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ABSTRACT
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The thesis aims to study the processing and properties of the terpolymer of tetrafluoroethylene, hex-
afluoropropylene, and vinylidene fluoride, THV, and its more flexural form THVP and their suitability with
cell culture imaging purposes. THV and THVP were chosen due to their processability and good optical
properties which include transparency and refractive index being close to water. The manufacturing method
chosen was compression molding and samples were made into thin plates.

The usage of fluorinated ethylene propylene, FEP, was studied due to having similar properties to THV
and THVP such as good transparency and refractive index being close to water. FEP has a much higher
melting point making processing it more difficult. Because of FEP’s high melting point, it could not be used
to process with available compression molding equipment.

Properties of THV and THVP were tested with wettability testing, transparency testing, and refractive
index testing. Oxygen plasma treatment’s effect on the material’s hydrophilicity was studied during the
wettability experiment and also, and the effect of oxygen plasma treatment on sample transparency was
studied during the transparency experiment.

Material wettability was tested with an optical tensiometer, and the untreated sample was compared to
samples with different oxygen plasma times. The wettability test aimed to find out if water or cell medium
liquid can properly wet the surface of the material.

Transparency was tested with Ultraviolet-visible spectrophotometry (UV-Vis spectrophotometry) which
tells what amount of light goes through the sample and what amount light absorbs into the material. The
results showed that the transparency of the material is quite low, only around 20% of incoming light can go
through it and the rest will absorb into the material.

The refractive index of the material was measured with a refractometer that calculates the refractive
index with different wavelengths and the results were compared to the manufacturer's given value for the
material. The calculated refractive index for the material was around 1.35 for THVP and 1.36 for THV which
are also the given values that the manufacturer provided.

Wettability testing showed promising results on hydrophilicity. Untreated samples commonly took a
longer time to reach low contact angles than oxygen plasma treated samples. The transparency of the
materials were quite low and untreated samples released a similar amount of light as oxygen plasma treated
samples. Refractive index testing showed the most promising results of all the testing, with refractive in-
dexes being approximately the same as the manufacturer’s provided values. The conclusion is that with
better-adjusted parameters in the manufacturing method THV and THVP could be suitable for OPT and
SPIM imaging for cell culture studies.

Keywords: Master’s thesis, THV, THVP, FEP, wettability, transparency, refractive index
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Taman diplomitydn tarkoituksena on tutkia tetrafluoroetyleenin, hexafluoropropyleenin ja vinylidene-
fluoridin terpolymeerin (THV), ja sen taipuisamman muodon THVP:n, prosessointia ja sopivuutta soluviljel-
mien kuvantamisen kanssa. Kyseiset materiaalit valittiin niiden prosessoitavuuden ja hyvien optisten omi-
naisuuksien vuoksi, joihin kuuluvat muun muassa hyva lapinakyvyys ja taitekerroin lahella veden taiteker-
rointa. Valmistusmenetelmana kaytettiin puristusvalua ja niistd saadut kaytettavaksi soveltuvat naytteet oli-
vat ohuita polymeerilevyja.

Fluorinoidun etyleeni propyleenin, FEP, kayttdéa soluviljelyyn tutkittin myds. FEP:lla on my6s hyva la-
pinakyvyys ja sen taitekerroin on myds lahella veden taitekerrointa. Ongelmia ilmenee prosessoinnin ai-
kana materiaalin korkean sulamispisteen vuoksi. Tyon aikana kaytetyt prosessointimenetelmat eivat olleet
tarpeeksi tehokkaita FEP:n korkeaa sulamislampétilaa varten, joten sen kaytosta jouduttiin luopumaan.

THV ja THVP:n ominaisuuksia ja soveltuvuutta soluviljelyyn tutkittiin vettymistestin, lapinakyvyystestin
ja taitekerrointestin avuilla. Vettymistestin ja lapinakyvyystestin aikana tutkittin myés happiplasmakasittelyn
vaikutusta materiaalin hydrofiilisuuteen ja optisiin ominaisuuksiin.

Materiaalin vettyvyytta testattiin optisen tiheysmittarin avulla ja kokeen aikana vertailtiin kasittelematto-
man ja happiplasmakasiteltyjen naytteiden vettymiseroavaisuutta eri plasmauksen kestoilla. Vettymistestin
avulla haluttiin saada selville pystyvatkd vesi seka solukasvatusliuos vetyttdmaan materiaalin pinnan.

Lapinakyvyytta testattiin ultravioletti-nakyva spektrofotometrin (UV- Vis) avulla, kyseinen laite kertoo tut-
kittavan materiaalin 1api paasevan valon maaran ja jaljelle jadvan maaran. Viimeisimpien tulosten mukaan
molempien materiaalien 1apinédkyvyys on alhainen, vain noin 20 prosenttia kohti tulevasta valosta paasee
materiaalin pinnan lapi ja loput absorboituvat materiaaliin.

Materiaalien taitekertoimet on mitattu refraktometrin avulla, joka laskee materiaalin taitekertoimen eri
aallonpituuksien arvoilla ja antaa niistd keskiarvon. Tata keskiarvoa verrataan materiaalin valmistajan jo
valmiiksi antamiin arvoihin. Lasketut taitekertoimen arvot materiaaleille olivat 1.35 THVP:lle ja 1.36 THV:lle,
jotka ovat myds samat arvot mitéa materiaalien valmistaja tuoteselosteellaan lupasi.

Solukasvatusliuos vetyttda THV ja THVP:n pinnan lyhyen odotuksen jalkeen ja happiplasmatut naytteet
nayttavat vettyvan paremmin kuin kasittelemattémat naytteet. Naytteiden lapaisykerroin oli heikko mutta
molempien materiaalien teoreettinen valon lapaisevyyskerroin on suuri, joten parempi valmistusparamet-
rien optimointi puristusvaluprosessin aikana pitaisi vaikuttaa myds l&paisykertoimen suuruuteen. Materiaa-
lien mitattu taitekulma vastasi valmistajan antamia taitekulman arvoja. Naiden kokeiden perusteella pienien
valmistusmenetelman parannusten jalkeen THV ja THVP:td voidaan kayttda soluviljelmien kuvantami-
sessa.

Avainsanat: Diplomityd, THV, THVP, FEP, vettyminen, lapindkyvyys. taitekerroin

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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ABBREVIATIONS AND SYMBOLS

0 Interfacial tension

0 Contact angle

A Absobance

BSA Bovine serum albumin

c Velocity of light

DSC Differential scanning calorimetry
FBP Filtered-back projection

FEP Fluorinated ethylene propylene
GFP Green fluorescent protein

HFP Hexafluoropropylene

i Angle of incidence

I Amount of light intensity after passing the sample

lo Amount of light intensity before passing the sample

LSFM Light sheet fluorescence microscopy

n Refractive index

m; Mass of available amount of FEP tubes

my, Mass of material needed for the compression mold

oM Optical microscopy

OPT Optical projection tomography

PTFE Polytetrafluoroethylene

r Angle of refraction

SPIM Selective Plane lllumination Microscopy

T Transmittance

TFE Tetrafluoroethylene

THV Terpolymer of tetrafluoroethylene, hexafluoropropylene, and vinylidene
fluoride

UV-Vis Ultraviolet-visible spectrophotometry

v Velocity of given wavelength in substance



1.INTRODUCTION

The thesis aims to study the processing and properties of a terpolymer of tetrafluoroethylene
hexafluoropropylene and vinylidene fluoride (THV) and THVP for cell imaging purposes. THV and
THVP can be used as target materials for imaging cell cultures via microscopes. Also, fluorinated
ethylene propylene (FEP) could be used for this purpose as well. THV, THVP, and FEP can be
manufactured into complex structures and are melt-processable materials. [8;14] Despite FEP
having good properties for cell culture imaging purposes, its processing is more challenging than
with THV or THVP. FEP has a melting point of around 260 degrees while THV’s melting point is
165 degrees and THVP’s 130 degrees. [6;9;17] processing equipment could not handle the high
melting point of FEP and compression molding heating tubes already melted at 200 degrees. THV

and THVP are much easier to process and that is why they are studied in this thesis.

The theory section covers the basics of THV and THVP and the basics of FEP are also introduced.
Sufficient information is provided for the basic areas of the thesis which include microscopy, hy-
drophilicity and hydrophaobicity, refractive index, transparency, and different surface treatment and

manufacturing methods.

THV and THVP are chosen as target materials for cell culture due to their good transparency and
their refractive index is close to water’s. [6;9] Originally fluorinated ethylene propylene (FEP) was
chosen as the material has good optical properties and transparency. Due to FEP’s high melting
and processing temperatures manufacturing with common commercial manufacturing machines
can be difficult. THV and THVP had similar properties to FEP but with lower processing and melt-

ing temperatures.

Testing for the THV and THVP is divided into manufacturing process testing with different param-
eters and properties testing with oxygen plasma treatment. Manufacturing is done with compres-
sion molding and important parameters that affect the last results are temperature, pressure dur-
ing compression, time that compression is held, and cooling time. Ready samples were made into

thin transparent films.

An optical tensiometer measures the contact angle. The contact angle is the angle between the
liquid droplet and the sample surface. The testing is done to test how liquid droplets, water, or cell

culture medium, wets the surface with oxygen plasma-coated samples compared to untreated



samples. With oxygen plasma treatment the aim was to make naturally hydrophobic material more
hydrophilic. This means THV and THVP naturally repel the water but with this treatment, they
should attract it. Material characterization with oxygen plasma treatment was done with an optical
tensiometer and also with ultraviolet-visible spectrophotometry (UV-Vis). UV-Vis measures mate-
rial's transparency dividing it into transmittance and absorbance. Transmittance is the percentage
of light passing through the sample and absorbance is the remaining percentage that absorbs
into the material. The last testing was done with a refractometer, which measures the material’s
refractive index. Refractive index testing was done to make sure that calculated refractive indexes

match with THV and THVP manufactures provided refractive index values.



2. THEORY

The work aims to study the properties of THV, and THVP to find their suitability for thermal man-
ufacturing and usage in cell culture imaging. THV and THVP are coated with oxygen plasma and
contact angle, transparency, and refractive index are studied to find out if materials can be used
for cell imaging purposes. Oxygen plasma treatment is supposed to change THV and THVP hy-
drophobic surface to hydrophilic so the cell can attach to its surface. Untreated THV and THVP

films are compared to oxygen-plasm-treated samples to figure out the effects of the treatment.

The theory part of the work includes an introduction to THV and THVP and some important factors
that affect the experimental part of the study like hydrophilic and hydrophobic surfaces and re-
fractive index. Also, an introduction to FEP is included. In the THV and THVP part of the theory,
there is given a significant amount of background information about the structure, processing,
properties, and applications. Methods of measurements for contact angles for hydrophilic and

hydrophobic surfaces and refractive index as well also study and explained in the theory part.

In the theory part, there are also explained different microscopy types and the principles behind
the imaging of the samples. Surface treatments that are used to make THV and THVP films hy-
drophilic are explained in detail in chapter 2.7. Also, compression molding is explained in chapter
2.8 due to it being the method to manufacture the films for the experimental part of the study. All
the things mentioned in the theory part will support the material characterization study and give

some good background information as well.

2.1 Terpolymer of tetrafluoroethylene, hexafluoropro-

pylene, and vinylidene fluoride

This section tells about general information on tetrafluoroethylene, hexafluoropropylene and vi-
nylidene fluoride, THV, and THVP, which is THV’s more flexural form. THV and THVP’s structure,
important properties, and processing are presented in the following subheads below. Also, THV

and THVP’s recent applications are presented.



2.1.1 Structure

THV is a polymer that is made from tetrafluoroethylene, hexafluoropropylene, and vinylidene flu-

oride. The chemical structure of THV in can be seen in figure 1 [1].

Figure 1. Chemical structure of terpolymer of tetrafluoroethylene, hexafluoropropylene, and vi-

nylidene fluoride.

THV, as seen in figure 1, has some desirable features like transparency, refractive index near
water, and great chemical resistance. On top of these properties, THV’s melting temperature is
lower than other similar polymers’ such as FEP or polytetrafluoroethylene, commonly known as
Teflon. [1]

THV construct on three different structures built into one polymer, THV. The first of these struc-

tures is tetrafluoroethylene. Its chemical structure is presented in figure 2 and its linear formula is
CF,CF,. [2]

Figure 2. Chemical structure of tetrafluoroethylene.

Tetrafluoroethylene, seen in figure 2, belongs to the fluorocarbon group. It's mainly used fluoro-

polymer preparation, like in this case also. It's also used to manufacture polytetrafluoroethylene,



also known as Teflon. [3] Another structure that is used is hexafluoropropylene, its linear formula

is C3F, and its chemical structure is presented in figure 3 [4].

Figure 3. Chemical structure of hexafluoropropylene.

Hexafluoropropylene, seen in figure 3, belongs to synthetic alkanes. It's mainly used as a copol-
ymer in fluoroplastic and its main role is to act as a chemical intermediate. [4] The last structure

of THV is vinylidene fluoride, also known as 1,1-Difluoroethylene. Its linear formula is C,H, F, and

its chemical structure is presented in figure 4 [5].

Figure 4. Chemical structure of vinylidene fluoride.

Vinylidene fluoride belongs to hydrofluoroolefins and it acts like flammable gas. Vinylidene fluo-
ride is mainly used to produce fluoropolymers. [5] THVP (or THVP 2030) is a version of THV (or
THV 500) that provide higher flexibility and optical clarity compared to THV.



2.1.2 Properties

THV has some excellent properties for the master’s thesis. It’s a superior choice over FEP due to
its good thermal properties like relatively low melting point and glass transition temperature. Some

of the most important properties of THV can be seen in table 1.

Table 1. Important properties of THV. Modified from [6]

Properties of THV 500, Lot. 3704556 Test method Unit Value
Melting point DIN EN ISO 12086 °C 165
Glass Transition (Tg) ASTM D 4591 °C 26
g/10
Melt Flow Index DIN EN ISO 1133 min 10
Specific Gravity DIN EN ISO 12086 g/cm”3 2.01
Tensile at Break DIN EN ISO 527-1 Mpa 26
Elongation at Break DIN EN ISO 527-1 % 520
Flexural Modulus ASTM D 790 MPa 210
Refractive Index ASTM D 542 n 1.36
ASTM E 903: 300
UV-Vis Light Transimission (100um film) nm % 85
ASTM E 903: 600
nm % 93

Another important property of the THV 500 is that its refractive index, seen in table 1, is close to
water’s refractive index. On top of near water’s refractive index, THV 500 has good clarity and
transparency of the surface which makes it a good material for the study. THV 500 great chemical
resistance makes it good material used with different kinds of chemicals like organic and inorganic

acids, alcohol, and hydrocarbons. [7]

There is also a different variation of THV 500, and THVP 2030. THVP 2030 provides better flexi-
bility, lower melting temperature, and better optical properties than THV 500. It's also melt-pro-
cessable and otherwise has similar properties to THV 500. THV 500 and THVP 2030 have many

great properties that are listed in table 2 as well. [8]



Table 2. THVP 2030 properties. Modified from [9]

Properties of THVP 2030, Lot. 3735672 Test method Value
Melting point DIN EN I1SO 12086 °C 130
Glass Transition (Tg) ASTM D 4591 °C 7
g/10
Melt Flow Index DIN EN ISO 1133 min 25
Specific Gravity DIN EN ISO 12086 g/cm”3 1.98
Tensile at Break DIN EN ISO 527-1 Mpa 23
Elongation at Break DIN EN ISO 527-1 % 535
Flexular Modulus ASTM D 790 MPa 32
Refractive index ASTM D 542 n 1.35
UV-Vis; Total Luminous Transmission (240 pm
film) ASTM E 903: 300 nm % 94
ASTM E 903: 600 nm % 95.3
MIT Flex Life 1kg, 200um film Cycles >1x 10”6

Table 2 shows that THVP 2030 flexural modulus is 32 MPa and THV 500 flexural modulus, found
in table 1, is 210 MPa. The higher the flexural modulus is the higher material’s stiffness is, so this
tells the fact that THVP 2030 is more flexural. THVP 2030 melting point is 130 degrees of Celsius
which is lower than THV 500 melting point which is 165 degrees of Celsius. More great properties
of THV and THVP can be found in figure 5.
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Figure 5. THV and THVP properties. [8]

Properties are shown in figure 5, displaying important properties of THV 500 and THVP 2030.
The most important of these properties, for this study, are optical clarity, low-temp processing,
and light transmission. THVP 2030 provides the best flexibility and optical clarity when compared
to THV 500. Also, it can be processed via extrusion or molding processes which is a desirable

property for this study. [8]

2.1.3 Processing

THV is a melt-processable terpolymer and it belongs to the fluoroplastic group. THV 500 can be
processed via multiple processing techniques like extrusion, injection molding, and blow molding.
THVP 2030 is also melt-processable and can be processed like THV but with lower temperature
values due to THVP 2030’s lower melt temperature. When comparing THV 500 and THVP 2030
materials to the FEP, one of the biggest problems with FEP is its thermal properties. THV 500

and FEP differential scanning calorimetry (DSC) values can be found in figure 6. [10]
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Figure 6. DSC graph for THV and FEP sheets. [10]

Figure 6 shows the difference in DSC values between THV 500 and FEP sheets. FEP melting
point is much higher, around 270 degrees than THV 500, around 165 degrees. This difference in
the melting point is important to take notice of due to issues with the processing method's worka-
bility when high temperatures are needed. DSC is an analysis method that studies polymer be-
havior under heat. It's mainly used to identify crystallized polymer’s melting point and glass tran-

sition temperature. [11]

The melt extrusion process provides THV 500 with excellent properties over other fluoropolymers.
These properties include bonding ability with elastomers, excellent flexibility and clarity, and quite

low processing temperature. [2]
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2.1.4 Applications

THV 500 has some great properties that make it a good material choice for many different appli-
cations. These applications are for example safety glass, photovoltaic panels, and chemical and
fuel storage. Safety glass utilizes THV 500 due to its great thermal and optical properties where
the clarity of the material is one of the most important properties. THV is used for lamination as
interlayer film or to reinforce multi-layer safety glass. Photovoltaic panels utilize THV 500 great
fire resistance, barrier properties, and solar transmittance. THV can be used in both front and
back sheet glazing for photovoltaic panels. Chemical and fuel storages need THV excellent chem-
ical resistance to fuels and low permeability to gases and solvents to maintain lasting storage

options. [2]

2.2 Fluorinated ethylene propylene

Fluorinated ethylene propylene, FEP, is a semi-crystalline perfluorinated polymer [12]. Perfluori-
nated compounds are compounds that contain fluorinated hydrophobic linear carbon chains in
one or more polymer’s hydrophilic head groups. [13]. FEP it’s originally made to reduce the high

crystallinity and viscosity of polytetrafluoroethylene (PTFE) DuPont in 1956 [14].

2.2.1 Structure

FEP is a copolymer that is a structure of tetrafluoroethylene (TFE) and hexafluoropropylene

(HFP). FEP’s structure can be seen in figure 7 below [15].
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Figure 7. Structure of fluorinated ethylene propylene.

FEP, seen in figure 7, construct on TFE and HFP [15]. TFE is the simplest perfluorinated alkene
and its chemical formula is C,F, and its chemical structure can be seen in figure 2. Together with
TFE, HFP is needed to construct FEP. HFP is a synthetic alkene, and its chemical formula is C5F;
and it's often used as a component for copolymer in fluoroplastics like in this case with FEP. [16]

The component in Figures 2 and 3, form full fluorinated ethylene propylene, seen in figure 7.

2.2.2 Properties

FEP being melt-processable and having good optical properties with high transparency makes it

a good option for practical use [14]. Other properties of FEP can be seen in table 3.
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Table 3. Important mechanical and physical properties of FEP [17]

Property unit Value (FEP)

Density g/cm”3 2.12-2.17
Water absorption % <0.01
refractive index 1.34
Appearance Transparent

USP class

Biocompatible VI Yes
chemical resistance Excellent

autoclave, e-beam,

Sterilization gamma
Tensile strength Mpa 20-34
Elongation at break % 300-400
Hardness Shore D 55
Modulus of elasticity MPa 343
Flexural modulus MPa 539-637
Flexural strength No break
Coefficient of Friction 0.04-0.06

In table 3 there is a compaction of FEP properties that are important to notice when using FEP
for cell culturing purposes. Other important properties of FEP are its transparent nature and re-
fractive index value nearly the same as water, around 1.34. FEP’s surface being transparent, it's
commonly picked over PTFE which is an important key factor. FEP’s chemical resistance is ex-
cellent, as can be seen in figure 6, which is due to strong C-F bonds that are included in FEP’s
structure, making it fluorinated. These C-F bonds offer FEP great chemical resistance against
different solvents, acids, and ozone. Due to FEP’s great chemical resistance and optical proper-

ties, its weathering durability is also excellent. [17]

One of the downsides of the FEP is that the material has the lowest stiffness and strength among
the fluoroplastics. Poor maximum and minimum service temperature, seen in table 4, compared
to THV and THVP, and the high cost of the FEP are also some remarkable downsides of the

material that need to be noticed when planning to manufacture. [18]
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Table 4. Important thermal properties of FEP [17]

Property Unit Value
Thermal Conductivity Wim*K 0.25
Maximum Service Temperature °C 200
-200 to -
Minimum Service Temperature °C 240
260 to
Melting Point °C 275
Glass Transition Temperature °C 80
380 to
Decomposition Temperature °C 430

Coefficient of Thermal Expansion lin-
ear pm/m-°C 83-112

FEP’s reduced crystallinity rate leads to lower melting points and service temperatures which can
be seen in table 4. Additionally, working performance at minimum service temperature tempera-
tures, around -200 °C. [17] FEP also has great dielectric properties, shown in table 5, when com-

paring it to other widely used fluoropolymers. [17]

Table 5. Important electrical properties of FEP [17]

Property Unit Value

Dielectric Constant 1 MHz 2.0-2.1
Dielectric Strength V/mil 500-2023
Volume Resistivity Q-cm <1*10M8

FEP’s great dielectric properties, shown in table 5, are a result of C-F bonds in the FEP structure.
These C-F bonds are highly polar, and they give FEP good electrical properties like a low dielec-
tric constant. The properties shown in figure 8 make FEP excellent material to use with cables

and wires as a cover material. [17]

FEP also has a surface that is easier to modify than PTFE. Properties that can be increased by

surface modifications are for example adhesive bonding and wettability. Improving the material's
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hydrophilicity and wettability can be done for example with different coating and treatment meth-
ods like oxygen plasma treatment and collagen coating. These modifications help FEP to have
required surface treatments for medical purposes. Also, unlike other fluorinated plastics, FEP has
excellent resistance to wear, creep, and traction. Its resistance to UV radiation and environmental

stress cracking are some of the great properties of the FEP. [19]

2.2.3 Processing

FEP being melt-processable material means that it can be processed with thermoplastic pro-
cessing equipment [3]. Thermoplastic polymers are a chain of monomers that are held together
by weak van der Waals forces. Van der Waals forces are mechanically weak forces that make
the thermoplastic polymer chain easily softened when a polymer is heated. After the heating ther-
moplastic polymers can be molded into a new shape. This reshaping ability makes thermoplastic
polymers excellent for recyclable material purposes. [20] Common processing methods for FEP
are conventional injection molding, screw extrusion, and compression molding [21]. All the meth-

ods that can be used to manufacture FEP-based products can be seen in table 6.

Table 6. Processing methods for FEP [17].

Injection molding Yes
Extrusion

{profiles, films, sheet, tubing, heat Yes
shrink tubing, and cable coating)

Blow molding Yes
Compression molding Yes
Impregnation and coating Yes

As can be seen in table 6, FEP can be processed via many methods. There are some limitations
also, like FEP’s high melting and processing temperature. For compression molding purposes
FEP’s excellent thermal properties make it have stabile mechanical properties between -270 to
240 Celsius. The compression molding process is explained in more detail in section 2.8 Methods

of deformation.
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2.2.4 Applications

FEP can be used in many different applications over PTFE because of its melt-processable, more
transparent surface and it can be easily produced in different forms and shapes. Some of the
FEP’s applications can be found in table 7.

Table 7. Application for FEP [17].

Application or Industry

Semiconductor, pharmaceutical

Key Benefits

Chemical resistance, purity

Protective linings (piping, tubing)

Chemical resistance

Wire and cable insulation

* computers, electronics Dielectrics
* high-speed data transmission Low coefficient of friction
Films (as release surfaces) Mon-stick

Roll covers

Mon-stick, surface protection

Glazing film (solar energy collectors)

Transparency

Environmental monitoring

Purity, inertness

Heat shrink

Encapsulation, protection
(AMS-DTL-23053™/1 1 compliant)

Catheter jackets

Weldable, thermoformable

As seen in table 7 FEP is suitable for manufacturing films which is one of the key factors of this
study. It also has some important applications like pharmaceutical and glazing films. FEP can be
used in coating and treatment applications due to its great release, and non-stick, properties that
can be seen as key benefits for film applications in table 7. Because of these properties and being

melt-processable, it's commonly used over PTFE. [22]

FEP can be easily used for visualization purposes due to its transparency and having a refractive
index close to water’s (water’s refractive index = 1.34 and FEP= 1.338). Also, FEP’s modest cost,
crisp optical imaging, and lack of almost any autofluorescence make it a good material for imag-
ing. [23]

In microscopy applications, FEP is commonly used as a base material for cell attachment. For
example, the study produced by Janne T. Koivisto (Optical projection tomography as a quantita-
tive tool for analysis of cell morphology and density in 3D hydrogels) used a tube made from FEP
as a shell where hydrogel was prepared inside to get clear optical projection tomography, OPT,
image. As already listed in FEP properties, its transparency and refractive index, which is near
water’s refractive index, make FEP suitable for these kinds of cell imaging purposes. FEP used

in this study was 3D printed by the plant design management system. That kind of platform is a
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program that is widely used in the 3D creating industry and it's a multi-user and multi-discipline

engineering program that is designed to be used by design, construction, and engineering. [24]

2.3 Microscopy

One of the most used microscopy types in biological imaging is optical microscopy (OM) and
optical imaging is very commonly used in biological imaging. Optical projection tomography mi-
croscopy (OPT) and selective plane illumination microscopy (SPIM) are optical imaging methods

that are the most useful methods for this thesis.

Optical microscopy, also known as light microscopy, is a widely used technique to study polymeric
materials’ kinetic, crystal growth behavior, and surface topography. The technique itself is quite
flexible and easy to do. The downside to OM is its limited resolution. Resolution is the lowest
possible distance where two separate images can be seen as separated objects. In normal OM,
the resolution is limited around the wavelength of the visible light, around 400-700 nm, but with
some techniques like near-field scanning techniques (NSOMs), the resolution of OM is remarka-

bly increased. [25]

There are two optical microscope types, and those types depend on light exposure on the sam-
ple’s surface that is held in a stage plate by stage clips. The first type of light exposure on the
sample is transmission and in that light beam goes through the sample. Another exposure type is
a reflection and their light beam is reflected off the surface of the sample material. OM can be
used to study plastics, but it requires profession and experience to have good results. With poly-
mers, the softness of the material makes OM somewhat challenging. With OM there can identify
flaws like porosity, knit lines, and molding issues. OM is a good method to identify the flaws in the
surface of the material, but it does not provide any further knowledge on microscale flaws or
details on the material. Because wide-field optical microscopy provides so little information on the
microscale optical projection tomography and fluorescent microscopy imaging methods are more

suitable for studying 3D specimens. [25]

OPT is a type of OM that uses tomography instead of topography to study a 3D specimen. To-
mography is a type of imaging using penetrative waves or signals. OPT is commonly used to fill
a gap between conventional microscopy and magnetic resonance imaging (MRI). The Schematic

of OPT microscope can be seen in figure 8. [26]
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Figure 8. Microscope equipment with FEP tube. [26]

In figure 8, there is shown a microscope and a blue arrow FEP tube inside the water are shown.
In part B there are also cells attached to the FEP tube or in the case of this study to the THV or
THVP tube, making cells easier to image. LED 1 provides a light beam through the lens (L) to
sample part B. LED 2 with help of the lens with a diffuser (LD) is used to provide fluorescent
illumination to allow the usage of biological markers. The last part of the imaging system is the
detection system that provides the picture of wanted cells on the surface of the FEP tube. This
detection system includes an objective lens (Ob), a pinhole (P), and a tube lens (TL). Lastly, the

sCMOS camera images the cells and transfers data to a computer to be processed. [26]

OPT is an imaging method that is non-invasive and uses visible light instead of x-rays that are
used for example in x-rays spectroscopy. The method relies on using optical markers to assist
the imaging, these markers are for example fluorescent tags, mRNAs, or protein modifications.
With the help of white lights or ultraviolet, there is a possibility to have multiple markers and get a
3D image of the target tissue or organ. This makes OPT a very useful technique to use for bio-

logical purposes. [27]

Fluorescent green fluorescent protein (GFP) biomarkers are widely used biomarkers in cell tech-
nology due to their diversity to not only be green colored like their name could suggest but they
can also be for example blue, yellow, and cyan. GFP biomarkers can also be dual-colored, with
double colors, or non-fluorescent. One of the great abilities over other fluorescent biomarkers is
that they can internal chromophores without using any other substrates or enzymes but molecular
oxygen. A chromophore is part of the molecule that determines the color molecule. [28] Figure 9

there is shown OPT images with different biological markers used.
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Figure 9. OPT images with different biological markers were used. [27]

In figure 9 there are different mouse embryos stained with various biological markers. Subject A
is stained with Sytox green, subject B with Sytox blue, and subject C is Hamburger Hamilton stage

23 chicken where a frontonasal ectodermal zone is highlighted with red color. [27]

OPT imaging is heavily based on computerized tomography imaging techniques and obtained 2D
images and made 3D images by using algorithms that are meant to reconstruct images to 3D.
One of these reconstruction algorithms is a filtered-back projection (FBP). [29] The FBP algorithm
is designed to help with the limitations of back projection. FBP mainly removes the blurring effect
of the image. [30] The downside of the OPT is tissues need to be transparent enough to be able
to image and that can lead to processing artifacts that affect the morphology of the tissues [27].
Clear images are needed to permit light multiplication and imaging to pass through the sample

that is being imagined. [29]

OPT imaging technique can also use fluorescent dyes to help imaging for tissue- and gene-engi-
neering purposes to identify specific areas of interest. Fluorescents can be used because OPT is
an optical technique. This technique is particularly useful to identify the 3D structure of the target

tissue or organ. [31]

Selective plane illumination microscopy, SPIM, is a microcopy technique that uses laser light in-
stead of led light in the case of OPT. SPIM is also known as light-sheet fluorescence microscopy
(LSFM). It is a fluorescence microscopy technique and recently it has been more popular for
volumetric imaging. SPIM uses side planar illumination of the focal plane. The technique illumi-
nates only a small section of the sample to avoid or minimize photodamage. A comparison of

SPIM to other imaging techniques can be presented in figure 10. [32]
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Figure 10. SPIM compared to widefield microscopy and confocal microscopy. [33]

In figure 10 there is a comparison between SPIM and widefield microscopy and confocal micros-
copy. Widefield imaging is a very fast imaging technique due to it imaging the whole 2D section
at a time when confocal imaging can only detect one area or pixel at a time. SPIM has good

optical imaging properties and it's much faster than confocal imaging to obtain results. [32]

SPIM is commonly used to image every cell in the sample and ultimately use that data to form a
full image of the whole sample. SPIM is an excellent imaging method for studying cells, tissues,
and even whole embryos. Its advantages are high-resolution images, low bleaching, high pene-
tration depth, and high acquisition speed. Penetration depth is the lowest depth where image
quality is acceptable for imaging purposes. Its downside is that SPIM is only limited to imaging
fluorescence samples and that it needs extra optics to generate the light sheet for imaging pur-
poses. [33] When the extra optic is added it brings additional steric constraints to sample prepa-
ration and the imaging system itself. The whole imaging system needs to be designed around the

sample to avoid these steric constraints. [32]

2.4 Hydrophobic and hydrophilic

Hydrophilic and hydrophobic surfaces are used to describe a strong bond between water and

the surface whereas hydrophobic materials surfaces repel water. Commonly contact angle is used
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to classify surfaces' wetting ability and determine whether the surface is hydrophilic or hydropho-
bic. The contact angle is the angle between the liquid-solid and liquid-vapor interface. Different

contact angles and their relationship to water uptake can be seen in figure 11. [34]

Superhydrophobic  Hydrophobic n,-.rdmpnﬂh Superhydrophilic
0=150°- 180" | 0= 90°- 150° ‘ 0<5 in 0.5sec.

Figure 11. Contact angle effect on surface water uptake. [34]

Figure 11 there can also be seen superhydrophobic and superhydrophilic surfaces. In superhy-
drophobic material, the contact angle increases the strength of liquid-liquid interaction increases
also and this leads to higher hydrophobicity of the surface. In super hydrophilic material, the con-
tact angle is very low which leads to the low strength of liquid-liquid interaction making the material

very hydrophilic. [34]

2.4.1 Effects on cell culturing

Hydrophilic and superhydrophilic surfaces are good growth platforms for continuous water-thin
film and this type of film is known to have a great impact on micro-organisms and molecules
because of these interactions surfaces also have good biofouling and biocompatibility. Biofouling
is forming of micro-organisms, algae, plants, or small animals on the surface. It is a commonly
unwanted phenomenon. Studies show that when using fluorescein and fluorescent proteins after
making the surface superhydrophobic there is a significant decrease in the amount of biofouling.
The downside to this study is that it is tested for a short period of 30 minutes with static liquid and

not tested with the long-term effects of biofouling. [34]

When enhancing a material’s hydrophilic properties by coatings or altering the material’s chemis-
try, it is studied to increase both cell adhesion and spreading. Surface roughness increases cell
adhesion on the surface of the material but at the same time, it has negative effects on the cell
spreading on the surface. Other factors that affect the surface are contact guidance and contact
angles. Contact guidance is a phenomenon where cells and stress fiber's orientation are influ-

enced by geometric patterns like collagen fibers in gel and soft tissues. [35]
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2.4.2 Surface wettability measuring with contact angle

Measuring the surface wettability tells us if the surface is hydrophobic or hydrophilic. With the
contact angle of the surface, there can be a determined to form of surface water uptake, as al-
ready seen in figure 11. There are a couple of different measurement techniques that can be used
to determine surface contact angle. Drop shape analysis, Wilhelm plate method, sessile drop

method, and top-view distance method are good ways to determine the contact angle.

Drop shape analysis is a method that is used to determine the wettability and surface free energy
of the surface. This analysis method is commonly used to measure the contact angle between
the sample surface and the liquid drop. The downside to this technique is that it is hard to do the
measurement on a surface that is hard to reach. Therefore, a top viewpoint evaluation for the

shape of the drop is needed. [36]

Wilhelm plate method is a contact angle measuring method that relies on adhesion tension that
is affecting the perimeter of a measuring plate. This plate is attached to a microbalance, which is
very specific equipment to measure the weight of a small object. The plate can be controlled by
a computer, and it also calculates the contact angle of the surface as well. With the Wilhelm plate
method, the force that is needed to move the plate in and out of the liquid can be calculated by
equation (1). [37]

F = l6cos (0) (1)

Where | is 2*(width+thickness) in meters, 8 is interfacial tension in mN/m and 0 is the contact
angle that is needed, and it can also be solved by changing equation 1 to give a contact angle

and it is formed in equation (2) below. [37]
0 = arc cos (% (2)

With equation (2) we can now calculate the contact angle of the surface. If the advancing contact
angle is needed to be calculated the plate is placed into a liquid and if a receding contact angle
is needed the plate is removed from the liquid. The advancing contact angle is the largest in the
free energy range of the sample and the receding contact angle is the lowest contact angle in the

free energy range of the sample. [37]
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Sessile drop is the most used method for contact angle measuring. It's measured with an optical
tensiometer where the sample is placed in the pedestal and a liquid droplet, usually water, is
dropped into the sample after that high-resolution camera takes pictures of the samples and the
machine determines the contact angle from the pictures. In this method, the camera takes photos

from the side as can be seen in figure 12. [38]

Figure 12. Sessile drop image. [38]

Figure 12 shows the droplet on the pedestal where the optical tensiometer measures the angle
between the liquid droplet and the solid surface. It is a good method if a fast and non-destructive

method for contact angle measurement is needed. [39]

The top-view distance method is an optical method to calculate the contact angle. In this method,
the camber of the drop’s surface can be determined by the distance of reflected light spots in an
image that is captured by the camera. This phenomenon correlates with the contact angle of the
surface. The method is called the top-view distance method due to the light source, commonly

LEDs are placed directly above the drop on the surface as seen in figure 13. [40]
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Figure 13. Picture of top-view distance method equipment. [40]

The top-view distance method, seen in figure 13, is a high-resolution method for low measuring
range which makes it a good method to measure the small contact angles. It can also be used on
curved surfaces and surfaces that are hard to access with other contact angle measuring meth-
ods. [40]

Evaporation is also an important factor when calculating contact angles. Evaporation can be di-
vided into three modes. In mode 1 solid/liquid area remains unchanged while in mode 2 contact
angle remains unchanged. Mode 3 is a mixed mode of modes 1 and 2. Some studies show that
evaporation is small when the ratio between time and contact angle is linear and it grows when
the ratio becomes a curve shape and the radius of the liquid rises. This theory works mainly with

spherical drops. [41]
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2.5 Refractive index

The refractive index is a parameter that is used to describe the interaction of light and material.
Also, the refractive index is commonly known to be a topical parameter for isotropic materials.
[42] Isotropic material is a material that has identical properties and behavior in all directions at

any given time. All metals and polymers belong to these isotropic materials. [43]

2.5.1 Effects in microscopy

The refractive index is important to optimize correctly when using a microscope because other-
wise, the image of the microscope becomes unclear. To get a better and clearer microscopy
image we need to match the refractive index of all the mediums involved because after the light
goes through the test sample, which in this case is close to water’s refractive index, it can go
through another medium like water or glass. If there is a mismatch in the refractive index the
photons of the microscope can go to an undetectable place which causes a loss of information
and numerous different problems. These problems are for example chromatic aberration, spher-

ical aberration, reduced resolution, and wasted time and effort. [44]

Chromatic aberration is a distortion of the color while light goes through the glass lens. Chromatic
aberration happens when the lens is unable to focus all the wavelengths of color to the same

spot. Chromatic aberration is shown in figure 14. [45]
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Figure 14. Chromatic aberration. [45]

As seen in figure 14 wavelengths of color hit a different spot on the focus lane when they should
overlap only in one location. One method to remove chromatic aberration is to combine high-

dispersion glass with low-dispersion glass and this combination is called achromatic. [45]

Spherical aberration is another optical deviation where all the light rays that go past the lens are

focused on the different parts in the focus lane. This phenomenon is shown in figure 15. [46]
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Figure 15. Spherical aberration. [46]

Spherical aberration, shown in figure 15, happens because the rays farther from the horizontal
axis are refracted more than rays closer to the horizontal axis due to different refraction angles.
Now light rays are focused in the different parts of the focus lane and not in the same spot
which causes spherical aberration. Spherical aberration can cause harmful effects on resolution
and clarity and because of these harmful effects, sharp images can be hard to achieve. One
way to reduce the spherical aberration occurrence is to have a non-spherical lens whose outer
surface is carved in a way that intentionally focuses the light rays into one single point in the fo-

cus lane. [46]

2.5.2 Measuring refractive index

The index of the refraction can be determined by the angle between the ray of light and the me-

dium. In figure 16 there is a good visual image of the phenomena. [47]
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Figure 16. Determination of the refractive index. [47]

In figure 16 we can see that angle of refraction is an angle between normal and refracted rays
and the angle of incidence is the angle between normal and incident rays. The refractive index is

commonly calculated by equation (3). [47]
Cc
n="< 3)
In equation (3) n is the refractive index, c is the velocity of light, and v is the velocity of a given
wavelength in substance. Another way to determine the refractive index is through geometry by

equation (4) below. [47]

= SN0 @)

sin (1)
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In equation (4) i is the angle of incidence and r is the angle of refraction, both angles can also be

seen in figure 16. [47]

The refractive index can be measured with different methods whereas Brewster refractometry is
one of the good methods to measure it for this thesis. Brewster refractometry is a refractive index
measuring system that utilizes measuring Brewster angles. Brewster angle is an angle where the
light that is particularly polarized goes through the surface without showing any reflection. The
surface where the light goes through on Brewster angle is commonly a transparent dielectric sur-
face. The refractometer only calculates the refractive index for a single surface. To this surface
single, the Brewster angle is calculated, and this angle is commonly called the absolute Brewster
angle. The absolute value of the Brewster angle can be determined by calculating reflected power
on different angles of the surface. Calculations are performed by a computer-assisted method

that turns the angles. [48]

Another good method to measure refractive index is Metricon Model 2010/M Prism Coupler which
is a refractometer that calculates polymeric and bulk material’s refractive index as well as its
thickness. Metricon uses advanced optical waveguide techniques which leads to accurate and
fast measurements. Its working principle is that the used sample is placed in front of the prism,
and it’s held in place by a pneumatically-operated head. Then different wavelength laser is shined
into a prism. Normally light would be reflected into a photo detector that detects the signal but
when the sample is placed detector detects the change in light’s reflection. During the measure-
ment, the machine is rotated to find out in which range the refractive index is located. Incident
light with a specific discrete angle can cause photon release into the air gap and there into the
film which is shown as sharp drops in the detector. This phenomenon is called propagation mode
and two or more of these need to be shown in the detector to the machine can process and

calculate the thickness and refractive index of the sample. [49]

The material used must be thick enough to be able to support two or more propagation modes.
Minimum thickness values for the films are commonly measured with 634nm wavelength and it's
divided into high and low index substrates materials. With high-index substrate materials, like
silicon, the lowest thickness value is around 300 to 500 nm, and with low-index materials can be
as low as 100 to 200nm wavelength. If the machine gives only one propagation mode then usually
changing the values of the machine can work to give two or more propagation modes. Other
problems with Metricon can be cleaning of the different types of materials, for example, glass
requires quite a lot of cleaning to be able to correctly work with the machine and get proper meas-

urements. [49]
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2.6 Transparency

A transparent material is a material that lets light rays pass its surface. When light rays go through
a transparent material, for example, glass, the amount of light ray scattering is quite small com-
pared to nontransparent material. Snell’'s law of refraction applies to this phenomenon, and it’s
already presented in equations (3) and (4). [50] With polymers a few kinds of polymers are trans-
parent and have their refractive index near water they are, for example, already represented THV,
THVP, and FEP.

Many manufacturing areas like the food industry need good optical properties for their products
and that’s why it's important to study the transparency of the material. Two commonly used meth-
ods to study the transparency of the material are the haze test and the loss of resolution test.
Haze is described as a percentage of the angle of transmitted light that differs from incident light
by the forward scattering. Haze testing is commonly used when the amount of haze is less than
30 %. Received data from haze testing tells a lot about the clearness of the sample’s surface.
When there is too much scattering it leads to the desaturation of colors and loss of surface con-

trast. Haze testing is commonly used in the packaging industry. [51]

Loss of resolution tests is commonly called see-through tests due to visualization being a big part
of the test itself. Standard Snellen eye chart and ruled grip are the most common target that
transparency of the material is studied visually. Snellen eye chart is an 11-row chart that has
smaller and smaller letters in every row. It's the most known and used in optics to determine
patients' eyesight. With these test targets, the transparency of the material is determined by the
distance where the visualizer can identify the target material. The testing is quite simple to do but
it has quite many flaws like the distance between the observer and the target material can vary

quite a bit and normal visualization does not tell much about the material’s optical properties. [51]

Ultraviolet-visible (UV-Vis) spectroscopy is a method that compares the absorption of visible light
or discrete wavelengths of ultraviolet light between blank reference samples and test samples.

Measuring equipment for UV-Vis is presented below in figure 17. [52]
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Figure 17. UV-Vis spectroscopy equipment. [52]

UV-vis spectroscopy contains as seen in figure 17, a light source, wavelength selector, sample,
and detection unit before data is processed in a computer. The light source is an important part
of UV-Vis spectroscopy due to its being a light-based technique. A commonly used light source
is xenon light. It offers high-intensity light and it fits both UV and visible light wavelength ranges.
When equipment utilizes two lamps visible light is used commonly tungsten or halogen lamp,
which are cheaper and more stable than xenon light, is chosen as a light source and when UV
light is used deuterium lamp is chosen as a light source. In a two-lamp system, both UV and

visible light wavelengths can be measured at the same time. [52]

In the wavelength selector, the right wavelength for sample analysis purposes is chosen. There
are different methods for wavelength selector methods like monochromators, absorption filters,
bandpass filters, interference filters, and cutoff filters. Monochromators are the most common
method used for this purpose. It divides wavelengths into small bands of wavelengths. The mon-
ochromator measures diffraction grating’s grooves as the number of grooves per mm. At high
groove frequency resolution of the image is better but the wavelength range is much narrower
and at low grooves, the frequency resolution is poorer, but the wavelength range is wider. Ab-
sorption filters utilize colored plastic or glass to absorb wavelengths of light. The bandpass filter
is a filter that divides passing light into short-pass and long-pass filters to be detected. Interference
filters are used to block unwanted wavelengths by using destructive interference. Interference
filters are made from dielectric materials where interference happens between materials. The

cutoff filter allows only below or above of certain wavelength value to pass. [52]

A detector is used to convert passing light to an electronic signal that can be processed to data
at the computer. The detector itself is based on either semiconductors or photoelectric coating.
Semiconductor passes the same amount of electric current through that is the amount of light’s
intensity when a semiconductor is exposed to light. Charge-based devices and photodiodes are

the most common semiconductor-based detectors. Photoelectric coating releases negatively
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charged electrons when it's exposed to light. Like with semiconductors electric current is the same

amount as light intensity. The most used photoelectric coating is a photomultiplier tube. [52]

The computer provides a graph called absorption spectrum, where absorbance is on the y-axis
and wavelength is on the x-axis. The amount of light that passes through the sample, also known

as transmittance, T, can be measured by the equation (5) below. [53]

In equation (5) T is transmittance, | in the equation is the amount of light intensity when it has
passed through the sample and I, is the light’s intensity before it has passed through the sample.

Also, absorbance, A, can be measured by equation (6) below. [53]

_ log (lo)
- Log(I) (6)

In equation (6) A is absorbance and it has no unit due to being the ratio between logarithm values
of light intensity before passing through the sample and after passing through the sample. Ab-

sorbance and transmittance are also related to each other by the following equation (7). [53]
A=2—log (T%) (7)

A in equation (7) stands for absorbance unit and T% is the transmittance which is presented in
percent. When transmittance percent is high that means that most of the incoming light goes
through the sample and very little amount of light absorbs into the material. So, high transmittance

means low absorbance and vice versa. [53]

2.7 Surface treatments

Polymers have relatively low surface energies and have commonly inert reactive groups.
Therefore, polymers can easily have good adhesive properties with other materials when surface

modifications are done. [54]
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2.7.1 oxygen plasma treatment

Oxygen plasma surface treatment is done with oxygen in a plasma chamber. Plasma treatment
itself is a process where gas is ionized inside the vacuum chamber and there it forms a plasma
that is used on the surface of the material. This process improves the material’s coating, bonding,
printing, and wettability which is one of the most important aspects of this thesis's experimental

part besides the manufacturing process and optical parameters. [55]

Oxygen is mainly used to clean the material’s surface before the bonding, but it can also be
used to combine with other gases to etch materials like plastic and rubbers. On top of cleaning
the surface of the material, oxygen plasma treatment can be used to increase the material’s sur-

face wettability and that way increase its hydrophilicity as seen in figure 18. [56]
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Figure 18. Oxygen plasma treatment process on the material’s surface. [57]

Oxygen plasma treatment, shown in figure 18, can be easily used to modify the polymer’s sur-
face properties to have wanted modification without causing any disturbance to the material’s
bulk properties. Oxygen plasma treatment can modify the polymer’s chemical and physical

properties with the help of chemical functionalization. [54]

2.7.2 Collagen coating

Collagen, in its many forms, has become a commonly used medical material due to its being safe
material, meaning that no harmful residues are generated. Collagen has suitable properties that
fit in many different medical areas for example bioprosthetic heart valves, arterial replacement,
and hemostats. [58]
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Collage forms up to 30% of the total weight of the proteins in mammals and it is a major structural
component in the body. Collagen exists in many forms inside the body and type | collagen is the
most found form. Type | collagen can be found for example in the tendon, bone, cornea, and
dermis. About 90 percent of all collagens in our body types | collagen. Type | collagen structure
compose of three left-handed helical polypeptide chains that are forming a right-handed triple-
helical structure. This triple-helical structure is stabilized by hydrogen bonds. Therefore, type |
collagen is commonly used when performing collagen coating to boost the surface’s hydrophilic-
ity. [59]

There are in total 28 different types of collagen in our body and each of the collagen types is
numbered with Roman numbers. Each of the different collagen types contains a slightly different
amino acid sequence and this sequence determines collagen’s role and functions. The most com-
mon collagens are, already mentioned type I, type Il, type lll, type 1V, and type V. Type Il collagen
can be found mainly in cartilage. Type |l collagen is not as well organized as collagen type |. Type
[l collagens from reticular fibers are very thin fibers with a diameter as low as 0.5 to 2 millionths
of a meter. These fibers can be found in the bone marrow and lymphoid tissues. In lymphoid
tissues collagen type lll acts as scaffolding for the cells that are specialized in blood cell genera-
tion. Type IV collagen does not have a repeating structure as other collagen types listed before,
and it does not form fibers. It is the major component of the basement membrane. Type V collagen

helps form hair and cell surfaces. Collagen type V has a similar structure to collagen type 1V. [60]

Collagen coating itself can be done with collagen type | or with collagen type Il and type IV.
Collagen coating with collagen type | collagen can be done by adding acetic acid to get 0,1%
(w/v) collagen solution. This solution can be now added to wanted coating equipment. The amount
of volume that collagen solution should cover is about 10% of the equipment volume so that the
solution covers the surface of the equipment. After that equipment is covered in incubated for 1
to 2 hours and then the solution is removed. The liquid must not be shaken or stirred during the
extraction of the solution. Lastly, water is poured to neutralize the surface, and collagen-type |

coating is done. [61]

Collagen type Il and type IV coating is done by using type Il and type IV collagen, the concen-
tration of 0,5 to 2,0 mg/mL in the equipment that is going to be coated, and this is done for a
couple of hours at 2-8 degrees of Celsius with occasionally stirring the solution. After that coated
equipment is air-dried or put in the incubator for a couple of hours at room temperature. Now

coated equipment is ready to be sterilized. [61]
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2.7.3 Bovine serum albumin coating

Bovine serum albumin (BSA) has many applications in pharmaceutical and tissue engineering.
Due to BSA fibers’ good biocompatible and biodegradable properties, it is usually used in wound
healing applications because of their favorable biomechanical properties. It's also a stable protein
and because of its good biocompatibility, BSA does not cause any interferences with different

biological reactions. [62]

BSA is albumin commonly found in cows’ blood and it is relatively cheap because large amounts
of cows’ blood are acquired in the cattle industry. It is often used as a protein concentration stand-
ard in laboratory exercises. BSA is commonly known to increase the signals in enzyme-linked

immunoblotting, immunohistochemical and immunosorbent analysis. [62]

Due to BSA being a protein, it's easy to form protein adhesion with the plastic surface, which is
commonly a hydrophobic surface, but it can also attach to a hydrophilic surface like glass [63].
Because of this protein adhesion, it's possible to coat the FEP surface with BSA and make cells
attach to its surface due to BSA coating hydrophilic properties as well as hydrophobic properties
that help it to stick to FEP’s surface.

2.8 Methods of deformation

When choosing a manufacturing process some factors must be taken into account like manufac-
turing cost, process capabilities, product design, surface quality, and materials used in the man-
ufacturing process. There are also some issues to look out for like thermal and mechanical deg-
radation. Thermal degradation happens when there is a lack of air present during the process
when the temperature is high enough. Thermal degradation is commonly divided into three types.
In the first type polymer backbone is disrupted and total degradation happens. In the second type
polymer chain and bonds are breaking and this will lead to the release of harmful products. The
last type there is a cross-linking process. Mechanical degradation happens when there are
stresses present in the polymer. It is caused by weak spots in the material and lack of homoge-
neity in the material that causes changes in the material and eventually leads to their destruction.
[64]

Compression molding is a molding technique where compression and heat are used to shape
raw material in the shape of a metal mold. Raw material inside the mold is heated for a specific

time. After the removal of the product, the extra raw materials are removed, and this process is
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called flashing. Compression molding works great with thermoset plastics and thermoplastics.
[65]

In compression molding, many important parameters are needed to adjust correctly to for exam-
ple avoid extra polymer waste outside the mold that is needed to be removed from the product
afterward and maintain the good quality of the products. These changeable important parameters
are for example temperature inside the mold during compression face, the pressure inside the
mold, the time that pressure is kept, the cooling rate, and the mold-opening temperature. These
parameters, mentioned in the previous sentence, are already put in the order that how much they
affect the mechanical properties of the polymer. The order is descending from high impact to low
impact on polymer mechanical properties. To obtain the best possible outcome between molding
quality and the compression molding parameters single-factor tests must be done. These single-
factor tests provide the base for compression molding and mechanical test studies. The single-
factor test is testing with only changing one parameter at a time and keeping others unchanged.
With this method, there can be acquired better understanding of the relationship between different

parameters. [66] Figure 19 shows compression molding equipment and the process itself [65].

Compression Molding
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Figure 19. Compression molding. [65]

The compression molding process, shown in figure 19, has many advantages it is quite easy to
use in low-volume production because of its efficiency and good cost-effectiveness. There is very
little material or energy waste produced by compression molding. Another advantage of compres-
sion molding is its ability to produce complex product geometries. This is especially preferred
when manufacturing medical products via compression molding due to very few limitations with
the shape of the product. Also, the surface quality of the manufactured products has a good sur-
face finish. Even though there are plenty of advantages to compression molding there are still
many disadvantages as well. These disadvantages are for example high labor cost of the process,

it is not suitable for complex molds and due to the compression molding repetitive process, molds
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can easily be damaged during the process. Also, in the medical field poor reproducibility with drug

release profiles with compression molding is a big drawback. [67]

Depending on the method different types of molding components can be used. These molding
dies are male/female die or matching dies. Male and female dies are the normal standard com-
pression molding mold parts as seen in figure 19 where the top part of the mold is the male part
and the bottom part of the mold is the female part. Other variations for compression molding are
cold press molding and press and bulk molding for sheet molding compounds. [68] One of the
problems with compression molding is substrate bonding forming into the surface of the molding
plate. Without any release agent’s material can fuse with the mold and this harms the material’s
surface quality and therefore makes the whole product unusable. Releasing agent’s purpose is to
create a barrier between the material and the surface of the mold and that way preserve the

material’s quality and properties. [69]

Extrusion molding is one of the most used molding techniques out there. It can be used for almost
all thermoplastics but materials that have high stiffness and strength are commonly preferred
because of their ability to maintain the desired shape. [70] Extrusion equipment is shown in figure
20.
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Figure 20. Extrusion molding. [71]

The idea behind the single screw extrusion process, shown in figure 20, is that polymer granulates
are put in the hopper where they travel in the feeding section of the screw and their polymer
granulates are pushed forward towards a heating section where polymer granulates are starting
to melt. The last section is called the metering section and its purpose is to homogenize polymer

melt before the extruder can release material out of the machine. [71]

Another form of extrusion is multiple-screw extrusion was compared to a single-screw extruder

which offers better homogeneous mixing of multiple components in a polymer. Those components
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can be for example fillers, additives, and liquids. Twin-screw extrusion is a part of the multiple-
screw extrusion category. In the twin-screw extruder, two screws are spinning together. The di-

rection of spinning can be different as can be seen in figure 21. [72]
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Figure 21. Twin-screw extruder screw rotation directions. [72]

In figure 21 screws can rotate counter wise to each other, section a, corotating, section b, or
counterrotating but not touching each other. Material transportation to the extrusion part differs
quite a bit between single-screw extrusion and twin-screw extrusion. In a single screw, extrusion
material is transported by the friction between the extruder’s wall and the solid polymer pellets. In
a twin-screw extruder when screws are touching, also known as an intermeshing, the transporta-
tion phenomena are called positive displacement. The amount of positive displacement depends
on the fact that how well the flight, or notches between cavities, of one screw, can close the

opposite flight of the other screw. [72]

Flow patterns provide important information on the twin-screw extruder’s working principles. On
the other hand, the flow patterns of the twin-screw extruder are quite hard to measure and math-
ematically predict. Unlike single-screw extruder where flow patterns are quite easy to measure,
twin-screw extruder uses separate modules where barrel and screw sections can be studied on
their own or changed entirely. Twin-screw flow patterns and working principles are more or less

based on experimenting with different modules placed in an extrusion system. [72]
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3.PRELIMINARY EXPERIMENTS

Fluorinated ethylene propylene, FEP, was selected as plate material due to its great optical and
mechanical properties which are listed in section 2.2.2. FEP was available as tubes that needed
to be cut into smaller pieces to be able to process afterward. The FEP tubes were weighted with
Mettler Toledo MS303TS to find out the amount of available material to use in this study. After
the available amount of material was known, suitable processing methods were needed. These

processing methods and whole preliminary experiments can be seen in figure 22.
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Figure 22. Flowchart on preliminary experiment content.

the FEP in a glass Petri dish inside the oven. The first test showed that FEP melted correctly
inside the dish, but it needed to be placed inside the freezer to get out of it without breaking the
glass dish. Despite FEP melting in the Petri dish, the material was not evenly distributed in the
dish and some sides of the Petri dish had plenty of material while the other side had barely any

or a very small amount of material as can be seen in figure 23.
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Figure 23. FEP samples manufactured in Petri dish.

Samples plates made in Petri dishes, as can be seen in figure 23, were either too thin (far right),
had an insufficient amount of material (far left), or were just too small plates to acquire many
samples from. The Petri dish diameter was 36.9 mm and 3.44 g of FEP was melted inside the

Petri dish. The oven temperature was set to 260 degrees of Celsius.

Next testing with FEP was done in a Petri dish made from polystyrene. The Petri dish melted in
the oven earlier than FEP did. Polystyrene’s melting point is around 270 degrees of Celsius and
FEP’s melting point is between 260 degrees of Celsius. The oven’s temperature was set to 260

degrees of Celsius. Melted Petri dishes are seen in figure 24.
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Figure 24. Melted polystyrene with FEP tubes.

As seen in figure 24 polystyrene melted before FEP did. FEP granulates were not even started to
melt which is quite strange when looking at their melting point which is very close to each other.
Also, baking paper was placed between the Petri dish and FEP to get FEP out of the dish more
easily. Further testing with Petri dishes did not show any promising results so the compression

molding method was tested next.

Before compression molding was done, two different molds were selected and the amount of
material needed to fill them was calculated. The volume of the small mold was 3.701 mm3 and

for large mold, it was 1.789 mm3.

The FEP tube was cut into small pieces to fit into the mold. Cut pieces were measured with Mettler

Toledo MS303TS to match the mold type’s calculated mass. After finding out the number of big
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and small molds and their amount. The number of samples per mold can be estimated by the
following equation (8).
me

sample quantity = — (8)

m

In equation (8) m, is the mass of the amount of FEP tubes available and m,, is the mass of the
material needed for the compression mold. m,, is divided into small and large molds where the
large mold is also much thinner than the small mold. m,, for small mold is around 7.84 grams and
for large mold is around 3.79 grams for FEP molds. Compression molding equipment NIKE hy-

draulics type ZB110 is seen in figure 25 below.

Figure 25. Compression molding equipment.

The first temperature was set in the machine on, the left side of the table in figure 25. The tem-
perature was set around 260 degrees of Celsius, that being FEP’s melting point. At 200 degrees
Celsius, the heating tubes started to melt, and the process had to be stopped. Wires were
changed but their heating capacity was still too high to handle FEP’s melting point. Also, extrusion
molding was considered but the required temperatures were too high for machines to handle.
Because of these observations with FEP the new material was considered to replace the current

one.
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Compression molding parameters needed to be carefully considered to make sure that the ready
sample plate would be clear enough to be used. The most important parameters that affect this

are temperature, pressure, and time the sample plate is held under the pressure.

The total amount of samples was calculated by using all the FEP tubes possible using equation
(8). With equation (8) there could be determinate the mass for both molds. With this knowledge
also, the number of samples per FEP tube size could be estimated by dividing the total mass of

the tube size by the mass of the mold material mass.

After finding out the number of big and small molds and their amount the number of samples per
mold can be estimated by dividing the total mass of the specific FEP tube by the mass of the

material needed in the compression molding mold.

After the experiment with FEP tubes and compression molding test with it, it was replaced with
THV and THVP due to their more suitable melting temperature and they had similar properties
which are necessary for this thesis. In appendix A there are different compression molding pa-
rameters for THV 500 and THVP 2030. Parameters changed quite a bit during the compression

molding process.

THV melting temperature is 165 degrees of Celsius and THVP is 130 degrees of Celsius. The
temperature was set much higher than the material’s melting temperature because polymer gran-
ulates needed enough heat to properly melted during the pressure-holding phase. Granulate
markings were a big problem at the start of compression molding but with PTFE releasing spray
and sufficient drying time the granulate marking disappeared. With the parameters found in sec-
tion 4.1.2 and the sufficient drying time for the release agent clear and clean sample plates could
be obtained. It seemed that amount of releasing agent sprayed onto the surface of the material

and drying time affected greatly the granulate marking on top of the sample plate.
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4. MATERIAL AND METHODS

The experimental part of this master’s thesis is divided into 4 separate categories, sample
manufacturing, contact angle and wettability measurements, transparency measurement via UV-
Vis, and refractive index measurement via refractometer. These experimental tests aimed to find

out if the materials used are suitable for cell culturing imaging.

Originally FEP was selected as sample material for the experimental part. The number of FEP
samples from bigger molds is around 16 with a stance size of 10 mm and samples from smaller
molds are around 9 with a stance size of 15mm. Later was replaced by terpolymer of tetrafluoro-
ethylene, hexafluoropropylene, and vinylidene fluoride, THV, and its more flexural form, THVP
due to their greater thermal properties and similar optical properties as FEP’s. Methods and equip-
ment were selected before sample manufacturing, but some methods changed during the meas-
urements because a better measuring method was found. This happened with contact angle
measurement. The content of the materials and methods section can be found in the chart in

figure 26.
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Figure 26. Flow chart on materials and methods contents.
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The flow chart, in figure 26, shows the materials and method content of the master’s thesis. Each
section is divided into multiple different categories depending on the experimental part. These

categories are usually machine parameters and the operating and testing part itself.

4.1 Thermal processing of THV and THVP

THV and THVP were done with compression molding as was planned to do with FEP. The pro-
cess includes sample preparation, compression molding itself, and cooling and releasing the sam-
ple plate from the mold. Compression molding was done with a NIKE hydraulics type ZB110

compression molding machine.
4.1.1 THV and THVP

THV and THVP both arrived in 1 kg packages. The material was delivered in granulate form and

their packages are seen in figure 27 below.
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Figure 27. THV and THVP packages.

Because of the high amount of THV and THVP material available, as seen in figure 27, there was
no need to perform a similar calculation as with FEP. The THV datasheet can be found in table 1
and the THVP datasheet is found in table 2 in section 2.1.2. THV and THVP were in granulate
form and cutting them into smaller pieces was not required. THV granulates can be seen in figure

28 in the compression mold.
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Figure 28. THV granulates in the compression mold.

Before weighing and pouring samples into the mold as seen in figure 28, samples were put into
50 ml plastic tubes and dried in the heated vacuum chamber for around one day. THV and THVP
granulate were then weighed by the Mettler Toledo MS303TS scale and then placed in a mold
that is placed on top of the compression molding plate beneath the mold. The mass of the material
needed was 7.28 grams. Then a similar plate was placed on top of the mold, and it was moved
between compression clamps. Heaters were turned on after the sample plate was put in the ma-

chine.

4.1.2 Sample preparation

The first compression molded sample plates had some granulate markings on top of the sample
plate and some of them were stuck on the compression molding plate, removing the sample by
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force damaged the sample plate more. These granulate markings and stuck sample plates are

found in figure 29.

Figure 29. Granulate marking on the sample plate.

On top of the marking, seen in figure 29, the sample plate commonly got stuck in the compression
molding plate and tearing the sample plate of the molding plate only made the surface of the
sample plate worse. The baking paper was also used to get the sample plate easier from the
molding plate, but the surface was foggy and had poor surface quality. PTFE releasing agent
spray was used next and with enough drying time, like the seen end of table 10, combined with
the freezer the material plate was easy to tear from the mold plate’s surface without ruining the
surface quality of the sample plate. With correct compression molding parameters and a good
way to remove the sample plate from the mold plate clean sample plate was acquired. A clean

sample plate can be seen in figure 30.
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Figure 30. Clean sample plate.

When the first clean sample plate, seen in figure 30, was compression molded the manufacturing
process could be started. The final parameters for the materials were 25 MPa and holding under
the pressure for 25min for both materials and compression mold temperature was 175 degrees
of Celsius for the THVP 2030 and 210 degrees of Celsius for the THV 500. Clean sample plates
were used to die cut into circular shapes with a diameter of 10mm. 16 samples were obtained

from one sample plate. Samples size and die-cut sample plate can be seen in figure 31.
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Figure 31. Die cut marks on the sample plate.

As can be seen in figure 31, 4 times 4 samples could be obtained per one sample plate. Samples
used in wettability and transparency testing were die-cut using a 10mm round steel punch and a
rubber hammer to get the sample out of the plate easily. Full sample plates were used in refractive
index testing. Ready samples were put into 50ml plastic tubes with the name of the sample plate

material and batch number to identify and use with experiments.

4.2 Contact angle measurements

Contact angle measurements were done to find out how fast water and cell medium liquid wet the
surface of the material. Testing was done with both materials and liquids, comparing untreated

samples to oxygen plasma-coated samples with different oxygen plasma treatment durations.
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Before coating, ethanol cleaning was done to remove impurities from there samples’ surface. In

total there were 4 samples per test set.
4.2.1 Oxygen plasma treatment

Oxygen plasma treatment was done with Diener electronic oxygen plasma treatment equipment.
In the first experiment, only 20 seconds of oxygen plasma time was used with 30% plasma power.
Cleaned samples were placed into a plastic Petri dish and then put inside the oxygen plasma

chamber which is visible in figure 32.

Figure 32. Oxygen plasma treatment equipment.
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After the samples are put into the oxygen plasma chamber, seen in figure 32. 20-second oxy-
gen plasma treatment was done by choosing a program that was set to have a 20-second
plasma treatment duration and this plasma duration was only tested with water but with cell me-
dium testing 40 and 60-second plasma, durations were also added with already used 20-second
oxygen plasma duration. Oxygen plasma power was set to 30% for all the oxygen plasma treat-

ment durations.

The oxygen plasma process itself started with applying the pressure in the chamber for a couple
of minutes which lead to the oxygen plasma starting. During the plasma phase, it was important
to adjust the energy balances of the plasma treatment process the way that forward energy is
much higher than reverse energy. Too much reverse energy could harm the equipment if the
value rises above 20%. After the plasma was done equipment started to vent and release pres-

sure and after that chamber could be opened and the process was done.
4.2.2 Wettability testing

Wettability testing was done with an Attension Theta Lite optical goniometer that measures real-
time contact angles. In high-resolution camera images, the changing contact angles and data are
shown on the computer, and the contact angle is measured. The sample is placed on a pedestal
and liquid is dropped into its surface. Attension Theta Lite optical goniometer can be seen in figure
33.
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Figure 33. Optical tensiometer equipment.

Around 3.5 ul water droplet was dropped on the sample’s surface with the syringe, seen in figure
33. This droplet is now monitored and contact angle changing is followed. figure 13 in section
2.4.2 surface wettability measuring with contact angle, shows the image where the contact angle
is measured. The first experiment was done with a 20-second oxygen plasma duration with 10
sets of 4 samples per material. These 4 sample sets included untreated samples and 3 coated
samples with different time points. These time points were right after the plasma (tp1), one hour
after the plasma (tp2), and one day after the plasma (tp3). Water was used as the liquid in the
first test. The second test was done with cell medium liquid and 40 and 60-second plasma dura-
tion were now also done. 2 sets of 4 samples were done with each plasma duration, making 6
total sample sets for both materials. The syringe was only used with water so cell culture medium
liquid was pipetted onto the sample’s surface. The volume of the cell culture medium droplet was
the same size as the water droplet, 3.5 pl. Both experiments were done till the contact angle
reached around 10 degrees which was the lowest point where the optical tensiometer could com-

monly image the contact angles.

4.3 Evaluating transparency

The transparency of the sample was measured with an ultraviolet-visible spectrophotometer (UV-
vis). Before the process started oxygen, and plasma treatment was used to treat five samples

that form a set. There were 2 sets for each plasma duration the 20s, 40s, and 60s, and 2 sets for
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untreated samples for both materials. Samples were cleaned with ethanol before measurements.

UV-vis equipment can be seen in figure 34.

Figure 34. UV-Vis equipment.

Transparency of the sample could be acquired with UV-Vis equipment, seen in figure 34, which
measures the sample’s transparency and absorption. Transmittance tells the amount of light that
passes through the sample and absorbance shows the amount of light that material can absorb
light of a specific wavelength. Both transmittance and absorption needed to be measured sepa-
rately, so one set of 5 samples was measured first with either transmittance or absorbance and
then the other. One sample could be measured at a time. Before using the machine, the wanted
value measure was chosen, and after that machine needed to be calibrated to be used. Circular

shape samples were placed in the holder seen in figure 35.
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Figure 35. Sample holder and measuring chamber.

The sample needed to be placed into the sample holder the way that the sample covers the whole,
middle of the sample holder in figure 35. After the sample is placed measuring chamber hatch is
closed and measuring can be started. When doing absorbance measurements autozeroing the
absorbance value was required before running the process. The wavelength range was also set
before running the process. The first experiment was done with a wavelength range of 700 nm to
200 nm and it includes 2 sets for each plasma duration (20, 40, and 60 seconds) and 2 sets for

untreated samples for both materials. The second wavelength range was much higher from 3000
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nm to 200 nm and was just done with 2 sets of untreated samples to identify the full wavelength

behavior of the sample.

4.4 Refractive index

The refractive index was measured with a refractometer, Metricon Model 2010/M Prism Coupler.
The refractometer had 5 different wavelengths that scanned the material. These wavelengths
were 443 nanometers, 635nm, 854nm, 1064nm, 1302nm, and 1504nm. Before measurements
refractometer had to be calibrated correctly. Each wavelength value above had its light source
that needed to be turned on. The light lighted the sample with that specific wavelength and pro-
vided a graph where the refractive index could be determined. If the graph was too shallow then
parameters gain and offset needed to be changed the way that graph had enough curve to be
able to accurately identify the material's refractive index from it. If this fix is not done then the
material’s refractive index cannot be identified correctly. All the refractive index values were then

made to fit in the single graph that showed the refractive index as a function of time.

Five separate measurements were done on both materials. Each of the five measurements was
taken from a different part of the sample film. Unlike the samples used in wettability and transpar-
ency testing, the samples used in calculating the refractive index were whole sample plates and

not die-cut samples. Refractive index measurements were only done on untreated samples.
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5.RESULTS AND DISCUSSION

The results include material characterization like wettability, transparency, and refractive index
testing. Each characterization method has results presented with observations and discussions.
Wettability testing covers contact angle measurements for water and cell culture medium liquids.
In transparency testing, the relation between transmittance and absorbance is shown with an
explanation of causing factors. In refractive index testing the machine-calculated refractive in-

dexes are compared to manufacturer-given ones.

5.1 Contact angle measurements

The contact angle wetting test was performed with both water and cell medium. Wettability test-
ing was completed to find out how oxygen plasma treatment, oxygen plasma time, and used lig-
uid, and sample material affect the contact angle and wetting properties of the sample surface.
The time that took liquid to reach the lowest contact angle point was calculated and the lowest

contact angle values are presented in table 8.

Table 8 The lowest contact angle points.

= = = = = =
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N N w - N w
Liquid type THVP

Untreated Oh 1h 24h Untreated Oh 1h 24h

water 12.19° 8.52° 7.53° 8.70° 38.37° 7.84° 6.51° 9.88°
cell
medium 7.93° 5.92° 5.31° 10.29° 9.38° 5.25° 15.26° 13.52°

Table 8 shows the lowest average value for each material and time point. There can be seen
that these average lowest contact angles are all hydrophilic and some of the single measure-
ments were even superhydrophilic. Differences between hydrophilic and superhydrophilic are
explained in figure 12 in section 2.4. The first tests were done with water droplets on the surface
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and 10 tests for both materials were performed. The average values of these tests are shown in

figure 36 below.
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Figure 36. Water droplet test for average values of 10 sets for THV and THVP.

Figure 36 shows average values of how long it took from water to wet the surface to its lowest
contact angle point. The lowest contact angle varies quite a bit, depending on the sample’s sur-
face, and droplet distribution. Also, the machine can cause variance in contact angle as seen in
table 8. The lowest contact angle value the optical tensiometer detected was between 10 and
15 degrees. The average time value shown in the figure as a column was calculated from each
set time that provided the lowest contact angle value. Also, the standard deviation was calcu-
lated from these set time values. Standard deviation error bars provide information on how
spread the data is compared to its mean value. A low standard deviation means that data is
closer to the mean, making data more reliable. A high standard deviation means that data is

widely spread, making it less predictable than a low standard deviation.

When looking at data in figure 36, there can be seen that THV 500 data commonly provided a
longer time to reach low contact angles and larger standard deviation than THVP 2030 values.
Between oxygen plasma samples, Oh, 1h, and 24h, there are no hugely different in time but un-

treated samples took the longest time to reach low contact angles.

Wettability testing done with cell medium included different plasma times, 20-second plasm, 40-
second plasm, and 60-second plasm. Each plasma time had two sets and average times and
standard deviations were calculated for THVP 2030 in figure 37 below.
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Figure 37. Cell medium droplet test for 2 sets for each THVP 2030’s oxygen plasma treatment

time and untreated sample.

In figure 37, we can see that the 40-second plasma time is the highest but its standard deviation
is very low, except in 1h after the oxygen plasma treatment. This tells us that it provides the
most reliable of the group. 60-second plasma time provides the least reliable data but its time to
reach the lowest contact angle is commonly the fastest of the group, having only tp1 as an ex-
ception. THV 500 values with cell medium droplet were calculated similarly to the THVP 2030

values. These values are shown in figure 38 below.
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Figure 38. Cell medium droplet test for 2 sets for each THV 500’s oxygen plasma treatment

time and untreated sample.
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THV 500-time values in figure 38 are generally much lower and closer to each other than with
THVP 2030 values in figure 37. Standard deviation values for THV 500 are quite small with all the

groups making it look more suitable material when using cell medium over THVP 2030.

Contact angle and wettability measurement contain lots of different variables that bring errors to
the measurements. The biggest error type is a human-made error. This includes things like inac-
curate cell medium pipetting, impurities left on the surface, and poor adjutancy of the pedestal
where the sample is placed during contact angle measurement. Unlike water droplets, cell me-
dium liquid is placed on the pedestal by pipetting. Hand tremble during the cell medium pipetting
can easily affect the shape of the droplet and thus can affect the wettability of the material. During
ethanol cleaning of the material, some impurities can remain on the surface and hinder the wet-
tability and contact angle reduction. Pedestal adjutancy can sometimes be a little off making the

liquid droplet a little bit tilted and that way affects the wettability behavior of the droplet.

Other things that can create errors in the wettability and contact angles are not caused by human
error but mainly caused by the machine. These errors can be caused by oxygen plasma equip-
ment or contact angle measuring equipment. The oxygen plasma process uses plasma chamber
venting at the end of the process to release the applied pressure. Changing the pressure usually
causes the samples to move in the plasma chamber. Samples may be flipped or flown out of the
Petri dish where samples have been initially placed during the plasma process. This sample
movement can cause problems with the oxygen plasma treatment and make the coating weaker.
Contact angle equipment cannot sometimes detect the contact angle of the liquid droplet on the
material’'s surface which can lead to that lower contact angles may not be filmed and made to
data. This happened quite often and adjusting the pedestal placement usually fixed the problem.
Water is pipetted on the material surface by the contact angle machine’s pipette. There were

several occasions where droplets contained air bubbles which affect droplet size and behavior.

Error in the sample preparation could also add some problems. Smaller samples could contain
scratches and their surface could be quite uneven which affects the wettability behavior of the
liquid droplet. Droplet imaging could be hard because of the uneven surface and its behavior

could also change to work differently than one can initially hope for.
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5.2 Transparency measurements

Transparency of the THV and THVP samples were tested with UV-Vis and calculated values

were transmittance and absorbance. UV-Vis calculated those values and they are presented for
THVP 2030 in figure 39.
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Figure 39. THVP 2030 values for transmittance and absorbances.

Now in figure 39, there can be seen that transmittance is quite low so absorbance should be
high but it's near 0 so new values were calculated to compare machine-acquired values with the
values calculated with equation (7). These absorbance values were calculated due to the rela-
tion between transmittance and absorbance being that high transmittance equals low absorb-
ance (near 0) and low transmittance equals high absorbance (near 1). The same calculation
and observations were also done to THV 500 graph in figure 40.
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Figure 40. THV 500 values for transmittance and absorbances.

In Figures 40 and 39, we can see that the transmittance value varies between 15 to 20 T%. This
means that light can pass the sample 15 to 20% of the time which is quite a low. The remaining
amount of light usually absorbs into the material. Initial absorbance values were acquired with
the UV-Vis machine as transmittance values. there may be some error in the absorbance values
because the remaining light that cannot pass the material absorbs into the material so absorb-
ance should not be close to 0. Therefore, absorbance values were also calculated by using
equation (7), found in section 2.6. Now there can be seen that the calculated absorbance is
around 0.70 Au which is quite a bit higher than machine-acquired values, also found in figures
39 and 40.

The idea of this testing was to test the transparency of the material. When looking at figures 39
and 40, and with some knowledge of transparency and transmittance and absorption, there can
be seen that transmittance is quite low which would mean that light that cannot pass the material
would absorb into it making absorption quite high. Now figures 39 and 40 show that both trans-
mittance and absorption are low which does not make any sense because transmittance and
absorbance are related that way that transmittance is the flipside of absorbance and vice versa.
Things that could affect this behavior can be holders and tapes that are holding the sample, in-
sufficient cleaning of the sample, or the current compression molding machine not being clean
enough. When looking at THV and THVP data in table 1 for THV and table 2 for THVP there can
be seen that UV-Vis light transmission is 85% for THV and 94% for THVP. This means that with
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a cleaner machine, better molding parameters and material cleaning high transparency could be

obtained.

In figures 39 and 40 in transmittance curves there are drops at 300 nm, this is explained by the
UV-Vis machine changing the light sources during the measurement and this process causes the
drops in the chart. The same light source change is also seen in the absorbance curve but not as

clearly as in the transmittance curve.

Tested samples were untreated samples and with different plasma times, 20, 40, and 60 seconds.
Oxygen plasma samples were just right after the oxygen plasma treatment but with UV-Vis equip-
ment warmup time being around 30 minutes it was not right after the plasma treatment. Also,
auto-zeroing with absorbance measures was necessary but the value usually varies around 0.05

to -0.05 and that’s the one reason for UV-Vis calculated absorbance deviation.

5.3 Refractive index measurements

The purpose of this experimental part is to check if the initial refractive index value provided was
correct and sample manufacturing method was suitable. The manufacturer provided a refractive
index value of 1.36 for THV 500 in table 1 and 1.35 for THVP 2030 in table 2 and these values
are then compared to machine-calculated ones. Five different refractive index measurements
were done with both materials and average values for the refractive index were calculated. THVP

2030 refractive index values are shown in figure 41.
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Figure 41. THVP 2030 refractive index values with different wavelengths.

In figure 41 there were calculated refractive index values with wavelength values of 443nm,
635nm, 854nm, 1064nm, 1302nm, and 1504nm. These values are located around 1.35 which is
a desirable value for the THVP 2030 refractive index. The same values were calculated for THV
500 in figure 42.
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Figure 42. THV 500 refractive index values with different wavelengths.

In Figure 42, we can see that the manufacturer's given value of 1.36 is accurate for the samples.

Refractive index values for THV 500 are located around the desirable value of 1.36. For both
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figures 41 and 42, there were also done polynomial curve fitting. With this fitting there can be
seen that data points fit greatly in the curve and values are very close to the refractive index of
1.35 for THVP 2030 and 1.36 for THV 500. Initially, the samples looked a bit unclear even though

they had been cleaned with ethanol. Despite that given values match the manufacturer’s values.

Refractometer measurements are provided around refractive index values, that material manu-
facturers promise. Still, there was some error in data fitting with the refractometer program but as
can be seen in figures 41 and 42, but with the polynomial fit there is an approximation that data
points are accurate and therefore refractive index values are correct. One problem with the meas-
urements was that sometimes the machine did not find a deep enough refractive index curve and
parameters (check the names) needed to be adjusted to get that deep enough curve so it could
be calculated. Also, sometimes the machine got stuck in the wrong position and it needed to be

adjusted into the right position, and reference measurement needed to do again.

When using plastic instead of glass with a refractometer the cleaning method and state were not
as important as with glasses. With glass, cleaning is much more crucial than with plastic and it
easily affects the glass refractive index measurements negatively. Plastic cleaning, at least, in
this case, did not seem to affect the refractive index measurement but if the sample contained

some scratches they were sometimes shown in the wavelength-specific graph.



67

6. SUMMARY

Manufacturing THV and THVP sample plates with compression molding provided seemingly
clean and clear sample plates. The manufacturing process itself took over an hour with PTFE
releasing spray needing to dry for 20 minutes and manufacturing being approximately one hour.
The process is quite a long one and faster processing could be beneficial. Properties characteri-
zation was divided into three separate testing, wettability, transparency, and refractive index test-
ing.

Wettability testing provided the time that liquid droplets took to reach the lowest contact angle the
optical tensiometer machine could provide. Oxygen plasma-treated samples seem to reach the
lowest contact angles faster than untreated samples. This shows clearly in figure 36 which is done
with the water droplets. Cell culture medium liquid seems to affect more on THV’s wettability like
seen in figure 38 and less with THVP’s wettability in figure 37. With a little bit of waiting for the
cell culture medium to wet the surface and the material could be ready to use in cell culturing

imaging.

Transparency measurements showed some interesting results in transmittance, which tells the
amount of light that goes through the sample. Transmittance was around 15 to 20% which is quite
a low value. Machine-calculated values for absorbance, which is the remaining amount of light
that could not pass the sample and absorbs into the material, were faulty. With acquired transmit-
tance values absorbance should have been near 1 absorbance unit but machine-calculated val-
ues were near 0 absorbance unit. New absorbance values were calculated, and they fit well in
the relationship between transmittance and absorbance. Transparency of the samples could have
been much better, and this value should be improved when using THV and THVP in cell culturing

imaging.

Refractive index calculations were done with a refractometer and results were compared to the
manufacturer's given values for refractive indexes. Acquired data from the refractive index
showed that refractive indexes were approximately the same as the manufacturer provided de-

spite some scratches and impurities in the material.

THV and THVP could easily be used in OPT and SPIM imaging for cell culturing. Cell culturing
medium wets the surface after a little bit of waiting. The transparency of the materials was not the
greatest but adjusting the compression molding parameters or using cleaner manufacturing
equipment could improve THV and THVP transparency a lot. Still, current manufacturing was

good enough to provide the same refractive indexes as the manufacturer also provided. With little
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adjusting processes and parameters, THV and THVP can be suitable for cell culture imaging

purposes.
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APPENDIX A: Testing parameters for THV and THVP

Freez-

ing
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Observations Total time time

Temperature and pressure holding time in-

THVP . L 31 min
sufficient. The amount of material is too

2030 15 145 3 min low. 18 sec

THVP o 39 min
Temperature and pressure holding time

2030 15 160 10 min looking good. More material needed. 42 sec
Temperature and pressure holding time are .

THVP 38 min
good. Sample got stuck on the surface of

2030 15 160 10 min the compression molding mold. 53 sec

THV ) 48 min
A good amount of material. Poor surface

500 15 195 10 min quality. 26 sec

THV ) ) 46 min
A good amount of material. Surface still

500 15 195 10 min blurry. 58 sec

THV 50 min
Same as others. Parameters must be

500 15 195 10min changed. 37 sec

THV 1h 2min

THVP 57min

THVP . 59 min
Used baking paper. Caused foggy surface

2030 23 175 20 min and poor surface quality. 15 sec

THVP , . 55 min
PTFE release agent used. Still markings.

2030 25 175 20 min Too thick layer of PTFE release agent. 55 sec

THV 1h 6 min
PTFE spray. The surface was good even

500 24 210 20 min though some markings were still left. 15 sec

THV ) ) 1h 7min
PTFE spray, dried for 15 min. Good sur-

THVP 59min

2030 24 175 20 min PTFE spray dried for an hour. Still marks. 10 sec

THVP 1h 1min

PTFE spray for 55 min. Still markings on
2030 25 175 20 min the surface 20 sec



THVP
2030

THVP
2030
THV
500
THV
500
THVP
2030

THVP
2030

25

25

25

25

25

25

175

175

210

210

175

175

25min

20min

25min

25min

25min

25min

PTFE spray for 25min and in freezer for 25
min. First Usable sample.

SR multi-release agent was used, still
markings. PTFE release agent seemed to

work better with the material.

PTFE agent dried 25min. Good and usable
sample.

PTFE spray dried for 25min. Good and us-
able sample.

PTFE spray for 40min. Good and usable

after cleaning with sponge.

PTFE spray for 30min. Good and usable

after cleaning with sponge.

1h 2min

1 sec

53min
45 sec
1h 5min
10 sec
1h 6min
40 sec
1h
30 sec

58min

10 sec
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15 min

20 min

15 min

40 min

20 min

15 min



