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PEG-PLA BAZLI KAPLAMANIN YUZEY SERBEST ENERJISINE DAYALI
KARAKTERIZASYONU

OZET
Beyza Ozlem Yilmaz
Saglik Sistemleri Miihendisligi, Yiiksek Lisans
Tez Danismani: Prof. Dr. Hakan TOZAN
Temmuz, 2021

Saglik alani, temel yapisi itibariyle dinamik bir yapiya sahiptir ve bu nedenle siirekli
degisim ve gelisime ihtiya¢ duymaktadir. Ayrica saglik alaninda simirli kaynaklarin
bulunmas1 ve diinya genelinde artan saglik harcamalari bu alanda yeni yaklagimlara olan
ihtiyact artirmistir.Polimerler, o6zellikle artan pazar paylart ile yeni yaklasimlarin
gelistirilmesinde hayati bir rol oynamistir. Baslarda, polimerlerin kullanimi, yaralanan
veya pargalanan doku veya organlarin sorunsuz bir sekilde islevini yerine getirmesini
saglamak, insanin yasam kosullarin1 korumak ve iyilestirmek i¢in temel olarak implant
ve tibbi cihaz olarak kullanimlari sinirliydi. Yeni kaplama teknolojileri gibi polimer
mihendisligindeki gelismeler, polimerlerin daha genis uygulama alanlarinda
kullanilmasini saglamistir. Polimerlerin uygulama alanlar1 genisledikg¢e kullanim sekilleri
de degismistir. Polimerlerin viicutta kullanilacak diger malzemelerin polimer kaplanmasi
yoluyla, hedefe yonelik tedavi veya teshis prosediirleri gelistirmek icin polimer bazl
yaklagimlar da sunulmaktadir. Bu noktada, PEG-PLA, polimer kaplamalarda siklikla
kullanilan FDA onayli polimerlerdir. Bir malzemenin uygun bir kombinasyonda PEG-
PLA karisimi ile kaplanmasi asinma hizi, hidrofiliklik, mekanik direng gibi farkli katkilar
saglamakla beraber birbirlerinin eksikliklerini en aza indiren umut verici yaklagimlardan
biri olarak kabul edilmektedir. Ancak yapilan kaplama uygulamalarinda en onemli
faktorlerden biri yiizey serbest enerjisidir. Bu noktada, bu ¢caligmanin temel amaci, farkl
oranlarda PEG-PLA karigimlari ile kaplanmis ylizeylerin statik temas Olgiimleri
araciligiyla bilgisayar ortaminda yiizey serbest enerjilerinin arastirilmasidir. Caligma
sonucunda, statik temas agis1 arttik¢a ylizey serbest enerjisinin azaldig1 gézlemlenmistir.
Yiizey serbest enerjilerinin hesaplanilmasinda Neumann, Wu, Asit-Baz, Fowkes ve
OWRK yontemlerin kullanilmigtir. Neumann yontemindeki SFE ol¢iimleri dikkate
alinmis olup, farkli kombinasyonlardaki PEG-PLA karisimlari igerisinden, yiiksek yiizey
serbest enerjisi nedeniyle 5 numarali karigiminin ilgili ylizeyin kaplanmasinda en uygun
kombinasyon oldugu sonucuna ulasilmistir. Bu ¢alismanin, saglik alaninda kullanilacak
olan bir malzemenin o6zelliklerinin, kaplama yOntemiyle gelistirilmesi noktasinda
yapilacak kaplama i¢in uygun kombinasyonlarin belirlenmesi ve siirli kaynaklarin etkin
bir sekilde kullanimina yonelik yapilacak ¢aligmalarin oniinii agmasi beklenmektedir.
Boylece, yapilan kaplamalarin analizlerinin  gergeklestirilerek, yilizeye uygun
kaplamalarin gergeklestirilmesi ve istenen Ozelliklerin maliyet-etkin bir ¢ercevede
saglanmasi noktasinda gelecek c¢alismalara 151k tutmasi1 beklenmektedir.

Anahtar Sozciikler: Biyomalzeme, Biyouyumlu, Kaplama, PEG, PLA, Saglik, Yiizey
Serbest Enerji
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The field of health has a dynamic structure in terms of its basic structure and therefore
needs constant change and development. In addition, limited resources in the field of
health and increasing health expenditures around the world have increased the need for
new approaches in this field. Polymers have played a vital role in the development of new
approaches, especially with their increasing market shares. Initially, the use of polymers
was limited mainly as implants and medical devices to ensure the smooth functioning of
injured or ruptured tissues or organs, and to protect and improve human living conditions.
Advances in polymer engineering, such as new coating technologies, have allowed
polymers to be used in a wider range of applications. As the application areas of polymers
have expanded, their usage patterns have also changed. Polymer-based approaches are
also offered to develop targeted therapeutic or diagnostic procedures, through polymer
coating of other materials for use in the body. At this point, PEG-PLA are FDA-approved
polymers that are often used in polymer coatings. Coating a material with a PEG-PLA
mixture in a suitable combination provides different contributions such as wear rate,
hydrophilicity, mechanical resistance, and is accepted as one of the promising approaches
that minimizes each other's deficiencies. However, one of the most important factors in
coating applications is the surface free energy. At this point, the main purpose of this
study is to investigate the surface free energies in computer environment by means of
static contact measurements of surfaces coated with PEG-PLA mixtures at different rates.
As a result of the study, it was observed that the surface free energy decreased as the static
contact angle increased. Neumann, Wu, Acid-Base, Fowkes and OWRK methods were
used to calculate the surface free energies. SFE measurements in the Neumann method
were taken into account, and it was concluded that among the PEG-PLA mixtures in
different combinations, the mixture number 5 was the most suitable combination for
coating the relevant surface due to its high surface free energy. It is expected that this
study will pave the way for the determination of the appropriate combinations for the
coating to be made at the point of improving the properties of a material to be used in the
field of health, and the effective use of limited resources. Thus, it is expected that the
analysis of the coatings made will shed light on future studies on realizing coatings
suitable for the surface and providing the desired properties in a cost-effective framework.

Keywords: Biocompatible, Biomaterial, Coating, Healthcare, PEG, PLA, SFE
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CHAPTER 1

1. INTRODUCTION

The field of health is constantly undergoing development and change to meet the needs
and maintain the well-being of the individuals in all the processes it encounters.
Maintaining an individual's well-being has become even more critical due to changing
demographic properties of the society such as the aging population around the world [1].
Aging is a complicated process in which the functioning of all body functions from cells
to organs is impaired and functional capabilities of the body are reduced [2]. When the
body cannot perform its functions properly, the person's complete well-being deteriorates.
Therefore, new approaches/studies are needed in the field of health, not only because of
the differentiation of aging community-borne diseases but also due to various situations
such as some inevitable accidents, inadequate treatments despite developing technology.
The common crucial purpose of these studies is to eliminate the drawbacks in the body
functions through medical equipment, materials, and devices used to perform functions
like before or improve the existing system. At this point, the biocompatibility feature
which is defined as the physical, chemical and biological compatibility of materials to be
used in the body in contact with the body, to body tissues and optimum adaptation to body
behavior has a critical role [3]. Moreover, the need for the new material to be used to be
safe and effective is increasing from day to day but at the same time, health expenditure
has been gradually increasing over the last decade and is assumed to continue to increase
in the coming years. Therefore, cost-effectively maintaining an individual's well-being
against limited resources in the field of health has become a top priority around the world
[4]. Hence, cost-effective approaches take a significant role in the advancement of
materials that are both intended to be used as a new approach and expected to show
biocompatibility property. Although the materials can provide this property concerning
their bulk characteristics, surface properties are another significantly important concern

[5]



The surface is defined as the region where the structure and composition affected by the
interface differ from the bulk composition and structure [6]. In other words, since the top
layer of surface atoms is in direct contact with solid, liquid, or gas phases, this top layer
of surface atoms can be regarded as the surface [7]. Surface characteristics can be
investigated into three groups: surface morphology, surface structure, and surface
properties. Surface properties have a tremendous impact on the success or failure of the
material to be used for the related application in the health field since the surface comes
into first contact with the environment. Therefore, surface properties provide information
about the behavior and suitability of the material. For this reason, the need for
determination and research of surface properties is obvious for the effective and true
application of the material, both in the past and today. The surface properties of most of
the materials used in the health field cannot meet the required demands in various
applications and not be sufficient anymore in the face of developments and changes
experienced. Namely, the surface may need to be adjusted and engineered in line with the
desired condition. Moreover, the availability of limited resources in the field of health
requires a cost-effective approach. Surface modification to adjust surface properties has
become one of the most interesting and cost-effective approach in the biomaterial
research field, proving to be very effective in ameliorating the biocompatibility and
corrosion resistance of the material. It enables modification of the material surface with
superior biofunctionality and bulk characteristics [8]-[12]. Various studies have focused
on advancing the "biocompatibility” of biomaterials through a variety of surface
modification and thin-film coating applications.

Medical coatings take critical role in meeting the relevant usage requirements of
biomaterials [13]. Biocompatibility can be importantly improved and adverse effects such
as physical irritation, inflammation, infection, toxicity, or carcinogenic effect can be
avoided by coating application on the surfaces of the biomaterials. The application of a
coating on the surface makes biomedical devices and biomaterials much more qualified
to meet clinical requirements and to provide targeted properties [14]. At this point,
polymer-based coatings continue to be utilized in more diverse applications and sectors
than ever before due to the advantages offered by medical polymers. Polymers offer the
advantage of enhancing a range of functional properties for their underlying hosts, from

barrier coatings in a simple way to elaborate nanotechnology-based composites [15].



The widespread use of polymers in the field of biomedical research and medical
applications, and their becoming a basic workforce in biomaterials, emphasize the
importance of polymers in the field of health [16]. The surprising market size of medical
polymers is expected to exceed $24 billion by 2024 and reach a CAGR of 9% is another
phenomenon that supports the importance of polymers in the health field. Moreover, the
increasing elderly population and increasing medical needs are expected to direct the
market share of medical polymers in near future and to become prominent in the field of
health [17]. For example, the elderly population, which is the population aged 65 and
over, was 6 million 495 thousand 239 people in 2015. However, it increased by 22.5% in
the last five years and achieved 7 million 953 thousand 555 people in 2020 in Turkey.
While the proportion of the elderly population in all population was 8.2% in 2015, it
increased to 9.5% in 2020 [18]. Related changes in population are demonstrated in Figure
1.1
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Figure 1.1: Population distribution and rate by age group [18].

Instead of limiting the use of polymers directly as biomaterials, polymer-based
approaches are also provided where targeted treatment or diagnostic procedures can be
performed using the coating of materials to be used within the body. Since polymers are
outstanding candidates in healthcare because of their substrate-independent properties
and adaptable surface functions, polymeric coatings are increasingly used in a diversity

of applications in different biomedical fields [19].

The surface characteristics/properties of a material can be determined by different
parameters. The SFE is a key parameter among these parameters, which characterizes the
solid surface and its interaction with other surfaces. This parameter is associated not only

with the wettability of the material but also with many other substantial properties at the



surface/interface [5],[20]-[21]. Moreover, biocompatibility is affected mainly by the
surface properties of the biomaterials, especially wettability, SFE since the surface of the
biomaterial is in direct contact with biological cells or fluids. For this reason, the causes

and consequences of surface coating applications are directly related to SFE [22].

The main objective of the study is to conduct a study on the SFE of the surface coated
with different PEG-PLA combinations. SFE measurement will be performed on the
surfaces coated with mixtures containing PEG-PLA in different ratios. The surface
characteristics of the materials used in the health field, especially a material to be used in
the body, play a key role in whether they are suitable for relevant use. Therefore, it is
aimed to guide the development of the surface properties of the material to be used at the
desired level with this study. Consequently, the results of this study will play a role in
examining the surface properties and determining the appropriate coating ratio/model for

a material to be used in the health field to show a suitable and targeted fit.

1.1.  Polymer-Based Coating Applications

1.1.1. General information about polymer

The polymer-based approach in healthcare is being investigated, but at this point, it is
essential to comprehend basic concepts and types of the polymer. The word "polymer”
consists of two main words, meaning "poly” and "mers" parts or units "in Greek.
“Polymers are defined as long-chain high molecular weight compounds where each
molecule is more or less specifically arranged”. The small molecular weight units used

when starting the synthesis are called "monomers™ [23]-[24].

Polymers that have an extensive scope of application as biomaterials are classified into
two groups as natural and synthetic. Natural polymers have many advantages when
compared to synthetic polymers due to the utilization of natural resources, cheapness, and
chemically replaceable reasons. Collagen, gelatin, elastin, silk, polysaccharides are

commonly used natural polymer types.

Synthetic polymers contribute to chemical changes and are relatively versatile and
customizable to specific needs. However, they are found in abundant amounts when
compared to natural polymer types [25]. Frequently used synthetic polymer types can be
listed as poly (lactic acid), poly (glycolic acid) and their copolymers, poly (ethylene
oxide, poly (hydroxyethyl methacrylate), Polyanhydrides, polyphosphazene, poly



(orthoesters), silicone, poly (ethylene), polyethylene (PE), polyvinyl chloride,
polyurethane (PU), polycaprolactone [26]. Synthetic polymer coatings are widely applied
in biomedical applications thanks to their material versatility and workability. By
controlling its composition, physical and chemical properties, these coatings can be
utilized for different applications, and they can be modified to suit various complex
structures and shapes [27].

1.1.1.1. Polyethylene glycol (PEG)

PEG is a polyether involving repeated units of ethylene glycol. It is a synthetic polymer
that is soluble in water, biocompatible and non-immunogenic and has low cost, high
permeability, solubility, structure flexibility and hydration capacity[28]. The chemical

structure of PEG is demonstrated in Figure 1.2.

0
H ~CH

Figure 1.2: The chemical structure of PEG [29].

PEG derivatives are neutral polyethers in linear or branched structures with extraordinary
biological properties. Although its chemical structure looks like a very simple molecule,
it comes into prominence in biotechnical and biomedical applications. They are materials
that are compatible with biological materials, non-toxic, can provide cell combinations at
high concentrations, and can form complexes with metal cations. It is suitable for
chemical modification or bonding with other molecules or surfaces. When it interacts
with other molecules, it does not cause much chemical change, but it can affect their
solubility [30].

PEG is approved by FDA. PEG-based materials are the most widely used polyether in
biomaterial utilization thanks to their superior biocompatibility, structural advantages,

and ability to reduce protein adsorption on a type of hydrophobic material [31].

1.1.1.2. Polylactic acid (PLA)

PLA is rigid thermoplastic polymers in semi-crystalline or amorphous form. PLA
polymer has the characteristics of PET and also features PP [32]. Polylactic acid, which

is produced by making use of plants rich in starch such as corn, sugar cane and wheat, is



biocompatible and biodegradable [33]. Moreover, it is a very useful polyester due to its
great mechanical properties and well machinability. Additionally, in regard of
biodegradable polyesters, PLA is considered to be the biopolymer with the highest
potential because of its easy availability and low-cost advantages [34]. It has been
approved by the FDA for use in many biomedical applications and is currently used
mainly for drug delivery systems and tissue engineering [35]. The chemical structure of

PLA is demonstrated in Figure 1.3.
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Figure 1.3: The chemical structure of PLA [36].

Various findings have been made about PLA from past to present. Especially in recent
years, studies involving PLA have been increasing. However, despite all the advantages
of PLA, it suffers from the most critical disadvantage of its fragile structure, which limits

its usage areas [37].

1.1.2. Polymeric-based coating applications in health field

A coating can be defined as a layer applied to the surface of an object or material that is
sometimes called substrate for protection, decoration to affect, or change surface
functionality [38]. The coating is an effective method that is utilized in many different
biomedical applications and provides the desired properties by changing the surface
properties of any substrate biomaterial, therefore, changing the response with the surface,
when the desired properties are not achieved due to the essence of a biomaterial. In the
biomedicine field, the coating of materials is an application that is used frequently to
eliminate missing or insufficient properties due to the nature of the material and to adapt
the materials to the desired properties. Covering the surfaces of the related materials with
polymer has gained global attraction due to the various advantages of the polymers, the
developments and changes observed especially in the biomedicine field. The coating can
be carried out chemically, mechanically or physically to produce materials with the
desired combination of properties which are wear resistance, improved mechanical

strength, improved biocompatibility, nontoxicity, special surface chemistry and corrosion



protection. Therefore, they are widely applied for non-thrombogenic, slippery,
antimicrobial, protective and many other purposes in biomedicine. Polymer coatings can
be made in a single polymer type or composite form. As a result, the polymeric coating
provides a large market for medical materials implanted into the human body [39-40].
For this reason, the studies in the literature are guiding further studies and stakeholders
in the field of health as this area is promising and continues to develop. All this has led
to the need to focus on polymer-based coating studies in the field of health in this study.
In this context, a general literature review including the last decade has been carried out
with the keywords “polymer coating”, “biomedical” and “healthcare”. A classification
has been made within the scope of the fields where the studies have shown the most
intensity, and therefore the classification of the study has been determined as

9% <

“cardiovascular implants, “drug delivery”, “tissue engineering and regenerate medicine”
and “orthopedic implants” in a detailed manner. The classification made to analyze

polymer-based coating studies is given in Figure 1.4,

Polymer based Coating Studies
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Cardiovascular Drug Delivery Tissue Orthopedic
Tnnlnt Engineering and Implants
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Figure 1.4: Classification of polymer-based coating studies.
1.1.2.1. Cardiovascular implants

In this section, polymer-based coating studies in cardiovascular implant application will

be summarized to explain its role and development.

Providing degradation and releasing of drugs, mimicking biological functionality are the
main capabilities of polymers in cardiovascular implants. Therefore, polymer-coated and
polymer-based implants are essential components and revolutionary advances in

diagnosing and treatment of cardiovascular diseases [41].

Cardiovascular implants commonly involve heart valve frames, stent, stent graft, and
permanent vena cava filters [42]. Stents are implants that are frequently used in the

treatment of cardiovascular patients to provide sufficient blood flow to the heart by re-



expanding the narrowed cardiovascular vessels and prevent reclosing. Stents are
manufactured from different biomaterials. The main material of the stents available on
the market is generally stainless steel. Moreover, gold, a biocompatible material, is
suitable to use but is expensive. Although there are stents made from cobalt-chrome-
nickel alloys or tantalum, metal stent problems persist. In other words, an inflammatory
reaction arising from the stent implantation causes neointimal hyperplasia in 10-30% of
cases which is called restenosis, ends up with insufficient treatment results. To overcome
relevant restrictions and problems, new solution approaches are required. At this point,
studies on the coating of stents with polymeric materials have been initiated as a new
approach due to the substantial properties of polymers such as hemocompatibility and
biodegradability [43]-[44].

Drug-releasing stents contain drugs that are released for a certain period in the region
where they are placed and that reduces the narrowing of the vascular. After the stent has
been placed in the body, drugs are used to prevent inflammation and clotting, and any
reactions by the immune system. The main issue is to keep the drug dose constant. For
this reason, drugs are absorbed into polymers, covered on the stent and placed inside the
body. Compared with bare-metal stents, drug-releasing stent placement has been proven

by numerous studies to significantly reduce re-narrowing and re-vascularization.

When the literature is examined, it is barely visible that the interest of the polymer-based
coating applications in the cardiovascular implant so that the studies in this area have
increased during the last decade. Moreover, several review studies are available to
emphasize advances and future directions of the role of polymer coating in cardiovascular
implants especially stents. For example, Strohbach and Busch indicated that polymers are
utilized for different implementations in cardiology, especially in coronary vascular
interventions as stent platforms, and in coating matrices for drug-releasing stents. They
emphasized that especially biodegradable polymer coating can contribute to the reduction
of undesired results such as intrastent restenosis, late stent thrombosis and
hypersensitivity reactions, especially since they deteriorate after their functions are
fulfilled [41]. Li and his friends stated that although Mg and its alloys are preferred in the
first places for stent applications due to their great biomechanical property and
biocompatibility, their high degradation rate in the physiological condition cause a
problem in clinical applications. Therefore, they summarized the recent advances in
polymeric coatings onto the surface of the biodegradable Mg and its alloys, related



preparation strategies for PLA, PLGA PCL, PDA, CS, Col and their composite, and their
performance with regards to corrosion resistance and biocompatibility. As a result, they
emphasized that controllable degradation rate and multifunctional polymer coatings are a
promising solution for Mg-based implants and will gain more attention in the following
year's clinical results, as verified by low MACE and ST ratios for f the stent coated with
NFs was that the sheath of the NFs allowed [45]. The summary table of the studies

discussed is given in Table 1.1 based on polymer type and the aim of the study.

Table 1.1: Polymer-based coating studies for cardiovascular implants [46]-[60].

Author Polymer Type Aim of the Study
Bakhshi et al. To analyze surface resistance and improve
(2011) POSS-PCU biocompatibility
Liu etal. EVA/PLA and | To improve the release profiles and mechanical
(2011) EVA/PEG performance
Bege et al. PEC To obtain biocompatible, and favorable
(2012) mechanical properties
Acharyaetal. | PLGA, PEG and To improve the surface morphology and the
(2012) PCL drug release duration
Kimble et al. To assess mechanical properties and
(2015) 7oA viscoelastic behavior
Park et al. Reducing restenosis and improving
(2015) PLGA and PEG deterioration over time
Farhatnia et al. POSS_PCU Biocompatible and_ hemocompatible
(2016) nanocomposite polymer
Nishimiyaet | PDLLA-PCL and | Enhanced coronary vasoconstricting responses
al. (2016) PLA through inflammatory changes
Belibel et al. To provide biodegradability and
(2016) PDMMLA biocompatibility properties
Tang et al. . .
(2017) PTX/CS Higher drug loading content
Abhyankar et | All biodegradable | Lower major adverse cardiac events and very
al. (2018) stent late stent thrombosis
Baikin et al. PLA To improve mechanical properties and
(2019) oscillations of prourokinase macromolecules
Lee et al. PDA, PEI and . .
(2019) Heparin To prevent restenosis and thrombosis
Yang et al. PEA To prevent the thrombosis and coagulation of
(2020) platelets
Kersani et al. Chitosan/poly- To improve drug solubility, release and
(2020) cyclodextrin antibacterial property
Li et al. (2020) PLA Long-term efficacy of biodegradable stents




Sevostyanov et PLGA To improve mechanical properties and release
al. (2020) ability of biological compounds
Mckittrick et - . .
al. (2020) Unspecified To improve bioactive response

It is concluded that polymer coatings are mostly performed in the cardiovascular field for
stent applications and in-stent types, mostly in drug-releasing stents with the studies
examined in this section. The common aim is generally to reduce the undesired responses
that occur after the drug-released stent is placed inside the body. In this context, different
types of polymers, especially PCL, PLA and PLGA, have been utilized in the coating of

stent surfaces.

1.1.2.2. Drug delivery

In this section, polymer-based coating studies in drug delivery application is analyzed.
Polymers first served as a carrier in drug delivery systems by Ringsdorf in 1975. Then,
in 1984, it became a biological rationale with the progress of Duncan and Kopecek, 1984
[61]. Polymers and related nanotech technologies are defined as Polymer Therapeutics
(PT) and these macromolecules are conjugated to therapeutic agents (5-100 nm). The
design of a regular polymer therapeutic system includes a biocompatible and preferably
biodegradable polymeric support in which bioactive compounds are conjugated with
biodegradable covalent binders or supramolecular interactions. Both natural and synthetic

polymers can be utilized as suitable platforms for therapeutic delivery [62].

The main duties of drug delivery within the body are to improve the bioavailability of
drugs, reduce therapeutic doses and possible side effects, thereby increasing safety,
ensuring targeted drug delivery and providing a personalized drug system for the long-
term future. Drug delivery systems have become a multi-billion-dollar industry today
with various applications carried out by many interdisciplinary sciences, and it is
undoubtedly a research area that growing in importance day by day. Therefore, workers
in this field are looking for new approaches. To obtain an enhanced pharmacological
response and to release and control drug molecules; they are investigated with various
types of polymers with various physicochemical properties [63]-[64]. Therefore, polymer

structures have been benefited from various applications for this drug release.

In recent times, studies that have targeted drugs to specific organs or tissues, thus
preventing them from spreading outside of the target area, have come into prominence.

Such systems, which are defined as the controlled release or delivery systems, are the
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systems that allow the drug to be released at the desired speed and time. Polymer-based
drug delivery systems constitute a major part of controlled release studies [65]. Several
studies mentioned the importance of polymers in drug deliveries in recent years. For
example, Liechty et al. (2010) emphasized that polymer therapeutics has been successful
in mediating by providing safe and effective delivery of a several variety of medical
conditions in the past few decades. The research interventions highlighted in this review
show that the delivery of the drug only to the places where it is needed in therapeutically
relevant amounts, and the recent advances in polymers that can direct molecular
recognition or intracellular transmission will be at the forefront as promising studies in
drug delivery of polymers in the future [66]. Recently, Prajapati et al. (2019) reported
that the mechanical properties, minimal cytotoxicity and biocompatibility of polymers
offer outstanding advantages to develop the possible drug/gene delivery systems. For this
reason, polymers continue to be of interest as encouraging materials to conduct the study
related to new drug delivery systems [67]. Calzoni et al. (2019) investigated different
types of polymer nanoparticles (NPs) and emphasized their substantial role in drug
delivery. They pointed out that the engineering of polymer NPs is a milestone shortly that
can lead to the effective use of these versatile systems in large-scale therapeutic
applications [68]. Alsehli (2020) emphasized that polymeric nano-carriers promise
tremendous hope in drug delivery applications as they increase the bioavailability of

drugs at site of disease [69].

When the studies in the related field are examined, it is observed that it is an application
that is frequently used especially in cancer disease. For this reason, related studies are
classified as cancer diseases and other diseases. The classification of polymer-based

coating studies in the drug delivery section is given in Figure 1.5.

Polymer-based Coating Studies in Drug Delivery

Drug Delivery
for Cancer Other Diseases
Disease

Figure 1.5: The classification of polymer-based coating studies in drug delivery.
1.1.2.3. Tissue engineering and regenerative medicine

Tissue engineering is known as a new and promising field in interdisciplinary science,

which jointly utilizes the values of engineering and life sciences to provide continuity of
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life processes and to develop biological substitution. Polymers are the most preferred
biomaterials in tissue engineering thanks to their flexibility in mechanical manner and
similarity to the essential characteristics of tissue [70]. Biodegradability is a critical issue
for polymer-based coating in both tissue engineering and regenerative medicine. Most
commonly synthetic degradable polymers used in tissue engineering can be listed as
PGA, PCL, PLA, polyurethanes, PGS, PEG, polypyrrole, and so on. Moreover, not only
synthetic polymers but also natural polymers are widely utilized in tissue engineering.
Collagen, fibrin, hyaluronic acid, alginic acid, and chitosan are the commonly utilized

biodegradable natural polymers in tissue engineering [71].

Regenerative medicine has become a broad and modern research field, covering
numerous parts of materials science, biomedicine, tissue engineering and so on. It offers
many furthered applications such as stem cell therapy, fabrication of artificial
transplantable organs and plays a role in the curing of various terrible diseases. Polymers
play a crucial role in regenerative medicine with various applications from scaffold
synthesis to self-assembled material production and nanomedicine. They can be
converted to the desired shape and consistency due to the designed polymers. For
example, PGA, PLA and PCL-PLA copolymers appear to be effectively integrated into
the restoration of organs for example blood vessels, skin and the bladder. Shortly,
polymer coatings have become a significant tool for both tissue engineering and
regenerative medicine, as the polymer can enable specially designed and multi-functional
features. Polymeric coatings offer several advantages such as, cell adhesion which
includes proliferation and differentiation, biofilm formation, reducing toxicity, oxidation
and inflammation [71]-[73]. A scaffold used in tissue engineering should have critical
characteristics such as biocompatibility, biodegradability, required mechanical strength,
non-toxic for cellular activities to continue. The summary table of the studies discussed

is given in Table 1.2 concerning the specific application field.

Table 1.2: Polymer-based coating applications in tissue engineering [74]-[83].

Author Polymer Type Specific Application
Tsai et al. (2011) Poly (dopamine) Cart|l_age tissue
engineering
Radhakumary et al. Lung tissue
(2011) HEMA engineering
Ravichandran et al. PLA/PAA/Col &I Dermal tissue
(2011) regeneration
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Collagen/PLA, CS/PLA, Cartilage tissue

Haaparanta et al. (2014) and Collagen/CS/PLA engineering
Kao et al. (2015) PDA Bor!e tissue
engineering
Kanneci Altinisik et al. PLA and PBS blend Neural tlgsue
(2017) engineering
Kim et al. (2018) PCL Bone tissue
engineering

Arague-Monro’s et al. PLA-PEG 'I_'endon/L!gamgnt

(2019) tissue engineering
Guo et al. (2020) PLA, PCL, PLG_A, PLCL Bor!e tlss_ue
and gelatin engineering
Sadeghzade et al. Bone tissue
(2020) PCLF engineering

It can be concluded that PLA is the most used polymer type within the scope of tissue
engineering application due to its biodegradability, favorable mechanical strength, and
low immunity. Furthermore, it can be emphasized that the main objective is the polymer
coating in tissue engineering and regenerative medicine is to mimic the tissue by

providing longer time degradation.

1.1.2.4. Orthopedic implants

The utilization of metals and metal alloys as biological implant material has increased
due to their strength/weight ratio, biocompatibility, mechanical properties and corrosion
resistance. However, since the stable oxide layer of metal-based orthopedic implants gets
rough, they restrict the lifespan of implants in biological fluids that results in infections
and diseased conditions. At this point, the fact that metal implants are not suitable for use
in the joint areas of the body. This situation creates a need for new approaches. At this
point, polymeric coatings provide a great advantage in the provision of orthopedic
implants with the desired properties. Polymers to be used in orthopedic applications
should have features such as not to produce a disproportionate inflammatory/toxic
response, to be able to be metabolized in the body, to be simply processed into the last
product form, to have a suitable shelf life, to be straightforwardly sterilized, without

leaving any trace components [84].

The summary table of the studies discussed is given in Table 1.3 concerning its

acquisitions and polymer type.
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Table 1.3: Polymer-based coating studies conducted in orthopedic implants [85]-[93].

Author Polymer Type Acquisition
Wong et al. (2010) PCL Higher corrosion resistance
Kim et al. (2013) PEI Higher corrosion resistance
Kahraman (2013) poly (HEMA-GDMA) Higher polarization resistance
and lower corrosion rate
Mishra and Kannan CS/PVA Better corrosion protection and
(2014) improved biocompatibility
Chen et al. (2016) | poly (y-glutamic acid)-g- Improved the degradation
7-amino-4- period and better
methylcoumarin/ histocompatibility
Neacsu et al. (2017) CA Higher corrosion resistance
Abdal-hay et al. PU Improved surface bioactivity
(2019) performance
Mathi et al. (2019) hydroxyapatite/poly(N- Improved mechanical and
methyl pyrrole) antimicrobial properties
Kumar et al.(2020) PC / PPy Improved biocompatibility and
corrosion protection

The common purpose of utilizing from polymer coating applications in orthopedic
implants is to obtain longer degradation time or lower degradation rate and improving
corrosion resistance according to studies conducted in this field. Despite these promising
purposes, the number of studies conducted in this category is in a minority when
compared with the other categories. Hence, it can be emphasized that the next studies

should be focused on this category.

When the literature review is completed, it can be inferred that polymer coatings are being
applied in many areas in the healthcare field and will continue to be at the forefront in the
near future. However, it has been observed that PEG and PLA are used separately in many
different studies. However, although the use of PEG-PLA together eliminates the
disadvantages of using each other separately, it has been concluded that the studies on

this subject are in a minority. This situation has been a source of motivation for this study.

1.1.2.5. PEG-PLA coating applications

PLA is biodegradable, has good reliability, poor immunity and provides great mechanical
strength. Therefore, it has been approved by the FDA for utilization in different medical
systems and equipment such as tissue engineering, medical supplies, drug carriers [94].
However, the desired improvement might not be obtained when PLA is used alone.
Namely, its poor hydrophilicity and drug loading of polar drugs and extremely long

degradation time cause its use to be restricted. On the other side, PEG's good water
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solubility, flexibility, antifagocytosis against macrophages, resistance to immunological
recognition, and biocompatibility can be listed as some of the various advantages [95].
Hence, coating the material through the mixture of PEG and PLA can provide different
contributions such as degradation rate, hydrophilicity, mechanical strength in an
appropriate component composition and is accepted as one of the promising approaches
to improve characteristics of the system in accordance with the objective by minimizing
each other’s shortcomings. For example, when a material is coated only with PEG, PEG
wears off with water and disappears in the progress of time due to its solubility in water.
While the material is coated with a combination of PLA and PEG, PLA can provide
mechanical strength due to its hydrophobicity property that can minimize the wear of
PEG to the system. In this context, it is emphasized that especially the advantages of PEG
and PLA in their use together and that they minimize the disadvantages of each other
according to the situation in which they are used separately, and for this reason, it is
frequently used in different studies under polymer coating in the health field. Some

examples selected from the literature are as follows.

Vila et al.(2004) investigated the efficacy of PLA nanoparticles coated with PEG as a
carrier for nasal delivery of bioactive compounds. As a result, PEG-PLA nanoparticles
exhibited improved responses. These studies demonstrated the important role of the PEG
coating around the particles in the stabilization of PLA particles in the mucosal
environment and facilitated antigen transport to nanoencapsulation, suggesting a long-
term drug/vaccine delivery enhanced use response. The working life and efficacy of
polylactic acid nanoparticles coated with a hydrophilic polyethylene glycol coating which
is PEG-PLA nanoparticles as a carrier for nasal delivery of bioactive compounds were

emphasized. [96].

Chen and He (2014) examined PLA-PEG-coated hollow X-ray and upconversion
nanophosphorus which includes folic acid as tumor targeting ligand for a novel drug
delivery system. Among various nanomaterials, the biocompatible block-copolymer
consisting of poly (lactide) - poly (ethylene glycol) (PLA - PEG) is expected to led to
critically important developments for drug carrier utilization due to its important
advantages such as improved biocompatibility, lack of intrinsic immunogenicity and

biodegradability is expected [97].

Li et al. (2017) focused on the problem of high restricted restenosis rate, usually after
bare-metal stent placement for the curing of coronary heart disease with PCT. The use of
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a PEGylated stereocomplex poly (L lactide) (PEG - scPLA) coating in the surface
modification of the stainless steel (SS) plate was studied to create a solution for the
problem. As a result of the study, it was emphasized that PEG - scPLA can increase
comprehensive performances such as surface modification of the SS layer,
biocompatibility and drug loading capacity, and PEG - scPLA is an outstanding coronary
stent coating for PCT [98].

Amani et al.(2019) stated that surface modification by hydrophobic polymers such as
PLA and hydrophilic polyethylene glycol and the production of the amphiphilic polymer
PLA-PEG polymer increases DNA encapsulation and circulation time in blood compared
to nanoparticles made from PLA alone, and this coating approach increases hydrophilicity
[99].

In all these approaches to improve surface properties, determination and investigation of
surface properties is the crucial point to ensure successful control of the polymer coating.
The energy state of the surface layer, the surface free energy, plays a critical role in
approaches such as coating, where adhesion is an important property that conditions the

effects of the process [100].
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CHAPTER 2

2. THEORETICAL PART

2.1.  Surface Free Energy (SFE)

Molecules on the boundary surface have less stabilizing interaction compared to the bulk
phase, as there are fewer neighboring molecules on the surface. Therefore, excessive
energy occurs. This excess energy is called SFE (J/m2 or ergs/cm2). Moreover, the
created inward tension at the surface is called surface tension (N/m or dyne/cm) [101].
Generally, SFE is utilized for solids while surface tension is utilized for liquids [102].

Schematic representation of intermolecular interactions, SFE, and surface tension is

included in Figure 2.1.
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Figure 2.1: Surface tension, contact angle and surface free energy.

2.2. Contact Angle

When a liquid dropped onto a solid surface does not completely spread to the surface, the
angle resulted between the liquid and the solid surface is known as the contact angle(9).
The force that occurs between two different substances is called the adhesion forces,

while the internal forces that arise due to the attraction of the molecules of an object are
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called cohesive forces. Cohesive forces cause the water droplet to have a spherical shape
and avoid contact with the surface. Namely, the formation of the contact angle of a droplet
dropped onto the solid surface can be explained due to adhesive and cohesive forces

[103]. The schematic representation of the contact angle is shown in Figure 2.2.

liquid 0

Vv

Figure 2.2: Schematic representation of contact angle.

The wettability property of the surface can be determined based on the degree of the
contact angle. To interpret the wettability property, the priority limit has been determined
as 90 degrees. For low contact angles, which are less than 90°, the droplet dropped onto
the solid surface spreads over most of the surface and wetting occurs. At high contact
angles, which are greater than 90°, the droplet does not spread over the solid surface, no
wetting happens, and contact minimizes. As a result of all these situations, if the surface
can get wet, the surface is called 'hydrophilic', while the condition in which the surface is
not wet is called 'hydrophobic’ [104]. The relation between contact angle and wettability

relation is demonstrated in Figure 2.3.
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Figure 2.3: Contact angle and wettability.

Contact angle types are generally divided into two as SCA and DCA. SCA and DCA can
be measured by various measurement methods. Among this variety, the sessile drop
method is a frequently preferred SCA measurement technique since it provides accurate
SFE measurement, and it is easy to apply and cost-effective method [105],[106]. The
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sessile drop method can be explained as the measurement of the tangent angle from three-
phase equilibrium interface point directly. The contact angle can be measured directly by
analyzing the drop profile. A drop image is visualized on a screen and main lines are

obtained after measuring the angle [107].

2.3. SFE Determination Methods

Determination of SFE has been one of the leading remarkable topics for many years.
Despite of the significance of the topic for various industries, a definitive decision on the
measurement of free energies could not be reached, as no method has been defined

worldwide to determine solid surface SFE [108].

The contact angle measurement method for determining the SFE of solid material is a
quantifiable and frequently used measurement method to investigate interfacial
phenomena. SFE of solids can be computed by measuring contact angles through the
measurement liquid with known SFE [109]. The most preferred SFE methods can be
listed as Neumann Method, Fowkes Method, Owens-Wendt Method, Wu Method and
Van Oss-Chaudhury-Good Method.

The relationship defined by Young in 1805 is the basis for the determination of the surface
measure from contact angles, and therefore of all SFE measurement methods. He stated
that the contact angle (8y) of a liquid droplet on a solid surface can be determined by the
mechanical balance of the drop under the influence of its three interfaces which are solid-
vapor, ysv, Solid-liquid, ysi, and liquid-vapor, yiv by this relationship. The Equation 2.1 that
examines this relationship is defined as follows, and its name is called the Young
Equation [110].

Yw C0507=75V—75| (21)

The relationship between these three and contact angle is demonstrated in Figure 2.2
Determining the SFE for solids would become very easy once the relevant parameters in
Young’s Equation were measured. However, only two parameters of the Young Equation,
namely contact angle (6y) and liquid-vapor surface tension (yw), can be measured
experimentally. Measurement of surface tension between the liquid and solid surface (ysi)
cannot be carried out experimentally directly. For this reason, SFE measurement for

solids via Young Equation is thus become inconvenient and the need to develop this

19



equation with new approaches arises. In this context, various studies focused on some
assumptions to develop methodologies to determine surface tension between the liquid
and solid [110]-[112]. The approach that ys value is a parameter that depends on the
properties of the solid and the measuring fluid is accepted as the basis of these approaches,
and many studies, especially the studies of Neuman et al., have focused on this
assumption [110],[113]-[119]. This assumption can be presented with the known equation
of state (EQS) Equation 2.2.

F(e:7,74)=0 (2.2)

This equation 2.2 can also be demonstrated with the following Equation 2.3

Ya =T 1) (2.3)

Taking this basic approach and studies into consideration, Berthelot started related studies
towards the end of the 19" century. He proposed a hypothesis that is based on interfacial
adhesion work (Ws1) between liquid and solid is equal to the cohesion work of a measuring
liquid (Wu) and the geometric mean of the cohesion work of a solid (Wss). The related

equation is given in Equation 2.4.

Wsl =W (\NssWII) (24)

Considering that two different surfaces in contact are accepted as a single surface, the
work that needs to be done to separate these two different surfaces within a single surface
is called the work of adhesion. In other words, the work required for the separation of the
contacting surfaces is called as the work of adhesion. The related equation which is
associated with the work of adhesion is given in Equation 2.5 [120]-[121].

Wadhesion =VaAtTVs ~Vas (25)

In this equation, yas demonstrates the interfacial tension between A and B materials while
va demonstrates the surface tension for material A and ys IS the surface tension for

material B.

When it is accepted that material A is solid and material B is a liquid, the equation for

work of adhesion can be explained with Equation 2.6.

Wy =7, +7—7q (2.6)
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When Young Equation and Equation 2.6 are merged, a new equation is called as Young-
Dupre Equation and can be demonstrated as in Equation 2.7.

W, =7, (1+cosé,) (2.7)

The equation related to the work of adhesion can be explained with the following

equation:

Wcohesion =y, + ¥ — ¥ag (2.8)

When Equation 2.7 is adjusted for solid and liquid, the equation becomes shown in
Equation 2.9 and 2.10

Wss =y, +y,—0=2y, (2.9)

W, =7 +7-0=2y (2.10)

Berthelot provides the equation in 2.11 by combining Equations 2.4, 2.7, 2.9 and 2.10,
and this equation is called the Berthelot hypothesis, and this hypothesis is considered

another most important basis of SFE calculation methods.

Va =71 =2Jrn =Wn —r.)’ (2.11)

There are also different hypotheses based on the hypothesis developed by Berthelot.
However, it is not widely used because it is not based on an adequate scientific approach
compared to the one developed by Berthelot. Antonow’s hypothesis which is explained

with the Equation 2.12 is one of these approaches [122].

Vsl :lyl_ysl (212)

2.3.1.  Fowkes approach to determine SFE of solids

Fowkes stated that the intermolecular attractions that cause surface tension are due to
various prominent intermolecular forces. In his approach, most of these forces, such as
metallic bonds or hydrogen bonds, are a function of a certain chemical structure, and these
are different kinds of parameters that contribute to the measurement of SFE. For this
reason, he emphasized that SFE is composed of the sum of all these parameters, and it

can be expressed with the following equation:
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ve=vS v+ 72 (2.13)

While ys, ysP, vs", 7', v represent dispersion, polar, hydrogen, induction and acid-base
components respectively, y° represents the contributions of all residual component
forces. In addition, he emphasized that London dispersion forces, which always create an
attractive force between adjacent atoms or molecules, are present in all kinds of matter,
no matter how different their chemical structures are. London dispersion forces are
generated through the interaction of fluctuating electronic dipoles with induced dipoles
in neighboring atoms or molecules. These forces, which are independent of temperature,
are related to the electrical properties of the respective volume elements and the distance
between them. He used mercury to explain this situation and stated that the two main
interatomic forces, metallic bonding and London dispersion forces are effective in a liquid
such as mercury. As a result, he proposed that the surface tension of mercury is due to
two different forces, the part caused by dispersion forces and the part caused by metallic

bonds. Therefore, he expressed the relevant equation as follows:

7/Hg :j/Hgd +7/Hgm (214)

Fowkes analyzed two-phase systems in which dispersion forces are generated. He took
into consideration a system consisting of two liquids, mercury and a saturated liquid
hydrocarbon. It has been emphasized that the intermolecular attraction in saturated liquid
hydrocarbons is directly related to London dispersion forces. In this context, it can be
inferred that the only significant interfacial interactions between a saturated hydrocarbon
and any other substance will be London dispersion forces. Since the interface of two
liquids consists of adjacent interfacial regions of each liquid, the interfacial tension is
expressed as the sum of the stresses at the interfacial regions of each fluid. Molecules in
the interface region of the hydrocarbon are under the effect of both intermolecular forces
which create a tension equal to the surface tension of the hydrocarbon and the London
dispersion forces of mercury. Thus, the tension in the interface region layer can be defined
as a function of the difference between the surface tension of the hydrocarbon and the
London dispersion forces between hydrocarbon and mercury. Considering Berthelot's
geometric mean hypothesis, it is deduced that the London dispersion forces between
hydrocarbon and mercury can be calculated by taking the geometric mean of the
dispersion surface tension, y?, of both hydrocarbon and mercury which can be calculated
with the Equation 2.15.
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N (2.15)

Since the geometric mean of the dispersion surface tension, y¢, of both hydrocarbon and

mercury is equal to Equation 2.16.

/yld 7, (2.16)

the tension in the interface region of hydrocarbon can be calculated with Equation 2.17.

n-Any (2.17)

The tension in the interface region of mercury can be calculated with 7, -1/7,°7," with

the same logic. In this regard, it can be stated that the interfacial tension between

hydrocarbon and mercury, y,,, can be calculated with the following equation:

Vo =1t V= 2Ny, (2.18)

Then, Fowkes demonstrated the whole system in Figure 2.4.

erer2 7T

Figure 2.4: The interface and interfacial interactions between hydrocarbon and mercury
[123].

Considered like the hydrocarbon and mercury system, Fowkes indicates that the
interfacial tension between a solid and a liquid can be determined by the following

equation for a solid and a liquid system where only dispersion forces take place:
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Vo =Ve+ 7 =27 (2.19)

Since the SFE of the multiple of Equation 2.19 is equal to the distribution component of
the SFE of the solid, the combination with Equation 2.1 provides the SFE formula for a

non-polar solid.

2 1 2
o=yl = 7 ( +C(239Y) (2.20)
4y,
When the liquid is selected only when it is a liquid with dispersion interactions the Equation

2.20 transforms into:

¥, =7, =0.25y,(1+cos6,)’ (2.21)

If two liquids which one has only dispersion interaction and one has only polar interaction
with known surface tension are used, the Fowkes method also be utilized to determine
the solid SFE (s) by assuming that SFE is expressed as two components, dispersion and
polar. However, it should be noted that polar interactions will also take place on the

molecules in the interfacial region, then Equation 2.21 transform into:

Ve =V 1 =2t =2 (2.22)

Then, the formula for calculating the polar component of the SFE of the solid is obtained

by combining Equation 2.1 with Equation 2.22:

2
7" :[0.574 (1+cosg, N A J ly,° (2.23)

As aresult, the SFE of the solid is equal to the sum of the dispersion and polar components
of the SFE, and this method is called as Extended Fowkes Method. The Fowkes Method
is generally used to determine the SFE of polymeric non-polar materials. It is emphasized
that, for measuring liquids, it is often convenient to use water and diiodomethane in most
applications.[123]-[126]

2.3.2. Owens-Wendt approach to determine SFE of solids

Owens and Wendt have been presented a method to determine the SFE of solids by
benefiting from the contribution of two different parameters which are the dispersion and
the dipole-hydrogen bonding forces. This relationship can be explained as Equation 2.24.
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7s =7/sd _ysh (224)

In Equation 2.24, the superscripts h and d address to the hydrogen bonding and dispersion
force components, respectively. This equation is enhanced as the following equation:

Ve =v b0~ 2t =2 (2.29)

Considering Owens and Wendt's approach that SFE consists of dispersed and polar
components, the following equation is expressed.

Va =7t =21t 2w’ (2.26)

It should be stated that since Owens and Wendt’s polar interaction definition is different from
Fowkes’s polar interaction definition, " and »,” Equation 2.26 is different than those used
in Equation 2.12.

Fowkes put forward another equation by combining Young's equation and Equation 2.26

to explain the contact angle of a liquid at the solid surface, considering the dispersion

strength contributions of each. The equation is demonstrated below.

d, d p,, P
+
1+cosey:2\/7/' Vs \/7' Vs (2.27)
N
Values of 719 have been published for many liquids. Therefore, ys" can be approximated

through a single measurement of 8 by eq. in which only dispersion forces perform.
Therefore, it is inferred that there are two unknowns in the equation, y.* and y,” . Hence,

to solve the equation, two contact angle measurements through two different measuring
liquids with known dispersive and polar components are needed. At this point, it should
be taken that at least one of the measured liquids is a predominantly polar interacting
liquid. In determining the SFE of a solid by the Owens-Wendt Method, water, glycerol
or formamide polarly and diiodomethane, tetradecane or heptane as a dispersing

measurement liquid can be utilized [126]-[127].

2.3.3. Wu’s approach to determine SFE of solids

Wu conducted the study to put forward polar and nonpolar (dispersion) interactions of
interface energies equations by utilizing the energy additivity approach in a semi-
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continuum model. In this context, the assumption that the interfacial energies can be
decomposed into nonpolar (dispersion) and polar components are taken into account.

He proposed three different formulas on which different approaches are based.

The first one is an equation based on the harmonic mean and for this reason, it is called a
harmonic mean equation that can be utilized in low energy systems such as organic

liquids, water, polymers and organic pigments:

AV AV (2.28)
AR AR

Ya =VstV—

The second is the geometric-harmonic-mean equation to utilize in high energy systems

such as mercury, glass, metal oxides and graphite.

=Ystn— 2\/7/5 yl 4 s yl (229)

The third one is known as the geometric mean equation.

Vo=Vt 1 =207 0 — 27’ (2.30)

Based on all this, he emphasized that instead of the geometric mean, the harmonic mean
equation will be utilized to acquire the "optimum" wettability status for the solid-liquid
interface. In this context, when Young’s Equation and Wu’s harmonic mean equation are

combined, the following equation is obtained:

05}/|(1+C030) 4\/75 yl +4\j7/s 7/I (231)

+7| 7/

In the same way as the Owens-Wendt Methods, two contact angle measurements should
be made using two different measuring fluids with known dispersive and polar
components to solve the Wu Equation. With this method, water and diiodomethane
measuring fluids are often used to determine the SFE of solids. Although the Owens
Wendt and Wu methods seem similar, there are differences in terms of the assumptions
made for the adhesion study. The Wu method is less preferred than the Owens-Wendt
method, and it has been observed that higher variances are obtained in the results obtained

using the harmonic mean approach compared to the SFE measurements using the
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geometric mean. Therefore, the method underlying the approaches used to calculate the
SFE should be considered [126],[128]-[129].

2.3.4. Van Oss-Chaudhury-Good method to determine solid SFE

This method is also called as the acid-base method, is rely on the Van Oss-Chaudhury-
Good (1986) method. This method was presented by Van Oss, Good and Chaudhury
considering the electron exchange interactions between molecules at the liquid and solid
interface and dispersive of solid surface. They argued that SFE measurement includes
two components, long-range and short-range interactions, and they focused to explain

these hypotheses in detail in their studies. Namely, long-range interactions are defined
the Lifshitz-van der Waals component, »*" , which includes dipole-dipole interactions

described by Keesom, dipole-induced dipole interactions described by Debye, and wavy

dipole-induced dipole interactions explained by London. Short-range interactions are

defined as the acid-base component, 7*®, which consists of interactions of »* and basic,

7~ related with Lewis acid-base description [126].

In this context, according to Van Oss, Chaudhury and Good, the surface tension of the

W

solid is the sum of the Lifshitz-van der Waals forces 7" and Lewis acid-base

interactions " between the two components and they suggested that it can be computed

with the following equation:

Va =LY =¥ + W) - WOMEY ) -Gy 232

When the 2.32 equation is combined with Young Equation which is, y, =Yy, —Y, c0sé,

then the new equation is obtained as follows:

0.5(1+¢050) = (¥, V™ )+ (VY ¥ )+ (Y. W) (2.33)

In equation 2.33, polar components can be separated into acid and base components by

using the acid-base approach. Moreover, there are three different unknowns represented
by 7", 7.7, 7. [130]-[131]. Therefore, at least three SFE measuring fluids with known

properties should be used to calculate SFE. At least one of the SFE measurement liquids
to be selected should be apolar and the other two should be bipolar. Generally, liquids

with known surface tension components such as diiodomethane, water and formamide
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are used as standard test fluids. Diiodomethane is a non-dispersive liquid with a non-
Lewis acid interaction. On the other hand, formamide is highly basic, while water shows
a low acidic character, bipolar and equal acid-base character. The Van Oss-Chaudhury-
Good method gives information about the properties of the solid surface. However,
However, it has the advantage of being sensitive to small differences in contact angle
measurements due to the use of three different fluids. [132]-[133].

2.3.5. Neumann method to determine solid SFE

It is known that many formulations derived from EQS and adaptation of the Berthelot
hypothesis are included in the literature. One of the most frequently used of these is the
formulation proposed by Neumann[115]-[122].

}/S| — ]/S +7/| _2(7/S]/I)0-5e_,5(7l_75) (2.34)

In the equation, B is an experimentally determined coefficient equal to 0.0001247. When
Equation 2.33 is merged with Young's Equation which is Equation 2.1, the equation is

transformed into:

cosf, =1+ 2\/7/:Se‘ﬂ‘7'75)2 (2.35)
I

There are 3 reasons related to the qualification that distinguish the Neumann Method from
other SFE calculation methods. First, in the Neumann method, surface tension is not
expressed by dividing it into components. Second, it is sufficient to use only one
measuring fluid to determine the SFE of a solid with this method. In this regard, the SFE
values determined using the Neumann Method are expected to yield similar results
regardless of the measuring fluids used. The third one is that The Neumann Method is the
only method that involved an experimentally determined coefficient, which has led to
further questioning of this method. Hence, the Neumann Method has been examined by
many researchers in their studies [120]-[121].
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CHAPTER 3

3. EXPERIMENTAL PART

3.1. Material and Method

The main purpose of this study is to analyze SFE, which is one of the main characteristics
of the material, of the surface, coated with polymer. In this regard, it is aimed to determine
and compare the SFE of the different surfaces coated with the different PEG-PLA
proportions. The reason for the use of PEG-PLA in the coating is to provide many
advantages in various applications in the health field by eliminating each other's
disadvantages when used together and giving the relevant surface biocompatibility
property.

The experimental environment has normal temperature and pressure (NTP)
characteristics of 20 °C (273.15 K) and 1 atm (101.325 kPa). The experiment consists of
4 different stages. Stage-1 is the preparation of the PEG-PLA coating materials in
different proportions. Stage-2 is the application of the coating. Stage-3 is the

measurement of static contact angle and finally, Stage-4 is the determination of SFE.

3.2.  Preparation of the PEG-PLA Coating Mixtures

PEG with 50,000 Da molecular weight and PLA with 60,000 Da molecular weights were
directly purchased from Merck. To prepare the PEG-PLA mixture, an environment
suitable for melting temperatures was prepared. Different mixtures of PEG-PLA with
different ratios of PEG and PLA were prepared. Proportions of coating materials are given
in Table 3.1.
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Table 3.1: The proportions of coating materials.

No PEG (g) PLA (g) PEG (%) PLA (%)
1 10 0 100% 0%

2 8 2 80% 20%

3 6 4 60% 40%

4 4 6 40% 60%

5 2 8 20% 80%

6 0 10 0% 100%

Since all experimental studies were carried out with highly pure chemicals, no further

purification was required.

3.3.  Application of Coating

The coating materials application material was glass slides. For this reason, glass slides
were waited in chronic acid at room temperature to sterilize, then rinsed with distilled

water and left to wait until dry at 100°C.

There are various methods for coating the application of the surface. Dip coating is one
of the most widely performed methods for industrial and specifically laboratory studies
due to its simple procedure, cost-effective, and high coating quality. Furthermore, other
advantages of dip coating include the ability to make multi-layer coating, the ability to
coat both sides of the sample with a single process, and the ability to obtain the same
coating regardless of the geometry of the object to be coated. The dip-coating method is
relying on the principle that the material to be coated is dipped into the prepared solution
at a certain speed and withdrawn at the same speed. The dip-coating process consists of
5 stages: immersing, withdrawing, coating and evaporation. The material to be coated is
dipped into the sol at a constant speed and in the uptake stage, it is pulled up without
waiting at the dipped speed (10-107 mm/min). During the coating stage, the parts of the
material to be coated that come into contact with the left are covered. A mechanical
boundary layer forms between the material entering the solution and the fluid in the
environment. A two-way flow is observed in this layer, which is formed while the
substrate is being pulled. In this way, two layers, the lower layer and the outer layer, are
formed. While the layer close to the material moves upward with the material, the layer
on the outer parts tends to return to the solution [134]-[135]. The dip-coating process is

demonstrated as in Figure 3.1.
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Figure 3.1: The dip-coating process

Mainly six forces act on the layer on the coating material. These forces are; [135]

e The upward pulling force of the mobile carrier due to the viscosity,

e The force of gravity,

e Surface tension force,

e The inertial force of the boundary layer of the liquid coming into the coating
zone,

e Surface tension gradient,

e Breaking pressure

In this study, glass slides are coated with PEG-PLA coating liquids by dipping method.
In this context, 6 different coated surfaces with 6 different PEG-PLA proportions were
obtained. The immersion angle, duration and speed are adjusted to be the same in all dip
coating processes. Coated surfaces were left to dry for 3 hours. After 3 hours of drying

time, coating material was stored in an airtight container until analysis was performed.

3.4.  Static Contact Angle Measurement

The sessile drop is the most carried out method consists of a solid/liquid dual-phase
system. Drop sessile technique based on placing liquid drop onto the surface with a micro-
syringe. Then, the contact angle of the liquid (water) drop formed is calculated by
recording it in the computer-controlled camera. In this study, the sessile drop technique
was utilized to determine contact angles of the PEG-PLA-coated glass slides. Static

31



contact angles were carried out in a contact angle meter system which consist of video
camera, microscope, computer. Initially, PEG-PLA coated glass slides were placed on a
smooth surface in accordance with the angle of the camera and microscope. Polar and
apolar measurement fluids are needed to determine the contact angle. In this context,
glycerol and water as polar measurement liquids and diiodemethane measurement liquid
as apolar have been determined. In this context, drops of a volume of 10 uL of each were
gently placed on PEG-PLA-coated glass layers with the help of a syringe. It was recorded
for each measuring fluid and each coated surface, and then snapshots were obtained from
the recorded videos. Angle measurement time is important because the measuring fluid
evaporates over time and spreads on the surface. Therefore, 10 seconds after the droplet
is placed on the surface was chosen as the standard time for taking snapshots. Water and
glycerol were used as polar measuring liquids and diiodomethane as non-polar measuring
fluids. Videos were recorded as each measuring liquid was placed on the coated surface.
After taking snapshots for each coated surface and each droplet of measuring liquid
placed on the surface of the coatings, the static contact angles of each droplet were
measured by a program called ImageJ which open-source Java image processing. Since
the shape of the droplets is asymmetrical, contact angles were measured from both left
and right contact points. Therefore, the averages of the left and right contact angles for

each droplet were calculated to determine the SFE’s of the coated surfaces.

3.5.  Surface Free Energy Determination

The process of determining the SFE of solid surfaces whose contact angles are measured
was carried out in the computer environment in a cost-effective manner. A MATLAB
program which is available in Appendix Al for SFE determination was utilized. For
common measuring fluids used to determine the SFE of solids, surface tension (with
separate components with polar, non-polar, acid and base components), density and
viscosity values are available in the program library. Since water, glycerol, formamide,
ethylene glycol, dimethyl sulfoxide, diiodomethane, tetradecane and heptane are
commonly used measurement fluids, their information has been included as relevant
measuring fluids. The surface tension with separate components being polar, non-polar,
acid and basic components density and viscosity values for these measurement liquids are
given in Table 3.2. The functions in curve fitting and optimization toolboxes are utilized

in the program.
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Table 3.2: The properties of measuring liquids and units.

7, 7= 7,8 7' 7, | Density | Viscosity
(mJ (mJ (mJ (mJ (mJ (kg (kg
/m2) /m2) /mZ) /mZ) /mZ) /m?®) /m.s)
Water 72 21.8 51 25.5 25,5 | 998.21 | 0.001002
Glycerol 64 34 30 3.92 574 | 1261.3 1.459
Formamide 58 39 19 2.28 39.6 | 1133.4 | 0.00323
Ethylene 48 29 19 1.92 47 1115 0.026
Glycol
Dimethyl 44 36 8 0.5 32 1100.3 | 0.002174
Sulfoxide
Diiodomethane | 50.8 50.8 0 0 0 3321.2 | 0.00276
Tetradecane 26.4 26.4 0 0 0 762.8 0.00213
Heptane 19.9 19.9 0 0 0 683.8 | 0.000408

To make the desired calculations through the program, some relevant inputs that the user
should enter are required. In the program, both SFE, friction factor, and dynamic interface

tension calculations are available, but the inputs for these calculations are different.

The program develops two linear equations through Owens-Wendt. This equation
includes polar and apolar parameters that are unknown in the SFE of the solid. It will be
sufficient to enter information about which measurement liquids are used to determine
SFE through the created equation since the surface tension components are already
available in the program’s library. The program uses Gauss-Jordan Elimination Method
to solve these linear equation systems. Initially, a matrix with these linear equations is
created by the program. Then, this matrix is converted into reduced order-echelon form
to determine the polar and non-polar components of the solid SFE. Finally, the total SFE
value of the solid is calculated through the determining components. The only difference
between the commands that calculate SFE through Owens-Wendt and Acid-Base Method
is that the system of linear equations consists of three linear equations in the Acid-based
Method instead of two linear equations as in the Owens-Wendt Method since the

unknowns in the base Method are three.

For SFE calculation through Wu's and Neumann's method, the program uses a nonlinear
equation solver called "fsolve". Trust zone dogleg algorithm, which is a subspace trust
zone method and based on the interior-reflective Newton method is used by this "fsolve™

equation. Contrary to other methods, there is no numerical method to calculate SFE via
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Fowkes Method. Calculation of SFE of the solid can be investigated into three steps in
Fowkes Method. The first step is the calculation of the non-polar component of the SFE
with the known surface tension of the non-polar measuring fluid and the static contact
angle measured between the solid surface and the measuring fluid. The second step is the
calculation of the polar component of SFE with the non-polar component of SFE of solid
which is calculated in the first step, known surface tension components of the polar
measuring liquid, and measured static contact angle between the solid surface and
measuring liquid. The final step is the determination of the SFE of solid by using
calculated values of polar and non-polar components of SFE of solid. The equation
associated with each SFE determination method is summarized in Table 3.3.

Table 3.3: SFE determination method and related equations used in the program.

SFE Determination Method Equations
Acligse 207" 1+ n ) =r L cos)
Fowkes 7" =0.25y,(1+cos6,)’,

2
4 O.57,(1+COS¢9y)—«/7/sd7|d
7/ ~ p
7

S

Owens-Wendt 0.5y, (1+cos 6’y) = \/75d7.d + \/7’sp7/l P

Wu d, d P, P
0.5y,(1+cosd,) =4 ( 7;3 / —+ 7; / p)
?/s +}/I }/S +7/I

Neumann ~ 2
cos ¢9y =142 [Lse An-r)
7

Moreover, the Zisman Plot Method to compute the critical surface tension that can be

explained as the surface tension of a liquid that completely wets a solid also included in
the program. Extrapolation of this line when Cos6 = 1 point, ie 6 = 0 °, gives the critical
surface tension (yc) of the solid which is equal to the surface tension of the liquid at that
point. In the program, Linear Regression Analysis is used to calculate the critical SFE for
the Zisman Plot Method. As a result of all calculations, the program displays a graph. In
the graph, cosine values of the CAs are located on the y-axis while the surface tension
values of the measuring liquids are located on the x-axis. Next, the program performs
Linear Regression to the points determined in the graph, and the program creates a linear
model for these data points. Finally, the value of the line y = cosO = 1 with the surface

tension, which is the intersection of the linear model is calculated in the program [63].
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The methods utilized in the program related to each SFE determination method are

summarized in Table 3.4.

Table 3.4: SFE determination method and related equations.

SFE Determination Method Equations

Acid-Base Gauss Jordan Elimination Method
Fowkes Mathematical Calculations
Owens-Wendt Gauss Jordan Elimination Method
Wu Newton-Raphson Method
Neumann Newton-Raphson Method

Zisman Plot Linear Regression Model

35



CHAPTER 4

4. RESULTS AND DISCUSSION

The SFE values of the coated surfaces are determined by the static contact angles in this
study. Therefore, the result parts which is the part where the data regarding the results are
obtained can be considered in two stages. The first stage is the measurement of contact
angles to the coated surfaces utilizing measuring fluids. The second stage is the
determination of SFEs by transferring the contact angles to the developed program in the

computer environment.

4.1.  Static Contact Angle Results

Sessile drop method based on the imaging technique was utilized to carry out the static
contact angle measurement. In this context, water, glycerol and diiodomethane liquids
were placed on 6 different surfaces coated with PEG-PLA in different proportions and
video images were recorded using the experimental setup. Then, to have a standard
measurement time, 10 seconds after the droplets were placed on the surface in all relevant
videos were determined as suitable for taking snapshots. Angle measurements were
carried out using the angle tool in the ImageJ program. Due to the right and left tendencies
of the droplets, measurements were made from both right and left angles. In this context,
the measurement from each angle was carried out through 3 reference points. Left and
right contact points were designated as one and second points, and since the liquid-vapor
interface is easily distinguishable from the surface and the background, it was measured

by specifying a third point on the surface.

As mentioned in Table 3.1, 6 different coating applications consisting of different PEG-
PLA ratios were carried out. However, static contact angle measurement could not be
performed due to the interaction between the coated glass slide and the measurement
liquid in the 6™ proportion. The first one, which is stated as no 1, consists of 100% PEG.
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Water, glycerol and diiodomethane measurement liquids were dropped on the relevant
surface respectively and screenshots were obtained from the recorded video. Images are

demonstrated in Figures 4.1-4.3.

Figure 4.1: Snapshot of the water droplet on the no.1 surface

Figure 4.3: Snapshot of the diiodomethane droplet on the no.1 surface
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The second one, which is stated as no.2, consists of 80% PEG and 20% PLA. Water,
glycerol and diiodomethane measurement liquids were dropped on the relevant surface

respectively and screenshots were obtained from the video. Images are demonstrated in
Figures 4.4-4.6.

Figure 4.5: Snapshot of the glycerol droplet on the no.2 surface.

Figure 4.6: Snapshot of the diiodomethane droplet on the no.2 surface.
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The third one, which is stated as no.3, consists of 60% PEG and 40% PLA. Water,
glycerol and diiodomethane measurement liquids were dropped on the relevant surface

respectively and screenshots were obtained from the video. Images are demonstrated in
Figures 4.7-4.9.

Figure 4.7: Snapshot of the water droplet on the no.3 surface.

Figure 4.8: Snapshot of the glycerol droplet on the no.3 surface.

Figure 4.9: Snapshot of the dilodomethane droplet on the no.3 surface.
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The fourth one, which is stated as no.4, consists of 40% PEG and 60% PLA. Water,
glycerol and diiodomethane measurement liquids were dropped on the relevant surface

respectively and screenshots were obtained from the video. Images are demonstrated in
Figures 4.10-4.12.

Wkl _J

Figure 4.12: Snapshot of the diidomethane droplet on the no.4 surface.

The fifth one, which is stated as no.5, consists of 20% PEG and 80% PLA. Water, glycerol
and diiodomethane measurement liquids were dropped on the relevant surface
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respectively and screenshots were obtained from the video. Images are demonstrated in
Figures 4.13-4.15.

Figure 4.13: Snapshot of the water droplet on the no.5 surface.

Figure 4.14: Snapshot of the glycerol droplet on the no.5 surface.
'

Figure 4.15: Snapshot of the diiodomethane droplet on the no.5 surface.

Since the surface coated with the coating material 6 which is containing 100% PLA is
not in accordance with the measurement standards, SCA measurement of the 6™ surface
could not be performed.
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Table 4.1: SCA of water droplets placed on the PEG-PLA coated surfaces.

No. Left(®) Right(®) Average(®)
1 37.010 37.568 37.29
2 51.997 50.177 53.59
3 56.897 58.504 57.70
4 51.278 50.978 51.13
5 30.640 34.226 3243

Table 4.2: SCA of glycerol droplets placed on the PEG-PLA coated surfaces.

No. Left(°) Right(°) Average(°)
1 48.879 51.187 50.03
2 55.790 52.673 54.23
3 63.701 64.019 63.86
4 59.364 61.010 60.19
5 52.608 52.968 52.79

Table 4.3: SCA of diiodomethane droplets placed on the PEG-PLA coated surfaces.

No. Left(°) Right(°) Average(°)
1 30.110 27.883 29.00
2 32.390 25.625 29.01
3 37.071 33.579 35.33
4 28.241 29.935 29.09
5 24.277 29.981 27.13

Number 1 surface contains 100% PEG. In the literature, it is emphasized that PEG is
hydrophilic and its contact angle with the surface is between 36° and 39°. In this regard,
it can be concluded that the angle of 37°formed by the water droplet on the surface
numbered 1 with the surface supports the literature. The contact angle of the water drop
of the 2" surface is higher than the 1% surface. This situation is attributed to the
hydrophobic nature of PLA. In the mixture containing 20% PLA and 80% PEG relative
to 100% PEG content, the percentage of PEG decreased while the percentage of PLA
increased. In this case, the 2" surface is expected to show a more hydrophobic property
than the 1% surface in the presence of PLA. Namely, the high SCA of the water is
associated with an increase in the hydrophobic percentage of the surface. Moreover, with
the increase in the percentage of PLA on surface number 3, the water contact angle
increased. In conclusion from all these cases, the contact angle is expected to gradually
increase as the percentage of PLA continues to increase. However, although the
percentage of PLA by weight was higher on the 4" surface, it was observed that there was

a decrease in the contact angle of water compared to the 3 surface. Likewise, there was
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a decrease in the contact angle on the 5" surface. While the contact angle increasing from
the 15t mixture to the 3 mixture was associated with the increasing PLA percentage,
lower contact angles were observed in the 4" and 5" mixtures despite the increasing PLA
percentage. This may be attributed to the fact that the continuous increase in fiber

diameter, pore size and pore size distribution counter the increasing PLA concentration.

4.2. SFE Measurement Results

The determining contact angle values of the measuring liquid on the coated surface were
transferred to the program as an input to calculate SFE. During the calculation of SFE,
the program utilized the methods of Van Oss-Chaudhury-Good, Fowkes, Owens Wendt
and Wu are used to make a comparison between SFE methodologies and determine the

most suitable one. SFE results are demonstrated in Table 4.4.

Table 4.4: SFE measurement of PEG-PLA coated surfaces.

Acid-Base Fowkes Wu Owens-Wendt Neumann
(SFE) (SFE) (SFE) | Method (SFE) (SFE)
1 45.13 55.52 -5,82 59.16 52.96
2 46.88 49.99 -17.72 53.98 49.14
3 45.12 45.67 53.91 49.48 45.64
4 48.9 49.54 -16.16 53.66 48.5
5 50.42 56.74 -4.43 60.27 53.53

SFE measurements which were calculated with different approaches gave similar results.
However, the negative results obtained in Wu are due to the variety of variations
compared to other methods due to the harmonic mean. For this reason, the statement in
the literature that the Wu method deviates too much from other methods in the calculation
of SFE and therefore should not be used was supported with these results. SFE
measurements performed via the Neumann, Fowkes and Owens-Wendt methods gave
results that best supported the SCA measurements. Moreover, since the best parabolic
structure was obtained in the Neumann method, Neumann's results were taken into
account in the study. In the Neumann method, the highest SFE value was measured in
the 5" combination. Since SFE is related to interaction between molecules and strength
of attraction, high SFE indicates strong molecular interaction. Therefore, it is deduced
that 5 combination has a high molecular bond due to its high SFE value and this

combination is the most suitable combination.
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CHAPTER 5

S. CONCLUSIONS AND FUTURE WORK

Polymers and their composites have become a research frontier for several biomedical
applications due to their various advantages. The polymer coating is to provide the desired
properties by covering the surface of the material to be used in the body for the desired
therapeutic purpose. When the development of polymer technology from past to present
and promising results are examined, it is predicted that the importance of polymer
coatings and thereby the number of studies conducted in this area will increase. When the
polymer coating studies carried out in the last decade are examined, the increase in the
number of studies with different application areas especially in recent years is another

finding that emphasizes the importance of the studies in this field.

PEG and PLA are biocompatible polymers approved by the FDA for their use in various
applications in the healthcare field. PLA has been approved by the FDA for applications
in different medical systems and equipment, such as tissue engineering, medical supplies,
drug carriers, as it provides biodegradability, reliability, low immunity and good
mechanical resistance. However, when used alone, it may cause limitations in observing
the desired developments in studies due to disadvantages such as weak hydrophilicity and
excessively long disintegration time. Nevertheless, PEG has several advantages such as
good water solubility, flexibility and biocompatibility. Coating material with a PEG-PLA
mixture in a suitable combination provides different contributions such as wear rate,
hydrophilicity, mechanical resistance and is considered as one of the promising
approaches that minimize each other's deficiencies. However, achieving the desired level
of properties is related to SFE, which is one of the critical factors. At the point where the
coated surface can interact directly with the external environment, SFE plays a key role.
In this regard, this study aimed to analyze the SFE of surfaces coated with PEG-PLA at

different proportions.
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By coating the surfaces with PEG-PLA mixtures with different ratios, PEG and PLA
coatings could be compared and analyzed. In the experiment stage, PEG-PLA mixtures
with 6 different ratios were prepared. The coating was carried out with the prepared PEG-
PLA mixtures by the dip-coating method. SFE was carried out using the static contact
angle method, which is a reliable and frequently used method in the literature. Firstly, for
SCA, the image-based experimental environment was prepared, and SCA measurements
were carried out with water, glycerol, dilodomethane measurement liquids. Images were
analyzed in the computer environment, primarily in the ImageJ program, and static
contact angles were determined. The static contact angle results once again revealed the
hydrophobic nature of PLA while supporting the hydrophilicity of PEG. In the PEG-PLA
mixtures, an increase in the static contact angle was observed with the PLA ratio
increasing from 0% to 40%, however, when the PLA percentage continued to be
increased, a decrease was observed in the contact angle. This situation can be associated
with the continuous increase in fiber diameter, pore size and pore size distribution. In the
Matlab program, the measured static contact angle information was entered by specifying
the measuring fluids used, and the SFE’s of the coatings were determined utilizing
different SFE methods. Since the expected parabolic structure was properly obtained in
Neumann among the SFE measurements performed by different methods, those results
were taken into account. When the contact angles with SFE were compared, it was
observed that the SFE of the polymer-coated surfaces increased as the contact angle

decreased due to higher interaction between the liquid drop and solid polymer surface.

This study includes the determination of SFE, which plays an important role in designing
a surface according to the desired level. SFE is a term used to describe excess energy at
the surface of a particular substrate. The molecular force of attraction between different
materials affects their adhesion. However, the attraction force depends on the SFE of the
substrate. Since SFE means a strong molecular attraction, it is concluded the 5%
combination with the highest SFE value in the Neumann method is the most suitable
proportion which consist of 80% PLA and 20% PEG in this study. Compared to other
proportions, it provided a stronger interaction between different substances with higher
SFE value.

Consequently, it was concluded that the most appropriate proportion was 80% PLA and
20% PEG through SFE values in this study, which was carried out with coatings on glass
slides by considering the example of PEG-PLA coating, it is expected that this study will
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contribute to the development of material surfaces with desired properties in the field of
health, where new approaches are needed. It is recommended that future studies focus on
applying SFE measurements to provide the desired benefit from the coating to be made

for a material to be used in the body.
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APPENDIX A
Appendix Al. The Matlab Code for SFE Calculations

% This program can be used to calculate:
% 1) Surface free energy for solid surfaces with static contact angle measurement
% 2) Friction factor with measuring liquid flow velocity measurement for laminar flow

% 3) Interfacial surface tension between a solid and a liquid with dynamic contact angle

measurement (for microchannel flow)

% "Curve Fitting" and "Optimization" toolboxes are used in this program and required to

run.

% al-20: cycle repeater

while a2==1

clc;

Clear;

close all;

options = optimoptions(‘fsolve',' Display’,'off");
format bank;

neumann_beta = 0.0001247; % Neumann constant

fprintf('This program can be used to calculate:\n\t1) Surface free energy for solid 15
surfaces with static contact angle measurement\n\t2) Friction factor with measuring liquid
flow velocity measurement for laminar flow\n\t3) Interfacial surface tension between a

solid and a liquid with dynamic contact angle measurement (for microchannel flow)\n’);

probes = {'water' ‘'glycerol' ‘formamide' ‘ethyleneglycol' ‘dimethyl sulfoxide'

‘dilodomethane’ 'tetradecane' 'heptane'};
%% Data values for probes
%% Polar probes

% 1)gamma.L 2)gamma.L_LW 3)gamma.L_AB 4)gamma.L_acidic 5)gamma.L_basic
6)density 7)viscosity
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water = [ 72.80 21.80 51.00 25.50 25.50 998.21 0.001002 ];

glycerol = [ 64.00 34.00 30.00 3.92 57.40 1261.30 1.459 ];

formamide = [ 58.00 39.00 19.00 2.28 39.60 1133.40 0.00323 ];

ethyleneglycol = [ 48.00 29.00 19.00 1.92 47.00 1115.00 0.026 ];

dmso = [ 44.00 36.00 8.00 0.50 32.00 1100.3 0.002174 ]; % dimethy! sulfoxide
% Number of polar probes: 25

pprobesize = 5; % Change this value if you add new polar probe(s)!

%% Apolar probes

% 1)gamma.L 2)gamma.L_LW 3)gamma.L_AB 4)gamma.L_acidic 5) gamma.L_basic
6)density 7)viscosity

diiodomethane = [ 50.80 50.80 0.00 0.00 0.00 3321.2 0.00276 |;
tetradecane = [ 26.40 26.40 0.00 0.00 0.00 762.8 0.00213 |;

heptane = [ 19.90 19.90 0.00 0.00 0.00 683.8 0.000408 ];

% If you add new probe information, please add variable name in below too!
data = [water;glycerol;formamide;ethyleneglycol;dmso; % polar probes
diiodomethane;tetradecane;heptane]; % apolar probes

n_data = size(data);

approbestart = pprobesize + 1;

%% Calculation Selection

al =1,

while al==1

calcfunc = input(\nWhich calculation do you want to use?\nSFE calculation with static
40 contact angle (use S)\nNote: You need to input contact angles measured with at least
2 measuring liquid\n\nFriction factor calculation (use F)\nNote: You need to input
flowing velocity and channel diameter! Also, flow have to be laminar (low velocity
flow)"\n\nInterfacial surface tension between a solid and liquid with dynamic contact
angle (Use D)\nNote: You need to input static and dynamic contact angles with one

measuring liquid, SFE of solid surface, flow velocity,\ndiameter and length of the
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channel, SFE of solid surface, and pressure difference between inlet and outlet of the

channel\n\n','s");

if isempty(calcfunc)==1

fprintf("You didn"t enter anything!\n’);
elseif strcmpi(calcfunc,'S")==1
calculation = 1;

al =0;

elseif strcmpi(calcfunc,'F)==1
calculation = 2;

al=0;

elseif strcmpi(calcfunc,'D")==1

calculation = 3;

else

fprintf("Wrong entry!\n");

end

end

%% Static Calculations

while calculation==1

vars
={'n','probe’,'proben’,'polar','apolar’,'w_polar','w_apolar','n_polar','n_apolar','probeninput’
,teta’,'R’,'result’,'gamma_s_LWHx','gamma_s_acidicx’,’'gamma_s_basicx',',gamma_s_ABX'
,gamma_sx','results_ ABx','gamma_s_LW','gamma_s_acidic','/gamma_s_basic','gamma_
s_AB''gamma_s''results_AB''gamma_s_fowkes2' 'selected’,'gamma_s_d_fowkes','gam
ma_s_p_fowkes','gamma_s_fowkes','gamma_s_fowkes_av','gamma_s _owrk2''R_OWR
K''OWRK','gamma_s_d_owrk','gamma_s_p_owrk','gamma_s_owrk’,'gamma_s_owrk?2',
'‘gamma_s_owrk_av',')gamma_s_wu2','gamma_s_Wu_av','gamma_s_neumanns’,'gamma_

S_neumann','zisl','zis2','gamma_c','zis2_1''zis2_2'};
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clear(vars{:})

% Entering the probes that are used

while a4==1

fprintf("\nProbes that you can choose are:\n');
for i=1:n_data(1)
fprintf(*%d)%s\n',i,probes{i});

end

fprintf(How many probes will you use?\n’)

n = input(");

if isempty(n)==1

fprintf("You didn"t enter the number of the probes!\n’);
else

if n>=2 && n<=n_data(1)

a4 =0;

else

fprintf('\nPlease enter a value that more than or equal to 2 and less than or equal to 75
%.0f\n",n_data(1));

end

end

end

if n==n_data(1)

probe = probes;

proben = 1:1:n_data(1);
polar = 1:1:pprobesize;

apolar = approbestart:1:9;
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w_polar = polar;
w_apolar = apolar;
n_polar = numel(polar);

n_apolar = numel(apolar);

else
al3=1;
while a13==1

fprintf(\nWhich probes did you use?(Please enter the numerical value!)\n\t\t\t");

ap=1,
aap=1,
c_p=0;

c ap=0;
for i=1:n
as=1;
while a5==1
a9 =1,

probeninput = input(");
if isempty(probeninput)==1

fprintf("You didn"t enter the probe!\nPlease enter the numerical value of the probe you

want to use\n\t\t\t');
else
proben(i) = probeninput;

if proben(i)>=1 && proben(i)<=n_data(1)

if I==2 && n==2

if proben(1)<=pprobesize && proben(2)<=pprobesize
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al2 =0;

fprintf("Wrong entry! YOU ENTERED TWO POLAR PROBE!\nIf the number of the
probes is 2, You must enter one polar and one apolar probe!"\nPlease enter the numerical

value of the probe you want to use\n\t\t\t');

else

if proben(1)>pprobesize && proben(2)>pprobesize
al2 =0;

al=0;

fprintf('Wrong entry! YOU ENTERED TWO NON-POLAR PROBE!!\nIf the number of
the probes is 2, You must enter one polar and one apolar probe!'\nPlease enter the

numerical value of the probe you want to use!\n\t\t\t");
else

al2=1;

end

end

else

al2=1;

end

if i>1

for j=i-1:-1:1

if proben(j)==proben(i)

fprintf(Wrong entry! YOU ENTERED THE SAME PROBE!"\nPlease enter the

numerical value of the probe you want to use!\n\t\t\t');
else
a9=a9-1;

end
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end

end

if a9==1 && al2==1
probe{i} = probes{proben(i)};
if proben(i)>= 1 && proben(i)<=pprobesize
polar(a_p) = proben(i);
w_polar(a_p) =1i;
ap=ap+l;

cp=cp+l;

else

apolar(a_ap) = proben(i);
w_apolar(a_ap) = i;
aap=aap+l;

cap=c.ap+1;

end
a5=0;
if i~=n

fprintf('next one:\t");
end
end

if al==0

end

else
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fprintf(Wrong entry! YOU ENTERED A NUMBER DIFFERENT THAN 1-
%.0f!"\nPlease enter the numerical value of the probe you want to use!\n\t\t\t',n_data(1));

end

end

end

end

if n>2 && ¢_p<2
al3 =1,

fprintf("Wrong entry! YOU ENTERED LESS THAN 2 POLAR PROBES\nYOU MUST
ENTER AT LEAST 2 POLAR PROBES WHEN NUMBER OF PROBES BIGGER
THAN 2!\n");

elseif n>2 && c¢_ap<l1
al3=1;

fprintf('Wrong entry\nYOU MUST ENTER AT LEAST 1 NON-POLAR PROBES
WHEN NUMBER OF PROBES BIGGER THAN 2!"\n");

elseif n==2 && al==0
al3 =1,

else

al3=0;

end

end

n_polar = numel(polar);
n_apolar = numel(apolar);
end

alo=1;

while a10==1

% Reading contact angles
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fori=1:n

fprintf('Please enter the contact angle of %s in degrees\n',probe{i});

al5=1;
while al15==1
al6 = input(");

if isempty(al6)==1

fprintf("Wrong entry!\n");

else

teta(i) = al6;

al5 =0;

end

end

teta(i) = (teta(i).*pi)./180;

end

% Calculations

% Calculation (1) - Van Oss-Chaudhury-Good Method / Acid - Base Approach 3 probes
fprintf(\n Van Oss-Chaudhury-Good Method / Acid - Base Approach\n’);
c=1;

if n>2

for a=1:n_polar-1

for b=a+1:n_polar

for d=1:n_apolar

R(1,1) = sgrt(data(apolar(d),2));

R(1,2) = sgrt(data(apolar(d),5));

R(1,3) = sgrt(data(apolar(d),4));

R(1,4) = ((data(apolar(d),1).*(1+cos(teta(w_apolar(d)))))./2);
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R(2,1) = sqrt(data(polar(a),2));

R(2,2) = sqrt(data(polar(a),5));

R(2,3) = sgrt(data(polar(a),4));

R(2,4) = ((data(polar(a),1).*(1+cos(teta(w_polar(a)))))./2);

R(3,1) = sqrt(data(polar(b),2));

R(3,2) = sqrt(data(polar(b),5));

R(3,3) = sgrt(data(polar(b),4));

R(3,4) = ((data(polar(b),1).*(1+cos(teta(w_polar(b)))))./2);

result = rref(R);

gamma_s_LWx(c) = result(1,4)."2;

gamma_s_acidicx(c) = result(2,4).72;

gamma_s_basicx(c) = result(3,4).2;

gamma_s_ABXx(c) = 2*sqrt(gamma_s_acidicx(c).*gamma_s_basicx(c));
gamma_sx(c) = gamma_s_LWx(c) + gamma_s_ABX(c);

results ABx = {'polar probe 1' 'polar probe 2' ‘apolar probe' " *;
probe{w_polar(a)} probe{w_polar(b)} probe{w_apolar(d)} " ";
‘gamma_s' 'gamma_s_LW' 'gamma_s_AB''gamma_s_acidic' 'gamma_s_basic’;

gamma_sx(c) gamma_s_LWx(c) gamma_s_ABXx(c) gamma_s_acidicx(c)

gamma_s_basicx(c)};
disp(results_ABX);

c=c+1,

end

end

end

gamma_s_LW = mean(gamma_s_LWXx);

gamma_s_acidic = mean(gamma_s_acidicx);
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gamma_s_basic = mean(gamma_s_basicx);
gamma_s_AB = 2*sqrt(gamma_s_acidic.*gamma_s_basic);
gamma_s = gamma_s_LW + gamma_s_AB,;

results AB = {'gamma_s' ‘'gamma_s LW' ‘gamma_ s AB' ‘'gamma_s_acidic'

'‘gamma_s_basic’;

gamma_s gamma_s LW gamma_s_AB gamma_s_acidic gamma_s_basic};
disp(results_AB)

end

% Calculation (2) - Fowkes Method (Geometrical Mean)
fprintf(\nFowkes Method (Geometrical Mean)\n');

c=1,

al7 =n_polar*n_apolar;

gamma_s_fowkes2 = zeros(1,al7);

for a=1:n_polar

for b=1:n_apolar

selected = [polar(a) apolar(b)];

gamma_s_d_fowkes =
((0.5).*data(selected(2),1).*(1+cos(teta(w_apolar(b))))./sqrt(data(selected(2),2)))."2;

gamma_s_p_fowkes = (((0.5).*data(selected(1),1).*(1+cos(teta(w_polar(a))))-
(sqrt(data(selected(1),3)).*sgrt(gamma_s_d_fowkes)))./sqrt(data(selected(1),2))).*2;

gamma_s_fowkes = gamma_s_d_fowkes + gamma_s_p_fowkes;
results_ AB = {'probe(1)’ 'probe(2)' ‘gamma_s' 'gamma_s_d' ‘gamma_s_p’;

probe{w_polar(a)} probe{w_apolar(b)} gamma_ s fowkes gamma_ s d fowkes

gamma_s_p_fowkes};
disp(results_AB);
gamma_s_fowkes2(c) = gamma_s_fowkes;

c=c+1;
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end
end
gamma_s_fowkes_av = mean(gamma_s_fowkes2);

fprintf(‘Overall average surface energy of solid = %.2f

mj/m~2\n\n',gamma_s_fowkes_av);

% Calculation (3) - Owens-Wendt Method (Geometrical Mean)
fprintf(\nOWRK/Owens-Wendt Method (Geometrical Mean)\n");

c=1,

gamma_s_owrk2 = zeros(1,al7);

for a=1:n_polar

for b=1:n_apolar

selected = [polar(a) apolar(b)];

R_OWRK(1,1) = sgrt(data(selected(1),2));

R_OWRK(1,2) = sqrt(data(selected(1),3));

R_OWRK(1,3) = (0.5).*data(selected(1),1).*(1+cos(teta(w_polar(a))));
R_OWRK(2,1) = sgrt(data(selected(2),2));

R_OWRK(2,2) = sgrt(data(selected(2),3));

R_OWRK(2,3) = (0.5).*data(selected(2),1).*(1+cos(teta(w_apolar(b))));
OWRK = rref(R_OWRK);

gamma_s_d_owrk = OWRK(1,3).”2;

gamma_s_p_owrk = OWRK(2,3).72;

gamma_s_owrk = gamma_s_d_owrk + gamma_s_p_owrk;

results_AB = {'probe(1)" 'probe(2)' '‘gamma_s' 'gamma_s_d' 'gamma_s _p’;

probe{w_polar(a)} probe{w_apolar(b)} gamma_s_owrk gamma_s_d_owrk

gamma_s_p_owrk};
disp(results_AB);

gamma_s_owrk2(c) = gamma_s_owrk;
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c=c+1,

end

end

gamma_s_owrk_av = mean(gamma_s_owrk?2);

fprintf(‘Overall average surface energy of

282mj/m”2\n\n',gamma_s_owrk_av);

% Calculation (4) - Wu Equation (Harmonic Mean)
fprintf(\nWu Equation (Harmonic Mean)\n');

c=1;

gamma_s_wu?2 = zeros(1,al7);

for a=1:n_polar

for b=1:n_apolar

selected = [polar(a) apolar(b)];

pl = data(selected(1),2);

r1 = data(selected(1),3);

s1 = 0.25.*data(selected(1),1).*(1+cos(teta(w_polar(a))));
p2 = data(selected(2),2);

r2 = data(selected(2),3);

s2 = 0.25.*data(selected(2),1).*(1+cos(teta(w_apolar(b))));
z11 = (p1.*r1)-(rl.*s1);

z12 = (p1.*r1)-(pl.*s1);

213 = pl+rl-sl;

z14 = pl.*rl.*s1,;

221 = (p2.*r2)-(r2.*s2);

222 = (p2.*12)-(p2.*s2);

223 = p2+r12-s2;
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224 = p2.*r2.*s2,

f = @(X) [z11.*x(1) + z12.*x(2) + x(1).*x(2).*z13 - z14; z21.*x(1) + z22.*x(2) +
X(1).*x(2).*z23 - z24];

x0=[1;1];

options = optimoptions(@fsolve, Display’,'off');

res = fsolve(f,x0,options);

gamma_s_d_wu = res(1);

gamma_s_p_wu = res(2);

gamma_s_wu = gamma_s_d_wu + gamma_s_p_Wwu;

results_AB = {'probe(1)’ 'probe(2)' ‘gamma_s' 'gamma_s_d' ‘gamma_s_p’;

probe{w_polar(a)} probe{w_apolar(b)} gamma_s_wu gamma_s_d_wu

gamma_s_p_wu};

disp(results_AB);

gamma_s_wu2(c) = gamma_s_Wu;

c=c+1;

end

end

gamma_s_wu_av = mean(gamma_s_wuz2);

fprintf('Overall average surface energy of solid = %.2f mj/m”2\n\n',gamma_s_wu_av);
% Calculation (5) - Neumann's Method (Equation of State - EQS)
fprintf(\nNeumann"s Method (Equation of State - EQS)\n");

for i=1:n

f_neumann = @(gamma_s_neumannx) cos(pi-teta(i))-
1+2.*sgrt(gamma_s_neumannx./data(i,1)).*exp(-1.*neumann_beta.*((data(i,1)-

gamma_s_neumannx).”2));
gamma_s_neumanns(i) = fsolve(f_neumann,gamma_s_wu,options);

results_ AB = {'probe’' ‘gamma_s" ; probe{i} gamma_s_neumanns(i)};
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disp(results_AB);

end

gamma_s_neumann = mean(gamma_s_neumanns);
fprintf(‘Overall average surface energy of solid = %.2f mj/m~2\n\n',gamma_s_neumann);
% Critical Surface Tension - Zisman Plot
figure(1);

for i=1:n

zis1(i) = (data(proben(i),1));

zis2(i) = (cos(teta(i)));

end

[linearfit,goodnessoffit] = fit(zis1',zis2','polyl’);
plot(linearfit,zis1,zis2);

title('Zisman Plot Analysis'),

xlabel('Liquid Surface Tension [MN/m]’),
ylabel('Cosine of Contact Angle'),

axis on,

gamma_c = (1 - linearfit.p2)./linearfit.p1;

fprintf(\nZisman Plot Analysis\n\nThe critical surface energy = %.2f mj/m”2\n’,

gamma_c");

fprintf('R"2 = %.2f\n',goodnessoffit.rsquare);
n_fig=2;

for a=1:n_polar

for b=1:n_apolar

figure(n_fig);

selected = [polar(a) apolar(b)];

zis2_1(1) = (data(proben(w_polar(a)),1));
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zis2_1(2) = (data(proben(w_apolar(b)),1));

zis2_2(1) = (cos(teta(w_polar(a))));

zis2_2(2) = (cos(teta(w_apolar(b))));

[linearfit2,goodnessoffit2] = fit(zis2_1',zis2_2','polyl");
plot(linearfit2,zis2_1,zis2_2);

title(['Zisman Plot Analysis (',probe{w_polar(a)},'+',probe{w_apolar(b)},)']);
xlabel('Liquid Surface Tension [MN/m]"),

ylabel('Cosine of Contact Angle’);

gamma_c2 = (1 - linearfit2.p2)./linearfit2.p1;

fprintf(\nSelected probes: %s and %s.\n',probe{w_polar(a)},probe{w_apolar(b)});
fprintf(‘The critical surface energy = %.2f mj/m”2\n',gamma_c2");
fprintf(R"2 = %.2f\n',goodnessoffit2.rsquare);

n_fig=n_fig + 1;

end

end

% Calculation with same probes

fprintf(\n Do you want to make another calculation with same probes?(yes or no)\n
Default:Yes\n');

all =1,
while all==1
q = input(",'s");

if isempty(g)==1

al0 =1,

all=0;

elseif strcmpi(g,'no’)==1

al0=0;
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all=o0;

elseif strcmpi(q,'yes’)==1

al0 =1,

all=0;

else

fprintf("Wrong entry!\n’);

end

end

end

% Calculation with different probes

fprintf(\n Do you want to make another calculation with different probes?(yes or no)\n
Default:Yes\n');

all=1;
while a11==1
g = input(",'s";

if isempty(g)==1
calculation = 1;

all=0;

elseif strcmpi(g,'no’)==1
calculation = 0;

all=0;

elseif strcmpi(q,'yes)==1
calculation = 1;

all=0;

else

fprintf("Wrong entry!\n");

74



end

end

end

%% Friction Factor Calculations

while calculation==2

varsff = {'channel_diameter','flow_velocity','Re’,'ff'};
clear(varsff{:})

fprintf("\nProbes that you can choose are:\n');

for i=1:n_data(1)

fprintf(*%d)%s\n',i,probes{i});

end
a20=1;
while a20==1

selectedPRB = input("Which probe do you want to calculate with?\n");
if isempty(selectedPRB)==1

fprintf("Wrong entry!\n");

elseif selectedPRB>n_data(1)

fprintf("Wrong entry\n’);

elseif selectedPRB<1

fprintf("'Wrong entry\n");

else

a20 = 0;

fprintf('Selected measuring liquid is: %s\n',probes{selectedPRB});
end

end

alo=1;
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while a10==1

a20=1;

while a20==1

channel_diameter = input('Please enter the channel diameter in meters.\n’);
if isempty(channel_diameter)==1
fprintf("Wrong entry!\n’);

elseif channel_diameter<0
fprintf("Wrong entry!\n");

else

a20 = 0;

end

end

a20=1;

while a20==1

flow_velocity = input('Please enter the flow velocity of measuring fluid in meters per

second.\n');

if isempty(flow_velocity)==1

fprintf("Wrong entry\n’);

elseif flow_velocity<0

fprintf("'Wrong entry\n");

else

a20 = 0;

end

end

Re = data(selectedPRB,6)*channel_diameter*flow_velocity/data(selectedPRB,7);

if Re<=2000
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fprintf('Flow is laminar\nRe = %.0f\n',Re);

ff = 64/Re;

fprintf(\nFriction factor = %.2f\n",ff);

else

fprintf('Flow is not laminar! Repeat the experiment with lower flow velocity!");
end

% Calculation with same probe 458

fprintf(\n Do you want to make another calculation with same probe?(yes or no)\n
Default:Yes\n');

all=1;
while al1==1
g = input(",'s");

if isempty(g)==1
ald=1;

all=o0;

elseif strcmpi(g,'no’)==1
al0 =0;

all=0;

elseif strempi(g,'yes’)==1
al0 =1,

all=0;

else

fprintf("'Wrong entry\n");
end

end

end
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% Calculation with different probe fprintf(\n Do you want to make another calculation
with same probe liquid?(yes or no)\n Default:Yes\n');

all =1,
while all1==1
q = input(",'s");

if isempty(q)==1
calculation = 2;

all=0;

elseif strcmpi(g,'no’)==1
calculation = 0;

all=0;

elseif strcmpi(q,'yes')==1
calculation = 2;

all=o0;

else

fprintf("Wrong entry!\n");
end

end

end

%% Interfacial Surface Tension Calculations
while calculation==

varsff
={"channel_diameter','flow_velocity','Re','length’,'pressure_diff','dca’,'sca’,'SFEofsolid",'i
nterfacialST'};

clear(varsff{:})
fprintf(\nProbes that you can choose are:\n');

for i=1:n_data(1)
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fprintf('%d)%s\n',i,probes{i});

end
a20=1;
while a20==1

selectedPRB = input("Which probe do you want to calculate with?\n");
if isempty(selectedPRB)==1

fprintf("Wrong entry!\n");

elseif selectedPRB>n_data(1)

fprintf("Wrong entry!\n’);

elseif selectedPRB<1

fprintf("Wrong entry\n");

else

a20 = 0;

fprintf('Selected measuring liquid is: %s\n',probes{selectedPRB});

end

end

ald=1;
while a10==1
a20 =1,
while a20==1

channel_diameter = input('Please enter the channel diameter in meters (m).\n");
if isempty(channel_diameter)==1

fprintf("'Wrong entry\n");

elseif channel_diameter<0

fprintf("Wrong entry!\n’);

else
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a20 = 0;

end

end

a20 =1,
while a20==1

flow_velocity = input('Please enter the flow velocity of measuring fluid in meters per

second (m/s).\n");

if isempty(flow_velocity)==1

fprintf("Wrong entry!\n’);

elseif flow_velocity<0

fprintf("Wrong entry!\n’);

else

a20 = 0;

end

end

Re = data(selectedPRB,6)*channel_diameter*flow_velocity/data(selectedPRB,7);
if Re<=2000

fprintf('Flow is laminar'\nRe = %.2f\n\n",Re);

ff = 64/Re;

fprintf('Friction factor = %.2f\n\n',ff);

a20 =1,

while a20==1

length = input('Please enter the length of the channel in meters (m).\n');
if isempty(length)==1

fprintf("Wrong entry!\n’);

elseif length<0
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fprintf("Wrong entry\n’);
else

a20 =0;

end

end

a20 =1,

while a20==1

pressure_diff = input('Please enter the pressure difference between inlet and outlet of the

channel in Newton per second squared (N/m2).\n");
it isempty(pressure_diff)==1
fprintf("Wrong entry!\n’);

elseif pressure_diff<0

fprintf("Wrong entry\n’);
else

a20 =0;

end

end

a20 =1,

while a20==1

dca = input(‘'Please enter the dynamic contact angle in degrees.\n");
if isempty(dca)==1

fprintf("Wrong entry!\n");

elseif dca<0

fprintf("Wrong entry!\n');

else

a20=0;
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end

end

dcacos = cos(dca*pi/180);
a20 =1,

while a20==1

sca = input('Please enter the static contact angle in degrees.\n');
if isempty(sca)==1
fprintf("Wrong entry\n');
elseif sca<0
fprintf("Wrong entry\n');
else

a20=0;

end

end

scacos = cos(sca*pi/180);
a20 =1,

while a20==1

SFEofsolid = input('Please enter the SFE of solid surface in miliJoules per meter 595

squared (mJ/m2).\n’);

if isempty(SFEofsolid)==1
fprintf("Wrong entry!\n");
elseif SFEofsolid<0
fprintf("Wrong entry!\n');
else

a20 =0;

end
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end

interfacialST = SFEofsolid-
((0.25*((scacos/dcacos)*(((32*flow_velocity*length*data(selectedPRB,7))/(channel_di
ameter.”2))+(channel_diameter*(pressure_diff*(-1))))))*1000);

fprintf(\nDynamic interfacial tension between solid and liquid is %.2f 605
mJ/m2\n',interfacialST);

else

fprintf('Flow is not laminar! Repeat the experiment with lower flow velocity!);
end

% Calculation with same probes

fprintf(\n Do you want to make another calculation with same probe?(yes or no)\n
Default:Yes\n');

all=1;
while all==1
q = input(",'s’);

if isempty(g)==1

al0 =1,

all=o0;

elseif strcmpi(g,'no’)==1
al0=0;

all=0;

elseif strcmpi(q,'yes)==1
al0 =1,

all=0;

else

fprintf("Wrong entry!\n");

end
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end
end
% Calculation with different probe

fprintf(\n Do you want to make another calculation with different probe liquid?(yes or
no)\n Default:Yes\n");

all=1;
while al1==1
q = input(",'s’);

if isempty(q)==1
calculation = 3;

all=0;

elseif strcmpi(q,'no’)==1
calculation = 0;

all=o0;

elseif strcmpi(q,'yes')==1
calculation= 3;

all=o0;

else

fprintf("'Wrong entry\n");
end

end

end

%% Restarting program

while a3==1

fprintf(\n Do you want to make another calculation?(yes or no)\n Default:Yes\n');
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p = input(",'s");

if isempty(p)==1

a2 =1,

a3 =0;

elseif strcmpi(p,'no’)==1
a2=0;

a3 =0;

elseif strempi(p,'yes’)==1

else
fprintf("Wrong entry!\n");
end
end

end
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