (Figure 4.17). Since the degradation rate is directly dependent on the

water uptake capacity of membranes, obtained data of percentage degradation and

swelling were in perfect correlation indicating that the higher the swelling rate, the

more weight is lost from the membrane. Additionally, it was observed that by addition

of either of the drugs, the degradation rate reduced, suggesting that presence of the

additives increased the structural stability of CH membranes. Similar phenomenon was

observed by Yasayan while degradation of chitosan and pectin polyelectrolyte (PEC)

complex was studied [239]. She reported that the presence of PEC in CH őlms slowed

down the rate of degradation of CH őlms. El-Sherbiny et al. also observed a reduction

in degradation rate of CH based nanoparticles at high concentrations of Pluronic (more
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than 40%) at 37°C during enzymatic degradation [240].

Overall, our results suggested that not only the sharkskin topography has a

huge impact on reducing bacterial bioőlm formation, but it also affects drug release

and degradation rate of the Amp-CAPE loaded CH-based membranes as well.
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5. CONCLUSION

The present thesis demonstrated the impact of sharkskin micropattern on an-

tibacterial and cytocompatibility of chitosan-based hydrogel membranes. In this re-

gard, two studies were conducted: őrst one focused on understanding the adhesion bac-

terial and cell on sharkskin mimicked membranes with and without Graphene Oxide

(GO). The second study, investigated the potential of sharkskin mimicked membranes

in carrying and releases drugs for which Ampicillin sodium salt (Amp) and Caffeic acid

phenethyl ester (CAPE) were used as model drugs. CH membranes with actual shark-

skin microtopography were fabricated by utilizing soft lithography (PDMS molding)

and solution casting methods.

In chapter 3 which presents the őrst study, GO was used in two forms: as surface

coating, and nanocomposite in fabricating membranes. Gram-negative E. coli, Gram-

positive S. aureus, Human dermal Keratinocyte, and mouse őbroblast cells were used

in a series of in vitro experiments. Early-stage bacterial settlement (ISO 22196 test)

and long-term bioőlm formation tests revealed that sharkskin micropattern signiőcantly

reduces bacterial adhesion during the őrst 3 h of culture, between 70% and 80%, in both

E. coli and S. aureus, respectively. Moreover, bacterial bioőlm formation was reduced

because of sharkskin micropattern by nearly 50%. GO showed antibacterial properties

on smooth surfaces however this effect was diminished for patterned membranes. The

effectiveness of GO on mammalian cell viability and proliferation was remarkable both

on smooth membranes and on sharkskin mimicked ones.

Then, in the second study, drug release behavior of sharkskin mimicked chitosan-

based membranes was studied. As described in chapter 4, Amp, which is a widely used

antibiotic, and CAPE, which is a water insoluble anti-inŕammatory drug extracted

from propolis were added into the chitosan solution prior to casting. Obtained results

indicate that sharkskin topography regulated the swelling ratio of the fabricated mem-

branes, thus, controlling the amount of drug released from them via diffusion. It was
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also found that high doses of CAPE can be delivered by loading into chitosan poly-

mer solution. Additionally, the antibacterial activity of sharkskin mimicked chitosan

membrane is increased by addition of Amp and CAPE, both individually and together.

The membranes with sharkskin microtopography proved to be effective in si-

multaneously promoting cell proliferation and inhibiting bacterial bioőlm formation.

Employing topographies with inherent antibacterial properties, such as sharkskin, may

be useful in reducing surface-associated bacterial contaminations and infections such as

medical devices and inpatient-care equipment. Additionally, the biodegradable nature

of the base polymer could bring about many applications in the biomedical őeld as

an implantable membrane with dual functionality, cytocompatibility, and antibacterial

activity.
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