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Introduction

1 Introduction

Surface modifications are playing a major role in modern technology. The surface of a
product is the part that is interacting with its environment. There are numerous reac-
tions or coating techniques and every one of them has certain fields or applications
where it is the best to use. However, with advancing science and technology the re-
quirements for surfaces get more diverse, challenging and specific. Especially in med-
icine, the requirements are exceptionally high. For this reason, many materials are not
suitable to be used for example as implants. However, with the right coating or coating
method the number of possibly useful materials can be highly increased. So far, im-
plants usually consist of metals, especially on their surfaces. Organic polymers on the

other hand play a minor role in this field.

However, coatings can also be utilized to improve the biological properties of materials,
which are already used in biomedical applications, such as PVDF (poly(vinyl-
idenedifluoride)), which is used as hernia meshes or can be used as transvaginal
meshes for cystocele repair in the future.’? PVDF is commonly used as an insulator,
but there are also co- and terpolymers of PVDF that show piezoelectric properties.
Where the copolymer P(VDF-TrFE) (poly(vinylidenedifluoride-tetrafluorethene)) shows
properties of a sensor, the terpolymer P(VDF-TrFE-CTFE) (poly(vinylidenedifluoride-
tetrafluorethene-chlorotetrafluorethene) shows properties of an actuator.®-> Another
material that is promising for a broader use in biomedicine is PCL (poly(e-caprolac-
tone)).® One of the advantages of PCL is that it's a good material for additive manufac-
turing, which can be used to 3D print patient specific implants. These implants are
supposed to function for a scaffold-guided bone regeneration.” PCL is also used as
“gold standard” for a more specific printing technology, the melt electrowriting (MEW).
This technique is used to print scaffolds that can be used to support wound healing or
can function as a placeholder or barriers for guided bone regeneration.® Not only PCL
scaffolds can be printed via MEW, also the previously mentioned PVDF and P(VDF-
TrFE) can be used to print MEW-scaffolds.®1°

To modify the interactions of these materials with the in vivo environment, coatings can
be utilized. Already in 1960 Wichterle and Lim found, that hydrogels could be of a
greater use for biomedical applications.’" Following that, PHEMA (poly(2-hydroxyethyl
methacrylate)) was used as a base material for contact lenses and proved its viability

1
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as a material for biomedical applications.'? Having a methacrylate functionality, HEMA
can also be used to be grafted to different materials to improve the interaction of a
product with cells.” Not only HEMA is a viable methacrylate to be utilized to graft onto
other materials. Also METAC ([2-(methacryoyloxy)ethyl]trimethylammonium chloride),
which is a cationic methacrylate, can be used to do so. If instead an antifouling coating
is the goal, the zwitterionic monomer MEDSAH (or DEMAPS; [2-(methacrylo-
yloxy)ethyl]dimethyl-(3-sulfoproply)ammonium hydroxide) and its according polymer
PMEDSAH can provide these properties by for example grafting them to other materi-
als via RAFT polymerization (reversible-addition-fragmentation chain-transfer

polymerization).'4-16

However, RAFT polymerization as well as other photochemical polymerization meth-
ods need initiators or other reagents for the reaction, which can be harmful to living
organisms and have to be removed before being used in biomedical applications. In
2001, Deng, Yang and Ranby discovered the basics for the mechanism of SIPGP (self-
initiated photografting and photopolymerization), which does not need any additional
reagents than the surface and the monomers.'” The following work will focus on further

developing this surface modification technique.
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2 State of Knowledge

The most common types of implants these days are total hip arthroplasties (THR) and
total knee arthroplasties (TKA). In 2011 in Germany, cases for hip implants were 284
per 100.000 residents and in the USA 204 cases per 100.000 residents. Knee implant
surgeries were 304 in the USA and 206 per 100.000 residents in Germany, while the
numbers are going up.'® The knee society knows 22 different complications or adverse
events due to TKA, where the hip society knows 19 of those in 5 different grades of
severness.'®20 While the complication rates for total hip arthroplasties is decreasing
since the last decades from 9.9 % in the 1990s to 5.3 % in the 2010s (results until
2019), the rates must still be decreased to lower the patient suffering as well as the

need for post-operative care or surgery.

These examples show the need of improved implant techniques as well as improved
implants not only for hip or knee implants, but also for every type of implant in the
present or future. Surface modifications are one way to improve implants according to

complications such as inflammation reactions of the body at the site of the implant.
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2.1 Coatings on Inorganic Implant Materials

Already in 1987 Wisbey et al. developed a TiN coating for implants. In this time the
implants for joint arthroplasties consisted of a Co-Cr-Mo alloy. These implants how-
ever, were reported to cause clinical problems due to a release of metal ions contained
in these implants. Their solution was to coat these implants with TiN via electron beam
evaporation. This lead to an enhanced corrosion resistance of the implant as well as a
reduction of release of harmful metal ions.?! Although implants these days consist of
titanium, these TiN coatings are still used and improved. In order to coat titanium im-
plants with an antimicrobial coating, Bergemann et al. found that copper can be utilized.
To do so they modified the surface of the titanium by using a titanium plasma spray.
After that, they coated the sample with a titanium-copper-nitride layer by physical va-
pour deposition. They found that their coating had a strong antibacterial influence and
by simulating in vivo dynamics through medium exchange they were also able to re-
duce cytotoxic effects on osteoblasts.?? Similar results to minimize bacterial adhesion
and promote osteoblast activity can be achieved by using CaSiOs, SiC or TiC coat-
ings.?>?6 These characteristics were also reported for hydroxyapatite coatings by
Ducheyne et al. in 1985, which were applied by electrophoretic deposition.?” These
coatings are still in the focus of development and can be applied by a variety of different
methods such as sol-gel coating, plasma spraying, biomimetic deposition, electro-

chemical deposition and electrophoretic deposition.28-34

Inorganic coatings are not only capable of increasing stability, but can also be designed
to intentionally be degraded inside the human body. Mg-Ca alloys were reported to
have a similar young modulus and mechanical strength than bone and thus can be
used as resorbable implants. Only the degradation was too fast to be used as an im-
plant.3® Thomann et al. then introduced an MgF: coating for these implants. These
coatings were performed by immersing the substrates in a sodium hydroxide solution
to create a magnesium hydroxide surface. Following, the substrates were bathed in
hydrofluoric acid. This chemically applied coating was able to reduce degradation rate

while keeping cytocompatibility. 36

Not only inorganic coatings can be used. Also biological or drug loaded coatings are

being investigated. Collagen type-l can be used as a coating on titanium alloys by
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using absorption. This coating can increase the bone remodelling around these im-
plants.3” Also bioactive titanium oxide coatings, which increase not only osseointegra-
tion but also implant fixation as they are, can be coated with antibiotics such as gen-
tamicin. To do so, the modified substrates must be immersed in a gentamicin solution
with evaporation of the solution afterwards. By doing so bacterial growth can be sup-
pressed and bacterial contamination prevented.® Growth factors are being used as a
drug loaded in coatings, as Schmidmair et al. did with different growth factors being
loaded into a poly (D,L-lactide) coating. This biodegradable coating can release drug

over a time of more than 42 d.3°
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2.2 Coatings on Polymeric Implant Materials
2.2.1 Polymeric Implant Materials

2.2.1.1 Poly(e-caprolactone)

When it comes to biodegradable polymers for biomedical applications, polyesters are
an important group in that field. Among them are poly(lactic acid) (PLA), poly(glycolic
acid) (PGA), and poly(e-caprolactone) (PCL).4%*2 Compared to those, PCL (Figure 1)
has a longer degradation time of up to 2-3 years due to its hydrophobicity and semi-
crystallinity. This degradation time however, is also dependent on molecular weight,
residual monomer content, shape and autocatalysis amongst others. Using these pa-

rameters the degradation time can be adjusted according to needs.*4°

O
@)
n
Figure 1: Chemical structure of poly(e-caprolactone).

Due to its biodegradation properties, PCL is capable of being drug-loaded and releas-
ing the drug, such as dexamethasone, vancomycin, praziquantel or ibuprofen, over
time.*64° To use the advantages of more than one material, composites can be uti-
lized. There are different types of composites that are being developed for PCL. Elec-
trospun PCL-gelatine micro-/nanofiber can be used as membrane for guided tissue
regeneration.®® Also organic/inorganic composites were investigated. For example
B-tricalcium phosphate-PCL nanocomposites for bone implants, SiO2-PCL hybrid ma-
terials containing quercetin for antioxidant implants or rBMSC (rat bone marrow-de-
rived mesenchymal stem cell) laden hydroxyapatite-PCL to promote osteogenesis and

angiogenesis.>'-54

As shown, the application range of PCL is a broad one. Including compositions and

blends it can be used for example as mesh-, bone-, knee-, hip, or ocular im-
plantS.7,46,51,55—58
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2.2.1.2 PVDF and Derivatives

In 1984 Hausler et al. proposed PVDF (Figure 2 left) as an implantable indefinite power
supply for implants that require to be powered constantly. The piezoelectric properties
of PVDF were supposed to be triggered enough through the movement of ribs while
breathing. By implanting their device into a dog they managed to gain a power of 17 pyW
with the amplitude being constant for 3 h until they terminated the experiment.>® A va-
riety of approaches to use PVDF and its derivatives as implantable batteries are still
actively investigated.®?8" One of these applications are 3-dimensional microsystems
for vibrational energy harvesting.6? However, not only energy harvesting is a reason to
choose PVDF for implants. Also sound detection was reported to be able to use in
cochlear implants. With a PVDF-based microphone Park et al. proposed a totally im-

plantable cochlear implant in opposition to the partially external ones used so far.%?

HH H \ HF

FF FF \ FF

rnd

Figure 2: Chemical structures of PVDF (left), P(VDF-TrFE) (middle) and P(VDF-TrFE-CTFE) (right).

Due to its cytocompatibility and low tissue responses, PVDF is being used and re-
searched for different types of implants without utilizing the piezoelectric properties.
For example as a substitution for poly(propylene) (PP) as a mesh for abdominal hernia
repair.t4®5 There PVDF is commonly used since for these surgeries a polymer with
high degradation resistance is desired due to a reduction of recurrence.?56:7 Also cys-

tocele repair is a field where PVDF meshes are currently investigated.’

In recent years, also the copolymer P(VDF-TrFE) (Figure 2 middle) and the terpolymer
P(VDF-TrFE-CTFE) (Figure 2 right) have been in the focus of research, because
through these co- and terpolymers the piezoelectric properties of PVDF can be ad-
justed.>%® While P(VDF-TrFE) is researched as a membrane for wound healing, neural
and bone tissue engineering, P(VDF-TrFE-CTFE) is just recently being discovered as

an implant material 6972
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2.2.1.3 Melt Electrowriting

Brown, Dalton, and Hutmacher invented melt electrowriting (MEW) in 2011 (called melt
electrospinning writing back then).” It is an additive manufacturing method derived
from melt electrospinning. A big potential difference between the nozzle and the
collector can be used to form the polymer melt at the tip of the needle into a Taylor
Cone, which allows the printing of fibres in a low micrometer range without using
solvents.”* During the process the printing head is heated for keeping the polymer
melted (Figure 3). Another important part of MEW is the moving collector. This allows
the “writing” of the fibres and thus the printing of scaffolds having a fibre spacing of up
to 20 um, unlike melt electrospinning, where the pore size is very small associated with
the random layering of the fibres.”?

cmmon
UNDER
PRESSURE

Figure 3: MEW printer containing a pressure unit (1), polymer melt reservoir with heating unit (2), the
nozzle (3) and the moving collector (4).

PCL is the “gold standard” of MEW and was the first polymer to be printed via MEW."3
Since then a variety of other polymer was processed with MEW, for example poly(urea-
siloxane), poly(2-ethyl-2-oxazoline) or poly(propylene).”>’” In 2018 Florczak et al.
managed to print PVDF via MEW, while showing piezoelectric responses after the
printing process.® Also P(VDF-TrFE) was reported to be printable via MEW in 2021 by

Kade et al."®
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2.2.2 Coating materials for polymeric implants

PCL, PVDF and its derivatives are a good choice to be used as polymeric implants.
Never the less, surface modifications still can improve or adjust their properties ac-
cording to need. There is a huge variety of possible coatings for polymeric implants.
PVDF for example was coated with star-PEG (polyethylene glycol) via spin coating. A
subsequent modification of star-PEG with RGD-sequences then enabled protein repel-
lent and cell adhesive properties of the surface.”® A similar anti-fouling coating for
PVDF was fabricated with amino acid modified PEG, or a polyphenol tannic acid/poly-
ethylenimine/metal ion coating.”®8° A chitosan coating can also be prepared on PVDF
via dip coating, as well as on PCL, and can function for example as a drug release
coating.?'82 Electrospun PCL nanofibers were also coated with polysaccharides for

wound dressing applications via ionic layer-by-layer deposition.83

2.2.2.1 PHEMA

A material that is outstanding and in the focus of researchers for biomedical
applications for more than 50 years now is poly(2-hydroxyethyl methacrylate)
(PHEMA), (Figure 4) with its monomer HEMA.8 Since its discovery PHEMA was
heavily investigated, and even approved by the FDA (U.S. Food and Drug

Administration) for ocular applications such as contact lenses.'%85-88

OH |

0
YJ\O/\/OH 0._0O
\M\/P~

— -n

Figure 4: Chemical structure of HEMA (left) and PHEMA (right).




State of Knowledge

PHEMA can also be utilized as a coating material. Being a methacrylate enables
HEMA to be polymerized via initiator aided radical polymerization. One way to do so is
to use the physical sorption of the initiator AIBN (Azobisisobutyronitrile) to a PVC (pol-
yvinylchloride) film. The so prepared film can now be placed into the HEMA solution
and be polymerized via UV-light.8%°° Another popular initiator is Irgacue 2959 or, if
coated to a metallic surface such as titanium, an electrochemical initiator such as am-
monium peroxydisulfate ((NH4)2S20s) can be used to perform the PHEMA coating.8891
More methods of grafting PHEMA from surfaces will be described in more detail in
chapter 2.2.3. PHEMA surface modifications can be used as anti-fouling coatings for
ventricular catheters as Hanak et al. showed in their in vitro study.®? However, it can
also be used as a drug releasing coating. It is capable of loading and releasing drugs,

such as nerve growth factors, proxyphylline or doxorubicin.®3-%

HEMA can be co-polymerized with a huge variety of acrylates, methacrylates and
acrylamids such as AA (acrylic acid), METAC ([2-(methacryloyloxy)ethyl]trime-
thylammonium chloride), PEGMA (polyethyleneglycol methacrylate), MMA (methyl-

methacrylate) or MAA (methacrylamid).6.96-99

2.2.2.2 PMEDSAH

The monomer [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfoproply)ammonium hydroxide
(MEDSAH or sometimes DMAPS) can be photochemically polymerized to fabricate a

zwitterionic polymer (Figure 5).
+\ NN
—N S
- H = O O~
\+/ Q .0 |o. .o
YJ\O/\/N\/\/S\E) \/\/g

n

Figure 5: Chemical structure of MEDSAH (left) and its polymer PMEDSAH (right).
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In 2010 Villa-Diaz et al. reported, that PMEDSAH can be used as a coating for long-
term growth of human embryonic stem cells (hESCs)."® Following that, human-
induced pluripotent stem cells (iPSCs) were cultured on PMEDSAH coated substrates.
As the hESCs, the iPSCs maintained pluripotent and were still able to be differentiated
in vivo or in vitro.101-105 Besides stem cell research, PMEDSAH is known as a material
with non-biofouling properties due to its zwitterionic character.'9-19° The non-
biofouling behaviour of PMEDSAH is even more effective than that of PHEMA."% For
that reason, it is a highly interesting polymer in research for biomedical applications.
There are two main ways to graft PMEDSAH to surfaces, the SI-ATRP and the RAFT
mechanism. Using these mechanisms leads to polymer brushes of PMEDSAH on the
surface of the substrates.®-116 Both will be described in more detail in chapter 2.2.3.
Besides photo-induced polymerization PMEDSAH can also be polymerized thermo-
induced, to achieve a geometry-independent homogeneous layer thickness of
PMEDSAH."7 In 2018 Lim et al. reported, that PMEDSAH can be polymerized on
CLPE (cross-linked polyethylene) to achieve a low dynamic friction coefficient. They
predict PMEDSAH to be used in artificial joints, since CLPE is currently used as a
material for hip-joints. The low dynamic friction coefficient of PMEDSAH can then lead
to reduce wearing debris.’"® Following this, Osaheni et al. reported in 2020, that
PMEDSAH can additionally be used as a reservoir for lubricant and thus can be used
for a variety of biomedical applications such as articular cartilage repair, guide wire

coatings and soft contact lenses.'®
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2.2.2.3 PMETAC

The methacrylate [2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC) is
a cationic monomer, that forms a high swelling hydrogel as the polymer PMETAC
(Figure 6).120

0 H
\+/ —

Figure 6: Chemical structure of METAC (left) and PMETAC (right).

n

Osborne et al. first synthesized PMETAC as polymer brushes in 2002 as part of triblock
polymer electrolyte brushes consisting of a cationic a neutral and an anionic block, with
PMETAC being the cationic block. The mechanism they used for polymerization was
ATRP, which will be described in chapter 2.2.3.1.12" One year later METAC and HEMA
were co-polymerized in bulk to be tested as hydrogels for biomedical applications. In
this contribution, Rosso et al. reported, that a copolymer of HEMA and METAC with a
molar ratio of HEMA:METAC 10:1 showed no cytotoxicity and good cell adhesion com-
pared to an anionic copolymer of HEMA and AMPS (2-acrylamido-2-methylpropane-
sulphonic acid).’> HEMA and METAC were then also polymerized in the presence of
alginate to form a semi interpenetrating hydrogel. La Gatta et al. reported, that this
hydrogel is appropriate for cell adhesion and proliferation and suggests it as a good
material for biomedical applications.® Different cell types were tested with a copolymer
of HEMA and METAC. Endothelial cells for example show good adhesion, with a high
ratio of METAC."2% Neuronal cells in contrast show better adhesion with lower ratios of
METAC. This way neuronal cell patterns can be produced by using a HEMA-METAC
copolymer with a good adhesion to these cells and the PMETAC homopolymer, which
repels neuronal cells.'*12> HEMA is not the only monomer used for copolymerization
with METAC. A copolymer with vinyl alcohol is used for removing chromium (VI) from

water.'?® Another example is a copolymer of PEG and METAC. This can be used for

12
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pH-responsive delivery of insulin.’?” PMETAC can be used for antifungal nanocompo-
sites, an antimicrobial brush surface, cell culturing, a flocculent for harvesting microal-

gae or recently in a ultra-low lubricity hydrogel network.28-132

This shows that METAC is a very versatile monomer to be used for biomedical appli-

cations.

2.2.3 Coating techniques

To achieve a polymer coating, there are two different approaches. The grafting from
and the grafting to mechanism. While grafting to describes two different pre-existing
materials, that will be covalently connected, the grafting from mechanism describes a
continuous growth of one material from the surface of another material. The previously
mentioned materials find application in grafting from mechanisms. There are mainly
three different grafting from mechanisms that are utilized to graft methacrylates: atom
transfer radical polymerization (ATRP), reversible addition-fragmentation chain trans-
fer (RAFT) and self-initiated photografting and photopolymerization (SIPGP). Follow-

ing, these three grafting from methods will be described in more detail.

2.2.3.1 Atom Transfer Radical Polymerization

The mechanism of ATRP is relying on an equilibrium between the active species and
a metal complex.'®? For the initiation an alkyl halide and a metal complex are needed.
In Scheme 1 a Cu' complex and an alkyl chloride are used. As metal centres also Fe'

or Ru' can be used.134.135
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Initiation:

R-Cl + CulLy —— [R"+ CI—Cu'Ly

o [

R-M-Cl + Cully === [R-M"+ CI—Cu'lLy]

Propagation:

P—Cl + Cully === [P/ + Cl—Cu'Ly
()

Scheme 1: Initiation and propagation mechanism of ATRP. R = alkyl group; M = monomer; P; = prop-
agating species; L = ligand. Adapted with permission from reference.3® ©2021 American Chemical
Society.

By oxidation of the metal complex an alkyl radical is formed, while being in an equilib-
rium with the reduction reaction, which is faster than the oxidation. The radical then
reacts with one of the monomers. This active species is underlying the same redox
equilibrium as the initiating species, which means that with reducing the metal com-
plex, a dormant species is formed. This way the propagation is slowed down, which
leads to more defined chain lengths. In addition, disproportionation reactions and ter-
mination reactions are suppressed.'3? For these reasons ATRP is a controlled radical

polymerization and sometimes even considered to be a ‘“living” polymeriza-
tion,129.133,136-138

Because the ATRP suffered from so called mini emulsion droplets (small droplets that
form mini-bulk systems and lead to an insufficient distribution of the reactants), differ-
ent ways of initiating were researched.'®” The simultaneous reverse & normal initiation
(SR&NI) process uses conventional radical initiators for initiating the polymerization.
This improved the emulsion problem, but pure block polymers could not be fabri-
cated.'®” Another way is the activator generated by electron transfer (AGET). In this
mechanism a reducing agent is added, that reduces the metal complex without any
alkyl halide involved.'37.13%-142 |f g very active copper catalyst is added, the activators

are continuously regenerated. The mechanism is then called activators continuously
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regenerated by electron transfer (ARGET) ATRP.139.140.143-145 ATRP can also be com-
bined with click reactions to perform a grafting to method. To do so polymer chains are
formed via ATRP and then terminated with an appropriate end group for click reac-

tions.146

ATRP can also be utilized as a grafting from mechanism, by having alkyl halogenides
on top of a surface. In 2002 Osbourne et al. formed alkyl bromides as self-assembled
monolayers (SAMs) on top of an Au-surface. The bromides then induced the polymer-
ization of brushes on top of the Au-surface.'’ Liu et al. then grafted polymethylmethac-
rylate (PMMA) from surface modified carbon fibres by using surface-initiated atom-
transfer radical polymerization (SI-ATRP).'48 This way HEMA was grafted from sur-
faces to form anti-fouling coatings as well as a HEMA-METAC copolymer.'6.14% G|-
ATRP was since then researched and proposed for a variety of biomedical applications
such as pectinase immobilization, osseointegration of titanium surfaces, non-fouling

surfaces or bioelectrodes.49-154

Although ATRP and SI-ATRP have proven to fabricate well suited surfaces for biomed-
ical applications, the removal of the toxic metal complexes was a problem ever since.
Different methods to remove these metal complexes have been discovered, but never

the less they mean an additional procedure step and additional costs.%%-1%8
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2.2.3.2 Reversible Addition-Fragmentation chain transfer

Another mechanism that is considered controlled or “living” is the reversible addition-
fragmentation chain transfer (RAFT). As ATRP, the controlling nature of RAFT is rely-

ing on an equilibrium between the propagating species and the dormant species
(Scheme 2).

RAFT-agent initiation:

P, R
Sa_S-. S-S« S. _S
() 0oy m e ™y or oy ()
M z z Z M
Propagating RAFT RAFT-adduct Poly-RAFT Leaving
radical agent radical agent Group
RAFT-agent propagation:

P, R
SN S-S~ S S
(oo pe®y™r — oy ()
M z z Z M
Propagating RAFT RAFT-adduct Poly-RAFT  Propagating
radical agent radical agent radical

Scheme 2: Initiation and propagation mechanism of RAFT by the RAFT-agent. Z = substituent for
leaving group; R = alkyl group; Pn, Pm = propagating species. Adapted with permission from refer-
ence.’° ©2021 Wiley.

To achieve that, a RAFT agent is utilized. This RAFT agent often is a dithioester with
two groups of variation. One is the activating group Z, which is designed to stabilize
the RAFT-adduct radical. A variety of substitutes are used for Z such as phenyl, benzyl,
methyl or pyrrole amongst others.'89-163 The leaving group R is even more diverse than
Zis. Ris a homolytic cleaving group and common groups for R are CH2Ph, CH(CH3)Ph
or C(CH3)2Ph.161.164.165 The initiation of RAFT is carried out by a “standard” radical ini-
tiator such as AIBN or benzoyl peroxide.'®® The so formed propagating radical reacts
with the RAFT agent and forms the RAFT-adduct radical. This radical now has two
leaving groups, the R group and the propagating species. As previously mentioned, R
is designed to be the better leaving group and thus initiates a new polymerization chain,

while the dormant species, the poly-RAFT agent, is formed. To now achieve control
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over the system, it must be ensured, that the concentration of the dormant species is
magnitudes greater than the concentration of the active species.'’® As ATRP, this
mechanism allows control over the chain length and distribution, however termination
through combination of two active species are still occurring, which makes RAFT to be

considered “living” debateable. 6’

The mechanism of RAFT was discovered by Moad, Rizzardo, Thang and co-workers
in 1998.7%6 Following that they used RAFT to form block polymers in 2000.'%° One year
later Tsuijii et al. reported the first grafting from mechanism of RAFT. To do so they first
used ATRP to graft polystyrene from silicon particles. Following, they introduced a
RAFT moiety to the end chain of the graft polymer and thus could initiate a RAFT
polymerization as a grafting from mechanism.'®® RAFT can not only be utilized as a
grafting from mechanism, but also as a grafting to mechanism as Park and Thomas
showed in 2002 or used as a tandem RAFT and Click polymerization in a one-pot
reaction as Ranjan and Brittain reported in 2007.76%-171 The surface modification ability
of RAFT raises the interest to use it for biomedical applications. First it was reported,
that RAFT can be utilized to directly graft brushes from cellulose or chitosan.'63.172.173
Then also bovine serum albumin was grafted via RAFT or proteins were modified to
function as a RAFT agent.74-176 With biomaterials in perspective, RAFT was utilized
to graft PMMA on stainless steel to improve its biological properties.’”” Also PHEMA
was grafted as brushes from silicon wafers to form a protein resistant surface.’”® In
2014 Shanmugam et al. reported the photoinduced electron transfer-reversible addi-
tion-fragmentation chain transfer (PET-RAFT), which allowed them to initiate the RAFT
polymerization by green light, which reduces the influence of oxygen on the initiation
phase of RAFT.'79.180 Using PET, MEDSAH was surface grafted from polyvinylalcohol

(PVA) to form an optical biomaterial.'"®

Besides that, RAFT was investigated for a number of different biomedical applications
such as drug delivery, stimuli responsive polymers or imaging of cells.174.175.181-185
However, as with ATRP, the RAFT-agents can cause toxicity problems.'® After the
reaction the RAFT-agent forms the end group of the polymer and is susceptible for
hydrolysis especially with increasing temperature or pH.'®” For this reason an addi-
tional processing step must be taken to remove the dithioester group, which however

can be utilized to introduce a variety of different functional groups as endgroups.'88

17



State of Knowledge

There is a radical polymerization method, which allows the omission of toxic reagents

or initiators. This technique will be described in the following chapter.

2.2.3.3 Self-Initiated Photografting and Photopolymerization

To perform photopolymerization, usually an initiator or specific reagents are needed.
These reagents are often toxic, due to their reactivity (as discussed in the previous
chapters). For that reason there are still efforts being made to reduce toxicity by using
different reagents or applying cleaning processes.'8%-193 Another interesting approach
is to not use any initiators or reagents at all, as self-initiated photografting and
photopolymerization (SIPGP) does. In contrast to ATRP and RAFT, SIPGP is not
considered to be a controlled or living polymerization. It instead relies on the “classical”
reactions of photopolymerization without trying to suppress some of the reaction routes
(Scheme 3). The initiation process is carried out by an initiator (here diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO)) to form a radical. This radical then reacts
with a monomer (here HEMA) and forms the propagating species. This way the
polymer chains start to grow. This species also can abstract a hydrogen atom from
another species (reactive or not). Through that it gets inactive, but the other species
becomes active or gets an additional active end (chain transfer). This way three
dimensional networks are being formed. The chain reaction can propagate until two

radical ends react and form an unreactive species (termination).
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Initiation:

%
o
"

Propagation:
o
Ri\,ﬁk ~_-OH .
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Disproportionation: Rn/m

Ri\rR ) Ri\rR . Ri\(R ) RiTR

Chain Transfer:
'Rn +H-R,, — H-R, + 'Rm

Termination:
'Rn + 'Rm — R, R

Scheme 3: Photopolymerization mechanisms by the example of HEMA being polymerized initiated by
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO).

SIPGP instead introduces an alternative initiation process. To do so, the surface must
contain an abstractable hydrogen and the monomers used must have a sterically ac-
cessible C=C double bond (explanation in more detail in the following chapters). If
these requirements are fulfilled, induced by UV-light the C=C double bond gets excited
and forms a biradical. This biradical then can abstract the hydrogen on the surface and

thus generate a radical on top of the surface. The primary as well as the tertiary radical
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are able to abstract the hydrogen. However, it is much more likely that the primary

radical does so, since it is more exposed and less stabilized than the tertiary one is.

This surface radical then initiates the photografting and the photopolymerization,
(Scheme 4).

Self-Initiation:

@) H O
OH
%ONOH g.(mow
H _—
| |
| | | |
Photografting:
O

Photopolymerization:
O

%OTOH—> o

Scheme 4: Reaction mechanism of self-initiated photografting and photopolymerization (SIPGP) by
the example of HEMA with the abstracted hydrogen in red.

This mechanism leads to a three dimensional network grafted from the surface of the
substrate. At the start of the mechanism polymer strands or brushes are being formed.
However, through for example chain transfer reactions these brushes get connected

amongst each other and form a three dimensional network (Figure 7). Also not only
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photografting from the surface, but also bulk polymerization inside the monomer solu-
tion can occur, because a hydrogen can not only be abstracted from the surface, but

also for example from other monomers.

M Surface ® Monomer # Avtive Monomer/Chainend

Figure 7: Stages of SIPGP from start (left) to the initiation/photografting state (middle) to the late state
(right). (Image taken from publication’%*)

2.2.3.3.1 Monomers for SIPGP

For the monomers, a sterically accessible double bond is necessary. Through irradia-
tion by UV-light, a 1r-electron of the double bond gets excited from ground singlet state
So to excited singlet state S1. Through inter system crossing (ISC) the excited electron
can change its spin and reach the more stable triplet state Ts, which corresponds to a
biradical (Figure 8). This triplet state has a bond energy of 471 kJ/mol for the T3 state
of acrylic acid.'®® The bond energy of acrylates and methacrylates for this state is “sim-
ilar”, while the aliphatic/organic substituent does not play a role.’”-1% Though acrylates
are the more reactive species compared to methacrylates for photopolymerization,
methacrylates are more likely to self-initiate. The reason for that is that the methyl
group of the methacrylates stabilizes the biradical more than the hydrogen of the acry-
lates. This way the lifetime of the biradical is longer and thus is more likely to react for

example in abstracting a hydrogen from a surface.96-19°
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Figure 8: Jabfonski-diagram for the excitation of methacrylates from the So to the excited St state and
via intersystem crossing (ISC) to the biradical Ts state.

Most monomers used for SIPGP are acrylates or methacrylates. However, there are
also acrylamides, vinyls and 2-isopropenyl-2-oxazoline. Table 1 provides an alphabet-

ical list of all monomers used to this point in an alphabetical order.
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Table 1: Alphabetical list of monomers used in SIPGP.

Monomer Abbreviation | Lit.
2-(2-chloropropanoyloxy)ethyl acrylate CPOEA 200
2-aminoethyl methacrylate hydrochloride AEMA 201
2-carboxyethyl acrylate CEA 201
2-hydroxyethyl acrylate HEA 197
2-hydroxyethyl methacrylate HEMA 197
2-isopropenyl-2-oxazoline IPOx 202
2-methacryloyloxyethyl acetoacetate MAOOEAA | 200
[2-(methacryloyloxy)ethyl] dimethyl-(3-sulfopropyl) ammonium | MEDSAH 203
hydroxide

[2-(methacryloyloxy)ethyl]trimethylammonium chloride METAC 203
2-vinylpyridine 2VP 204
3-((2,6-dimethylpyridin-4-yl)oxy)propylmethacrylate DMPPMA 205
3-sulfopropyl methacrylate SPMA 206
4-(1H,1H,2H,2H-perfluorohexyl)oxymethylstyrene) PPHMS 207
4-bromostyrene SBr 208
4-vinyl pyridine 4VP 209
acrylic acid AA 210
ethylene glycol dimethacrylate EGDMA 21
ethylene glycol methyl ether methacrylate EGMEMA | 2'?
glycidyl acrylate GA 197
methacrylic acid MAA 197
N-(hydroxymethyl) acrylamide HMAAmM 197
N-hydroxysuccinimide methacrylate NHSMA 213
N-isopropyl acrylamide NIPAM 207
N,N-dimethylaminoethyl methacrylate DMAEMA 214
N-vinyl imidazole NVI 215
poly(ethylene glycol) methacrylate PEGMA 197
sodium 4-styrenesulfonate NaSS 216
styrene St 17

tert-butyl methacrylate tBMA 202

The second important part of SIPGP besides the monomers is the surface, which is

to be grafted. The next chapter will describe their requirements in more detail.
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2.2.3.3.2 Surfaces for SIPGP

For the initiation process of SIPGP the prior described biradical must abstract a hydro-
gen from the surface. So the requirement for the surface is a sterically accessible hy-
drogen with a bond energy below 471 kd/mol. This includes C-H (416 kJ/mol), N-H
(319 kd/mol), O-H (462 kJ/mol) and Si-H (323 kJ/mol), which are the hydrogen bonds
that were used for SIPGP so far.210214.217-219 |f g surface does not fulfill the require-
ments for SIPGP, there are methods, which can be used to achieve that. One is a
plasma treatment to generate O-H or Si-H groups on surfaces such as silicon wafers.
Plasma treatment can also be used to generate C-H groups on surfaces such as gra-
phene or nanocrystalline diamond.?15220-222 Another way are self-assembled monolay-
ers (SAMs). With this method molecules applicable as a SIPGP surface form non co-
valently attached monolayers on top of surfaces such as gold or glass.??3-22% Table 2
provides an alphabetical list of all surfaces used in SIPGP so far. When SAMs are

used, the SAM-forming monomer is enlisted.

Table 2: Alphabetical list of surfaces used in SIPGP. SAM = self-assembled monolayer.

Surface Abbreviation | Lit.
1,2-dimethyl-3-(3-(trimethoxysilyl)propyl)-1H-imidazol-3-ium io- | MMSPII 215
dide

1H,1H,2H,2H-perfluorooctyltriethoxysilane SAM PF-SAM 225
3-aminopropyltrimethoxysilane APTMS 205
3-(trimethoxysilyl) propylamine SAM TMSPA 226
(3-aminopropyl)triethoxysilane APTES 227
4’-amino-1,1’-biphenyl-4-thiol SAM cABT 228
a, w -aminopropyltrimethoxysilane SAM 221
w-functionalized biphenylthiol SAMs 229
Aminophenyl modified Au, ITO and SS surfaces AP 218
Benzoylphenyl modified Gold (Au), Indium tin oxide (ITO), BP 218
stainless steel(SS) surfaces

Biphenyl thiol SAM cBT 228
Biphenyl SAM 230
Borosilicate glass (plasma treated) 231
Carbon nanotubes CNT 232
Cellulose nanocrystals CNC 213
Chitosan 233
Dodecylphenyl modified Au, ITO and SS surfaces DDP 218

24



State of Knowledge

Glassy carbon GC 202
Graphene oxide GO 219
Graphene (Plasma treatment) 222
Green tea polyphenols TP 203
High density polyethylene HDPE 197
Hydrogen terminated Silicon Substrates 234
Hydroxylated 6H-SiC SAMs 6H-SiC 214
Isotactic polypropylene iPP 235
Low density polyethylene LDPE 210
Mercaptohexadecanoic acid SAM MHA 223
MXene 236
Nanocrystalline diamond (plasma modified) NCD 220
Nano indium tin oxide nanolTO 237
PEG-thiol HS(CH2)11CONH(C2H40)11CH3 SAMs mPEG 201
Plasma polymerized allylamine coatings on Si wafers SiAlaPP 200
Poly(acrylic acid) PAA 238
Polydopamine PDA 239
Poly(ethylene-alt-tetrafluoroethylene) ETFE 240
Polyethylenimine PEI 24
Poly(ethylene terephthalate) PET 242
Poly(styrene) PS 212
Polyurethane PU 243
Poly(vinylidene fluoride) PVDF 244
Polyvinylpyridine-grafted Gallium phosphate(1oo) GaP 245
Pyrenes (Py-CH2NH>) 246
Single layer hexagonal boron nitride SL-hBN 247
Ultrananocrystalline diamond (plasma modified) UNCD 248

Utilizing these surfaces and monomers, different types of applications are being pro-

posed in literature. The following chapter will describe these applications.
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2.2.3.3.3 Applications for SIPGP

In 2001 Deng, Yang and Ranby first described the mechanism of SIPGP. They pol-
ymerized styrene by placing a styrene solution between two films of low density poly-
ethylene (LDPE) and were able to graft styrene from the LDPE films this way."”
Steenackers et al. were the first to propose SIPGP to be used for biomedical applica-
tions after they were able to graft polystyrene (PS) from oxidized ultrananocrystalline
diamond (UNCD).?# In 2009 Zhang et al. described the formation of Bottle-Brush
Brushes (BBB). They used SIPGP to graft poly(2-isopropenyl-2-oxazoline (PIPOx)
from glassy carbon (GC). In a subsequent step PIPOx was polymerized via living cat-
ionic ring-opening polymerization (LCROP). These BBBs were then proposed to func-
tion as a “soft interlayer between a conductive surface and biological systems”.?%?
BBBs that were grafted from cellulose nanocrystals (CNC) in 2017 were even proposed

to function as carriers for drugs and genes for photothermal cancer therapy.?4°

Also gradients of graft polymer can be fabricated via SIPGP, as Steenackers et al.
reported in 2009. In order to form the gradient, the polymerization was induced by an
electron beam with a decreasing irradiation dose.??° Gradients could also be fabricated
by using a shutter that was slowly removed during the reaction. Ekblad et al. used this
as a possible way to adjust protein adsorption and proposed this for anti-biofouling or
biosensing applications.?’! Also for biosensing, Hess et al. grafted poly(N,N-dimethyl-
aminoethyl methacrylate) (PDMEMA) from graphene transistors. The tertiary amine
containing side groups were then linked to enzymes and transducing pH sensitive

groups, which enabled them to detect the neurotransmitter acetycholine.?%°

In the same year Rahimpour et al. grafted HEMA and AA from a PVDF membrane.
This membrane was coated in order to improve its antifouling properties. In addition,
the protein rejection of the membrane could be improved.?** In 2010 Gupta et al.
grafted poly(2-dimethylamino)ethyl methacrylate) brushes from GC and then immobi-
lized silver nanoparticles into the brush layer. This way they were able to fabricate a
sensor platform for the detection of organic molecules by surface enhanced Raman
spectroscopy (SERS).2%' Another report to use SIPGP in a biosensing application was
done by Golzhauser et al. They grafted BBBs from nanocrystalline diamond containing
hole conducting carbazole moieties and proposed their product to be a possible appli-

cation for biocompatible sensor systems.??° Not only BBBs can be fabricated, but also

26



State of Knowledge

polymer carpets. Amin et al. showed this by polymerizing styrene from a SAM, which
is of a thickness of ~1 nm. By grafting brushes, which stabilized the nanosheet, they
were able to form the first free standing nanosheet. One year later Amin et al. were
also able to fabricate patterned polymer carpets by patterning the nanosheets before
performing SIPGP.?28 Also on hydrogenated graphene Seifert at al. were able to fabri-

cate polymer carpets via SIPGP.?22

The first to test SIPGP grafted samples in a biological environment were Faxalv et al.
They grafted PEGMA, PHEMA and P(PEGMA-co-HEMA) from Polystyrene (PS) sur-
faces and tested their blood compatibility. Specifically they tested protein adsorption,
platelet adhesion and surface-induced coagulation. They found that all of their tested
surfaces performed better than the plasma-treated or unmodified PS.?'? Zhang et al.
then also reported in 2012 that their BBBs can be fabricated to have a non-fouling
behaviour and a good cell adhesion. They also were the first to propose SIPGP grafted
surfaces to be used as a coating for implants.??" In the same year, Zhang et al. also
reported, that hydrogen terminated silicon substrates can be grafted via SIPGP. By
doing so they provide a new method of forming a Si-C bond that can help modifying

silicon substrates in the future.234

In 2013 Krawicz et al. used SIPGP as a “link” method between p-type Gallium phos-
phate and a cobalt containing hydrogen evolution catalyst. This way SIPGP surfaces
were used as a part of a visible-light-absorbing semiconductor.?4® This application was
then further developed by Wadsworth et al.?3” Hou et al. were the first to use SIPGP
for the surface modification of CNCs. These composites could then be used as a het-

erogeneous visible-light photocatalyst.?'3

Gu et al. reported in 2014, that SIPGP surfaces can also be utilized for oil/water sepa-
ration membranes.?3? To do so they first grafted PS from a nanosheet of carbon nano-
tubes (CNTSs), lifted it from its glass substrate, turned it upside down and grafted
PDMAEMA from the other side of the CNTs. This way they fabricated a Janus sheet
with hydrophobic PS on the one and hydrophilic PDMAEMA on the other side.?>? Be-
sides that a variety of nanosheets were directly or indirectly (by the support of SAMs

or modifications) coated using SIPGP, e.g. MXenes, Fe3Os4, TisAlIN3, MoS2 or
CNTs.208.236,253-259
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In 2015, Hou et al. were the first to utilize SIPGP to endow the possibility of different
functionalities in the surface of bio-inspired polydopamine (PDA).23° Hafner et al. then
further developed these grafts to also from Janus nanosheets of PDA grafted with PS
and PDMAEMA.?% Zheng et al. reported in 2016 the use of PDMAEMA grafted SiO2
particles as an ingredient for a self-healing hydrogel. To achieve that, these grafted
particles were dispersed in an aqueous acrylic acid (AA) solution, which was then bulk
polymerized. The electrostatic interactions between the PDMAEMA side chains and
the PAA side chains then lead to the self-healing properties of this hydrogel.?6°
PDMAEMA was also used by Zhai et al. to be grafted from conical micro channels

within a PET sheet for a dual responsive ion gate.?4?

In the same year, Styan et al. used SIPGP to graft poly(2-(2-chloropropanoyloxy)ethyl
acrylate) (PCPOEA) from plasma polymerized allylamine coatings on silicon wafers.
The sidechains of PCPOEA were then used as an initiator for an SI-ATRP grafting.
This way they managed to use SIPGP to tune the initiator density for SI-ATRP.2%

In 2017 Xiao et al. reported the grafting of patterned PDMAEMA from graphene oxide
(GO).?8' They found that the grafting did not diminish the intrinsic chemical properties
of the grafted GO.?52 Xing et al. then grafted poly(4-vinylpyidine) (P4VP) from GO in
order to use the grafts as a reaction chamber for the shape controlled synthesis of Au-
polypyrrole composites.?® In a similar approach Wang et al. used poly(2-vinylpyridine)
(P2VP) grafted from GO for the fabrication different shaped gold nanoparticles. The
particles, as well as the previously mentioned composites can form inside the polymer

brushes and then can be extracted.204.264

In 2020 Chen at al. fabricated gold nanoparticle attached PDMAEMA grafted Fe3O4
nanoparticles. This composite is able to function as a catalyst for the reduction of
4-nitrophenol. In addition, this catalytic effect can be altered due to the thermo
responsiveness of PDMAEMA.?%% In the same year Cépla et al. reported that a
terpolymer of HEMA, PEGMA and MAA can be directly grafted from a PEG hydrogel.
They showed the anti-fouling properties of this polymer graft and proposed this material

a bioanalytical device such as cell arrays or tissue-on-a-chip systems.?3’

Although some SIPGP grafted surfaces have shown to be suitable for biomedical ap-

plications and a usage as a coating for implants was proposed, no steps were taken
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so far to tackle that issue. In order to do so, the following work presents a further de-

velopment of SIPGP.
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3 Motivation

Self-initiated photografting and photopolymerization (SIPGP) is a grafting mechanism,
which got only limited attention since its first description in 2001."” Despite SIPGP
coatings being proposed to be used as implant coatings, no significant steps were

specifically made in this direction.206.221.266,267

SIPGP, since it is a free radical polymerization, is less controllable than other grafting
from mechanisms such as ATRP or RAFT. To face that challenge, in this work a new
method of performing SIPGP will be developed: The dynamic SIPGP. By applying a
constant monomer flow to the reaction the controllability of SIPGP will be increased,
and with that the formation of undesirable bulk polymerization decreased. To achieve

that, a new reactor will be designed to perform the first experiments of dynamic SIPGP.

The substrates used to develop this dynamic setup will be films of the terpolymer
P(VDF-TrFE-CTFE), which is a piezoelectric polymer. These films will then be coated
with a P(HEMA-co-MEDSAH) coating to discover the influence of a constant monomer
flow on the process of SIPGP with regard to parameters such as bulk polymer for-
mation, heat development, surface contact angle, and homogeneity of the formed coat-

ing. The chemical structures of these polymers are shown in Figure 9.
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Figure 9: Chemical structure of polymers used in this work with the coating polymers in the top row
and the surface polymers in the bottom row.
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Furthermore, SIPGP will be performed on MEW printed scaffolds of PVDF,
P(VDF-TrFE) and PCL. With coating these scaffolds also another coating will be
introduced. This P(HEMA-co-METAC) coating will be designed for possible
applications as implant coatings. Therefore not only the SIPGP performance on MEW
scaffolds will be examined, but also cytotoxicity and cell adhesion will be tested on the
two mentioned coatings. To further improve cytocompatibility and cell adhesion, a
subsequent SIPGP step will be performed to covalently attach RGD-sequences to the

previously formed hydrogels.

31



Results and Discussion

4 Results and Discussion

4.1 Development of the reactor

Because SIPGP is a technique that is performed on the surface of a substrate, it re-
quires an uncommon vessel. This vessel must also provide a controlled environment.
In this case, also a constant flow of a solution inside the vessel during the reaction
must be possible. The following chapters describe the requirements of such a vessel,

which will be called a reactor in the following, and how such a reactor can be designed.

4.1.1 First designs and rapid prototyping

The initial design was done using the 3D graphics software blender (Figure 10). The
reactor was designed for the coating of samples with a surface between 100 mm? and
200 mm?. Therefore, the inner flow chamber had an area of 10 mm x 40 mm. the sam-

ple was supposed to not lie directly on the floor, so the platform for the sample to be

put on was elevated 1 mm (dimensions in more detail in chapter 7.3.1).

Figure 10: Design of a 3D printed reactor including walls for fixation of the (in this image yellow) sam-
ple, which was used on a regular basis in top view (A) and a cross section (B).

The reactor has two opposing connection points for tubes in order to apply a constant
flow of monomer solution to the reactor (the reason for that will be explained in greater
detail in chapter 4.3). The diameter of these holes is about 6 mm and must be adjusted

to the used tubes. When a flow is applied, the sample must be kept in place to prevent
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a movement of the sample during the reaction. The same is true for a static use of the
reactor but to a lesser extent. For this reason, the two removable walls were intro-
duced. They are placed on top of the sample and must be fixed inside the reactor.
Therefore protrusions at the right and left end of the walls are needed that fit exactly
into the indentations in the reactor. The additional notch in the reactor located at the
“outside” of the walls has no relevance for the reaction but is very useful for an easier
removal of walls using a tweezer. After the sample and the walls are placed, a silica
glass can be put on the top of the reactor. Now there is a closed system inside the
reactor, so the atmosphere can be controlled. For this purpose, there are two small
holes with a diameter of 1 mm at the top of two opposing corners. The wholes are big
enough for a needle to fit in. One of the holes can be used as an argon inlet, while the

other one is the outlet in order to prevent overpressure inside the reactor.

After the first designing steps rapid prototyping was used to improve the design of the
reactor and to develop different reactors for different purposes. The DLP printer
Autodesk Ember was used to do so. The two resins used were clear and black (Figure
11 A). More details about the printing and the resins can be found in chapter 7.3.1. This
type of reactors will henceforth be referred to as “3D printed reactors”. The difference
in colour of the walls and the reactor printed with clear resin (Figure 11 A) already show
a disadvantage of the printed reactors. The colour change results from the irradiation
during coating procedure, which means, that there are aging processes occurring
(Figure 11 C). However, not only a colour change could be observed, the reactor also
got more and more brittle with a higher number of reaction procedures. For this reason,
the reactors could only be used for a maximum of about 20 coating procedures. When
used too often the reactors even cracked during the coating process. However, the
major advantage of the printed reactors is a fast production of new designs. If a reactor
is not printed with the two holes as an in- and outlet for dynamic SIPGP (Figure 11 A),
but without them (Figure 11 B), the reactor can be used for static SIPGP. This type of
reactor was used to examine different reactor heights (Figure 11 D). It sets the
minimum distance possible between the sample and the light source. But if the reactors
height is too low, the solution inside will interact with the glass due to a minimization of

the surface tension.
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Figure 11: Most used version of the 3D printed reactor for dynamic SIPGP out of clear and black resin
(A). Reactor without an in- and outlet so it can be used for static SIPGP (B). Unused and regularly
used reactor (C). Comparison of three different reactor heights (D). Example of a reactor that is con-
nected to one small and one big tube (E). Version of the reactor where the tube is not inserted in the
reactor, but vice versa (F).

The adjustment of the tubes to the reactor (or more vice versa) is the most difficult part
when it comes to designing the reactor. The reason for that is the discrepancy between
the designed model on the computer and the printed reactor. It might be small, but the
smallest discrepancies make a huge difference when it comes to a sealed system. So
a flexible tube is needed and a hole that is a little smaller than the diameter of the tube.
The tubes used here were polyurethane tubes with a diameter of 6 mm (big one) or

3 mm (small one) (Figure 11 E). In this case a smaller inlet tube was chosen to reduce
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the amount of solution that is needed to initially fill the reactor. Another way of connect-
ing the tube to the reactor is to print protrusions over which the tube can be pulled,
(Figure 11 F). However, this has two major disadvantages. One is that this is more
difficult to print, because you need supportive structures that can cause some irregu-
larities on the surface after the removal. The other one is that the tubes can slip off

during the reaction.

One big disadvantage of the 3D printed reactors, that was not mentioned yet, is the
fact that they consist of an organic polymer. As the mechanism of SIPGP in chap-
ter 2.2.3.3 shows, the printed reactors themselves will react with the monomers ac-
cording to the SIPGP mechanism. This is the second reason why these reactors are
not suitable for a long term use when it comes to SIPGP. However, they are perfect to
find the right design for a reactor and to try many different designs practically. So the
data and experience gained from these reactors were used to get the final reactor

design that is described in the following chapter.

4.1.2 Advanced design

The main difference between the now described reactor and the 3D printed ones is the
material. This one was milled from stainless steel by Harald Himpfer at the Department
for Functional Materials in Medicine and Dentistry in Wirzburg, Germany. This reactor
will henceforth be referred to as “metal reactor”. This reactor consists of a reactor body,
two walls with screws, two tube connections and two rubber plugs (Figure 12 A). Hav-
ing a reactor made out of metal solves the two main problems that the 3D printed
reactors had: The interaction of the reactor with the monomers, because SIPGP does
not occur on metal surfaces. And the interaction of the reactor with the UV-light, be-

cause stainless steel is not affected by UV-light.

The reaction chamber of the metal reactor has an area of 10 mm x 40 mm. The corners
however, are not pointy, but radiused, to provide a more homogeneous flow of the
monomer solution inside the reactor without creating irregularities such as eddies. The
height of the reaction chamber is 15 mm. The height of the walls is 10 mm, resulting in

a 4 mm gap between the walls and the top of the reactor (dimensions in more detail in
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chapter 7.3.1). This gap is important, because with higher walls there is a higher margin
of the monomer solution level that can be used. However, the thickness of the sample
has to be taken into account and the walls must never exceed the height of the reactor.
If they do, the reactor cannot be sealed with the glass slide. The reactor can be properly
sealed by this slide with the help an O-ring. In contrast to the 3D printed reactors, the
walls also have two additional features. One are the screws on top of the walls. They
are just for an easier removal of the walls, because even with a tweezer they are some-
times hard to remove. However, the screws can be put in and help to easily remove
them, which improves the handling of the reactor significantly. The other new feature
are the indentations at the bottom of the walls. To understand why they exist, the fol-
lowing is important to know: There is some space behind the walls, (as can be seen in
the top view of the reactor in Figure 12 D) and if very thin samples and aqueous solu-
tions are used (as in this work) the space behind the walls is not filled with solution,
due to the surface tension of water. However, many times during the reaction (espe-
cially when the solutions gets warmer), the solution slips through and the space behind
the walls gets filled. The problem about that is that the level of the solution rapidly
drops. This changes the conditions of the reaction and sometimes even exposes the
sample from the solution. Due to the indentations at the bottom of the walls however,
the space behind the walls is filled with solution from the start, so this effect does not

cause problems.
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Figure 12: Disassembled metal reactor including the following parts from left to right: walls with
screws, rubber plugs, tube connections and the reactor body (A). Assembled metal reactor for the use
of dynamic SIPGP (B). Assembled reactor for the use of static SIPGP (C). Top view of a 3D modelled

version of the reactor including a sample (yellow) (D).

The next important thing to have is a sealed tube connection for the dynamic SIPGP.
For this reason, the reactor body has an inside thread at the inlet and outlet. This way
a union connector could be screwed in the reactor body to get a sealed connection to
the tubes (Figure 12 B). Another advantage of the inside thread is the fact that also the
rubber plugs could be screwed into the in- and outlet and seal the reactor to use it for
static SIPGP, too (Figure 12 C). The two holes for the argon are above the in- and
outlet of the monomer solution and have a diameter of 2 mm. The spots for these were
chosen, because the distance between inlet and outlet needed to be as long as possi-

ble to provide an argon atmosphere.

This reactor was designed to perform static and dynamic SIPGP. In order to charac-
terize the capability of the reactor to perform dynamic SIPGP, the flow of the monomer

solution was calculated.
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4.1.3 COMSOL calculations

The flow calculations for the reactor were performed with the program COMSOL mul-
tiphysics®. The model used for these calculations was done with the 3D-modeling soft-
ware blender (Figure 13). The model represents the inner part of the reactor with the
walls as borders at the sides. A film as a substrate was also implemented to be able to

have a look at the flow velocity on top of the sample during the reaction.

Figure 13: Model in blender used for the COMSOL calculations. It consists of inner part of the reactor
that is important for the flow of the monomer solution and of the sample inside the reactor. For the
sample, the most used size of 10 mm x 5 mm was used.

The monomer solution that was used for dynamic SIPGP was the aqueous
HEMA/MEDSAH solution described in chapter 7.3.3. To properly calculate the flow of
the used solution it needed to be characterized in terms of density and viscosity (Figure
14). The range of the measurement between 20 °C and 50 °C was chosen, because
the temperature during the reaction lies within these values (More about the

temperature during the reaction in chapter 4.3.3).
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Figure 14: Density (A) and Viscosity (B) of the HEMA/MEDSAH solution between 20 °C and 50 °C.

For the calculations the module lamellar flow was used. The range of the flow to look
at was chosen from 1 ml/min to 5 ml/min (Figure 15 A-E). The plane that shows the
flow velocity by colour was chosen slightly above the sample, because this is the im-
portant region for the reaction. The flow velocity right above the sample is lower than
that of the solution before and after the sample on the same plane. That is because
the sample itself is slowing the monomer solution down and the program is considering
the flow on every border as zero. The most important finding of the calculations how-
ever, is that there are no eddies forming inside the reactor that can disturb the homo-

geneous flow of the solution.

Another important factor is the width. To elucidate this, a cross section of all five cal-
culated flow rates at the red line in Figure 15 A-E was calculated (Figure 15 F). This
shows that the difference in flow velocity between the inner part of the sample and the
outer parts of the sample increases with higher flow rates. Having a wider reaction
chamber would reduce this problem, however, as the greater length does, would also
lead to a higher amount of monomer solution needed per reaction. Using a lower
flowrate is also a way to reduce the relevance of this problem. A comparison between

the calculations and measurements on coated samples can be found in chapter 4.3.2.
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Figure 15: Calculations of the laminar flow done with the multiphysics program COMSOL from
1 ml/min - 5 mli/min (A-E). The model represents the inner part of the reactor, where the flow of the so-
lution is actually happening including a sample. The red line in all of the models represents the loca-
tion of the cross section (F).

The actual coatings inside these reactors were mainly performed on films of
P(VDF-TrFE-CTFE). The following chapters describe the performance of static and
dynamic SIPGP beginning with the finding of suitable settings of a variety of different
parameters for static SIPGP referred to the described reactors.
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4.1.4 Conclusion

A new custom designed reactor was developed, that is capable of performing static,
as well as dynamic SIPGP. Inside the reactor an inert gas atmosphere can be applied
for a better reproducibility of the experiments. To find the best design for such a reactor,

rapid prototyping was utilized.

To have a better insight of the solution flow inside the reactor during the reaction, also

theoretical calculations of those were performed.
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4.2 Static SIPGP on Films of P(VDF-TrFE-CTFE)

4.2.1 P(HEMA-co-MEDSAH)

As described previously in chapter 2.2.2.1, HEMA is a good choice to function as a
base monomer for materials that are supposed to be used in biomedical applications.
As a comonomer [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfoproply)ammonium hy-
droxide, (MEDSAH), is used. This is a zwitterionic methacrylate that is non cytotoxic
and can function as an anti-fouling material.’'%111.152 These two monomers, as being
methacrylates, can be utilized to form P(HEMA-co-MEDSAH) through SIPGP. The re-
active group of both monomers is the same, a methacrylate. This means, that the re-
activity of the monomers, as well as the sterical properties are similar. For this ratio of
monomers inside the reaction mixture and in the polymer is likely to be similar, too.
This copolymerization behaviour is for example reported for the copolymerization of
HEMA and oligoethylene glycol methacrylates (OEGMA), for HEMA and methyl-
methacrylate (MMA) and HEMA and 2-ethoxyethyl methacrylate (EEMA).268-270

To find an appropriate monomer solution to perform the SIPGP experiments the data
of two bachelor theses were used. Miriam Komma examined the optimal ratio of water
and methacrylate for an aqueous HEMA solution to be used for SIPGP in her bachelor
thesis.'94271 |t was found that the ratio leading to the fastest reaction was HEMA:water
45:55 (wt%).?”! This ratio is used for every monomer solution in this work. In this work
always comonomer solutions are used, but the ratio mentioned between the two mon-
omers is always concerning the 45 wt% in water. Simon Ziegler was then examining
the comonomer solution of HEMA and MEDSAH. He found that a ratio of HEMA:MED-
SAH 88:12 wt% led to the fastest reaction.?’? The exact composition of this solution is

described in chapter 7.3.3.

The HEMA/MEDSAH monomer solutions form a hydrogel when polymerized in bulk
without using an initiator, but only using UV light (Figure 16). The swelling degree of
different ratios of the P(HEMA-co-MEDSAH) bulk polymer was examined, while the
swelling degree (Sp) was calculated from the weight of the dried polymer (W4) and the

weight of the swollen polymer (Ws) as follows:
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W, — W,
Sp = STdd*mo

To form these bulk polymers, they were put into a silicone form and were irradiated
with a 25 W UV-lamp for 48 h with a distance of 1 cm between the lamp and the mon-
omer solution (dis). The ratios with MEDSAH higher than 50 wt% were produced too,
but after 98 h in water they lost their shape to an extend that made it impossible to
measure the swelling degree. Details of producing these samples can be found in
chapter 7.3.4.
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Figure 16: Bulk polymers of P(HEMA-co-MEDSAH) with different monomer Ratios (the ratios in
shown in the images are the wt% ratios of HEMA:MEDSAH. Images of the dried bulk polymers (A, I)
and bulk polymers after 98 h immersed in water (B-H).

The measurements show an exponentially rising swelling degree with higher ratios of
MEDSAH (Figure 17). PHEMA here has a swelling degree of 195 %. Rising to 1140 %
at a ratio of 50 wt% MEDSAH.
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Figure 17: Swelling degree of P(HEMA-co-MEDSAH) in different ratios in bulk.

Since the ratio of HEMA:MEDSAH 88:12 wt% was found to provide the fastest reaction
for SIPGP as described earlier, this ratio is used for this work. Including water, the wt%
ratio is HEMA:MEDSAH:water 39.6:5.4:55 (see chapter 7.3.3). This ratio is henceforth
called HEMA/MEDSAH-solution and the resulting polymer P(HEMA-co-MEDSAH).

4.2.2 Single Coating

To investigate SIPGP on PVDF derivatives, several measurement methods were ex-
amined. The following chapters describe advantages and disadvantages of these
methods when it comes to investigating surface modifications performed with static
SIPGP. Also the used parameters, irradiation time (ti) and distance between the sam-

ple and the light source (dis), are examined and described.

There is no special contact angle that is in general suitable for biomedical applications.
There is huge variety of cells, which are important for biomedical applications and for

example proteins play a big role, too. For this the contact angle of a certain device
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must be tailored for every specific product.?3274 A contact angle of around 55° as a
goal is used to compare the different methods and parameters in this work, because it
is considered a moderate contact angle which provides a good cell adhesion for fibro-

blasts.275:276

4.2.2.1 Contact Angle and parameter examination

The contact angle is an obvious choice to examine these experiments, because the
substrates used here are P(VDF-TrFE-CTFE) films if not mentioned otherwise. They
are hydrophobic (contact angle of about 87°) and the pursued surface modification is
a hydrophilic hydrogel. This is the reason why it is suitable to show the finding of the
right parameters to perform SIPGP, as presented in this chapter. The data points of
the contact angle measurements are the median of 10 measurements on different

spots on the same sample, derived from that are the error bars.

First a 25 W EXO Terra lamp and a 3D printed reactor were used to examine the dif-
ference between a deoxygenated and a non-treated solution, since SIPGP is a free
radical polymerization, where oxygen plays a big role as an inhibitor. The distance
between the lamp and the sample (dis) was 1.5 cm. The preparation of these samples
is described in chapter 7.3.5. When the non-treated solution is used, a contact angle
of 55° is attained after 20 min (Figure 18). In contrast, the coating performed with the
deoxygenated solution reaches this contact angle already after 6-8 min. The delay of
the reaction time occurs due to the inhibition by the oxygen during the initiation phase.
The reaction ratio of a polymerization between the two monomers is magnitudes slower
than between a monomer and oxygen. At the same time, the formed peroxide radical
reacts very slow, resulting in an induction period.?’-2’° However, not only the reaction
time is an advantage of the deoxygenated solution. In addition, the reproducibility plays
a huge role here since the diluted amount of oxygen in influenced by different param-

eters such as temperature or preassure.?’9-281
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Figure 18: Comparison between the usage of a degassed (red) and a not degassed (grey)
HEMA/MEDSAH solution with a 25 W lamp as UV source.

In addition to the irradiation time, the type of the lamp also plays a big role, so the 25 W
EXO Terra lamp (dis = 1.5 cm) was compared to the 400 W Dymax 5000 Flood UV-
chamber (dis = 5.0 cm) (Figure 19). The goal of 55° in contact angle can be measured
after 60 s by using the 400 W UV-chamber, though dis was higher. This indicates, that
by using the 400 W UV-chamber the irradiation time can be drastically reduced. Also
the homogeneity of the coating seems to be better, because the standard deviation of
the contact angle measurements (calculated from 10 measurements on every sample)

is decreasing. The preparation of these samples is described in chapter 7.3.5.

However, there is a major drawback of the UV-chamber. It is not only irradiating UV-
light, but also produces a lot of heat. Despite being cooled the heat introduction of this
lamp to the system must be considered. Note that the heat development during the
reaction is a bigger problem while using the 3D-printed reactor, because this reactor
itself heats up to around 60 °C in 60 s of irradiation due to absorbing the irradiation of
the lamp. The metal reactor in comparison is reflecting a lot of the irradiation and only
heats up mildly to around 30 °C (this issue will be discussed in more detail in
chapter 4.3.3).
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Figure 19: Comparison of contact angles between using the 400 W lamp (grey) and the 25 W lamp
(red) while coating a P(VDF-TrFE-CTFE) film with P(HEMA-co-MEDSAH).

While using the 400 W UV-chamber the difference in irradiation time to reach a contact
angle of 55 °C is much lower, as previously mentioned. There is a linear dependency
of the dose of UV-A light at the sample to the irradiation time (Figure 20). As also can
be seen, with the dose rising linearly, the contact angle drops linearly, which indicates
a direct link between the dose of UV-A light and the contact angle. With this, the irra-
diation time can be used to adjust the contact angle of the surface while performing

static SIPGP. The preparation of these samples is described in chapter 7.3.5.
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Figure 20: Contact angle of P(VDF-TrFE-CTFE) films coated with P(HEMA-co-MEDSAH) under a se-
ries of irradiation times using a deoxygenated HEMA/MEDSAH solution (red) under radiation of a
400 W lamp with and the corresponding dose of UV-A light at the sample (blue).

The distance between the light source and the sample (dis) also is an important param-
eter. Together with the irradiation time, it sets the dose of irradiation the sample is
exposed to during the reaction. While the relation between the irradiation time and the
dose is linear, the dose is quadratic dependent on dis, if the light source is considered
to be a point source. Because the same amount of irradiation per time is distributed
onto the surface of a sphere with the radius being the distance between the point

source and the sample.
A = 4mr?

This equation shows, that the surface of the sphere A is quadratic dependent on the
radius r. So the impact of this while using the 400 W UV chamber with ti= 60 s and
dis =2.4 cm-15.4 cm is examined (Figure 21). The distance steps for the measure-
ment are 1.3 cm, because the used UV chamber contains pre-set steps of this dis-
tance. The dose shows a slight quadratic dependence to the distance, while the con-
tact angle drops very low with a dis = 2.4 cm and dis = 3.7 cm. We do not find a perfect
quadratic dependence here, because the mercury lamp in the UV-chamber is not a

point source, but as a light bulb can be considered to have a point source character.
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Here not only the irradiation dose might play a role, but also the heat introduced by the
lamp, this too increases whit the sample getting closer to the lamp. After the coating
procedure with dis = of 2.4 cm and dis = 3.7 cm with ti = 60 s, the silica glass is even

too hot to remove it with bare hands from the setup.

However, this shows, that not only ti can be used to adjust the contact angle, but also
dis can be utilized if a specific irradiation time is needed. The preparation of these sam-

ples is shown in chapter 7.3.5.
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Figure 21: Contact angle of P(VDF-TrFE-CTFE) films coated with P(HEMA-co-MEDSAH) under a se-
ries of distances between sample and light source (red) with the corresponding dose of UV-A light a
the sample (blue)

When it comes to finding the best SIPGP parameters to carry out the following exper-
iments, different considerations have to be taken into account. One is that a lower ti
saves time, especially if a high throughput of samples is required. Also in respect to
dynamic SIPGP a lower ti means a lower amount of monomer solution needed to per-
form the reaction (for more on that look at chapter 4.3). So dis should be chosen as low
as possible. However, as previously described, the dis = 2.4 cm and dis = 3.7 cm are
not very suitable, because of the higher heat input into the setup. An additional factor
is, that the workspace inside this UV-chamber gets narrower, when closer distances

are used and dis = 2.4 cm and dis = 3.7 cm make it harder for the workflow. For these
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reasons dis = 5 cm was chosen. The contact angle measurements in Figure 20 were
performed with dis =5 cm. The goals of 55° in contact angle is here reached after

ti= 60 s, so this is the irradiation time that is used for further experiments.

Note that these parameters can only be used with this specific setup. A different reactor
or different lamp / UV-chamber will change the outcome of the results. With changing

the setup, the parameters have to be adjusted to the new setup.

To proof the covalent nature of the coating, a soxhlet extraction with methanol of a
P(VDF-TrFE-CTFE) film coated with P(HEMA-co-MEDSAH) was performed (more de-
tail in chapter 7.3.5). The contact angle before (49.1+5.3°) and after (51.6£2.1°) the

extraction stayed the same taking the deviation into account.

So far only the terpolymer P(VDF-TrFE-CTFE) was coated, but due to the mechanism
of SIPGP, the same experiments are supposed to work with the homopolymer PVDF
and the copolymer (PVDF-TrFE) (Figure 22). This graph shows contact angle meas-
urements of uncoated homo-, co- and terpolymer films and coated ones with the pa-
rameters used as previously described. This shows that the procedure can be per-

formed on all three derivatives of PVDF.
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Figure 22: Contact angle of P(HEMA-co-MEDSAH) coated PVDF, P(VDF-TrFE) and P(VDF-TrFE-
CTFE) films after irradiation time of 60 s (grey) and pristine films (red).
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It has been demonstrated, that the contact angle is a measurement method that is
capable of depicting the procedure of SIPGP on films quite well and can also function
as a control of the reaction parameters or a way to find new ones for different purposes.
However, the measurement of the contact angle has its weaknesses, too. Not only the
coating itself plays a role when it comes to the contact angle, also the topology of the
surface plays a big role and must be taken into consideration, especially if the material
or type of substrate is changed. There also will always be an error in the contact angle
measurements, which requires at least 5 measurements on every sample (or as in this
work 10). So this method is too time extensive for fast reaction controls. However, for

this reason for example IR spectroscopy can be utilized.

4.2.2.2 Fourier-Transform Infrared Spectroscopy

Measuring an IR spectrum is the fastest way to measure the P(HEMA-co-MEDSAH)
coating on films of PVDF derivatives. All of the following FT-IR spectra are normalized
to 1 at the peak at ~ 1400 cm™'. This peak is assigned to C-H bonds, which can be
found in all the substrates and the coating, which makes it a good choice to normalize

to. By doing this, the measured spectra get more comparable.

The most important peak here is the carbonyl vibration at ~ 1723 cm'. The methacry-
late moiety that HEMA and MEDSAH possess, contains the C=0 double bond while
none of the three used PVDF derivatives do. Figure 23 shows the spectra of a pristine
P(VDF-TrFE-CTFE) film and one that was coated with P(HEMA-co-MEDSAH). The
spectrum of the coated polymer film shows a peak at 1727 cm-'. Also at 3411 cm™' the
signal of the hydroxyl group of HEMA can be seen but is very weak and in this case

too weak to proof a successful coating, unlike the carbonyl peak.
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Figure 23: IR spectra of a pristine P(VDF-TrFE-CTFE) film (black) and a P(HEMA-co-MEDSAH)
coated one (red).

Table 3 lists more important peaks of these two spectra and shows that there are four
different peaks that could help differentiate between the coating and the substrate.
However, missing peaks at 844 cm™' and 1159 cm™ cannot be used to determine the
presence of a coating, because there are uncoated areas distributed over the sample
as well, which cause the appearance of C-F bond vibrations on coated films, too (for

according SEM images see the following chapter).
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Table 3: IR vibration bands of P(VDF-TrFE-CTFE) coated with P(HEMA-co-MEDSAH). With the peaks
marked with a “—=* and red when the polymer does not show the peak and a “+” and green when it
does.

Wave number [cm™'] | Vibration P(VDF-TrFE-CTFE) | P(HEMA-co-MEDSAH)
844 va(CF2) + -
882 vs(CH2) + +
1094 va(CC) + +
1159 vs(CF2) + -
1398 0(CH2) + +
1723 v(CO) - +
2973 v(CH) + +
3392 v(OH) - +

The peak assigned to the hydroxyl group is a little stronger in the spectrum of the
P(HEMA-co-MEDSAH) coated P(VDF-TrFE) (Figure 24), but still too weak to be con-
sidered as a proof. The carbonyl peak at 1727 cm™ on the other hand can provide

exactly that.
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Figure 24: IR spectra of a pristine P(VDF-TrFE) film (black) and a P(HEMA-co-MEDSAH) coated one

(red).

The peaks of pristine and coated films of P(VDF-TrFE-CTFE) and P(VDF-TrFE), as
expected, look very similar, since the only difference is the CI-C bond that
P(VDF-TrFE-CTFE) has and P(VDF-TrFE) does not. This peak can be expected at
~ 730 cm™, where a small shoulder can be seen (Figure 23), however only to a very

small extent. Table 4 shows the major peaks of the coated and uncoated P(VDF-TrFE)

film.

Table 4: IR Vibration bands of P(VDF-TrFE) coated with P(HEMA-co-MEDSAH). With the peaks
marked with a “=* and red when the polymer does not show the peak and a “+” and green when it

does.

Wave number [cm™'] | Vibration P(VDF-TrFE) P(HEMA-co-MEDSAH)
844 va(CF2) + -
882 vs(CH2) + +
1080 va(CC) + +
1172 vs(CF2) + -
1398 0(CHz) + +
1727 v(CO) - o+
2960 v(CH) + +
3411 v(OH) - o+
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Also for the pristine PVDF the spectra of pristine and P(HEMA-co-MEDSAH) coated
films are compared (Figure 25). Here not only the carbonyl peak at 1724 cm™ can be

seen clearly, but also the hydroxyl peak at 3410 cm™ clearly appears here.

The spectra of PVDF compared to the ones of its previously mentioned co- and terpol-
ymers look quite different. The reason for that is, that PVDF can be arranged in differ-
ent phases. The co- and terpolymer have a higher ratio of the B-phase than the homo-
polymer, which has a higher ratio of the a-phase. These phases lead to different ap-
pearances in the FT-IR spectra. This aspect is even used to determine the ratio be-

tween the phases in PVDF derivatives.®
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Figure 25: IR spectra of a pristine PVDF film (black) and a P(HEMA-co-MEDSAH) coated one (red).

The major peaks of the spectra showing pristine and coated PVDF are shown in

Table 5.
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Table 5: IR Vibration bands of PVDF coated with P(HEMA-co-MEDSAH). With the peaks marked with
a “~“and red when the polymer does not show the peak and a “+” and green when it does.

Wave number [cm™'] | Vibration PVDF P(HEMA-co-MEDSAH)
869 vs(CH2) + +
1066 va(CC) + +
1177 vs(CF2) + -
1400 0(CHz) + +
1724 v(CO) - +
2954 v(CH) + +
3410 v(OH) - +

Note that the intensity of the important peaks for this coating is varying, when measur-
ing at different spots on the sample. Since this coating is a hydrogel there are differ-
ences between dry samples and wet/swollen samples. Measuring wet samples can be
a method to make the coating more detectable, if there is only a very thin coating on
the films. By doing so the intensity of the hydroxyl group is rising, because the water
content in the coating is rising. However this is only a way to measure the coating
indirectly by measuring the contained water, which would not occur on pristine PVDF

derivative films.

For a closer look at the surface of the coating however, imaging methods must be

utilized, for example the scanning electron microscope.

4.2.2.3 Scanning Electron Microscopy

Surface modifications require an analysis of surfaces to provide more insight in the
topology of the coating and the process during the coating. The scanning electron mi-

croscope (SEM) is a good way to analyse the surface of the coated samples.

The observed surface structure of pristine P(VDF-TrFE-CTFE) films (Figure 26 A)
looks similar to small worms and is characteristic for these films. In the following it will
be called worm-like structure. The P(HEMA-co-MEDSAH) coated samples (Figure
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26 B-D) were coated with dis = 5.0 cm with the light source being the 400 W UV-lamp.
At an irradiation time of ti = 40 s (Figure 26 B), the worm-like structure can still be seen.
However, now there is a net structure that is forming on top of the sample. In the bottom
right hand corner of the image there are spots, where the coating is beginning to be
closed and form a smooth surface (Figure 26 B red arrow). When ti = 80 s (Figure 26
C), there are no worm structures of the pristine film anymore, but instead there is a
smooth surface that is the P(HEMA-co-MEDSAH) coating. Despite this indicating a
complete and homogeneous coating, other spots on the same sample (Figure 26 D)
show that there are also defects in the coating and that the coating is not homogeneous
over the whole sample. There, in the top right-hand corner (Figure 26 green arrow),
the homogeneous coating can be observed, but the rest of the sample is only poorly

coated.

Figure 26: SEM images of a pristine P(VDF-TrFE-CTFE) film (A), of a P(HEMA-co-MEDSAH) coated
P(VDF-TrFE-CTFE) film that was irradiated for 40 s (B) and of a sample that was irradiated for 80 s
(C, D). The red and green arrows mark the coating.
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These images can help to understand why during the coating the contact angle does
not drop immediately, as it would, if the coating starts off as a thin monolayer. Instead
the contact angle drops linearly with the rise of the irradiation time as previously shown
in Figure 20. What can be observed in Figure 26 B however, indicates that the coating
process begins at different spots on the sample and then fills the gaps with longer
irradiation time. This leads to a continuous drop of the contact angle, because during
the process the ratio between coated and uncoated spots on the surface shifts towards
the coated spots with higher ti. In addition, the topology of the sample is much more
rough and unsteady at ti = 40 s and gets more smooth and homogenous with ti = 40 s,

only with some defects (Figure 26 D).

This shows that SEM is a good method to provide information about the topology of
the coating and the process of the coating. This method also proofed to be a good
reaction control, because it is easily possible to distinguish between the topology of

the sample and the coating.

4.2.2.4Fluorescence microscopy

Another way to proof a successful coating can be provided by fluorescence spectros-
copy. To achieve that, a methacrylate functionalized fluorescent dye can be added to
the monomer solution before polymerizing. Here fluorescein-O-methacrylate was
used. After washing, the sample was embedded in silicone and then cut with a scalpel
to be able to measure the cross section of the sample (more detailed information in
chapter 7.3.6).

The measurements were performed by Sebastian Hasselmann at Fraunhofer ISC in
Wurzburg, Germany. The fluorescence image of this cross section of the sample
(Figure 27) shows a black area in between two green areas. The black one matches
with the thickness of the P(VDF-TrFE-CTFE) films stated by the manufacturer of
10+1 um. So the green areas are the coatings on the upper and lower side of the film.
This method can be utilized to make the coating visible. By that it can be used to
examine homogeneity of the coating as done in chapter 4.4. However, by adding a

monomer to the monomer solution, it is a slightly different system, which makes is less
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comparable to other measurements. To avoid that, the fluorescein can also be added
after the polymerization. This was done in chapter 4.4, where scaffolds are coated,

because this method is more suitable for measuring coated scaffolds then coated films.

Figure 27: Fluorescence image of the cross section of a P(VDF-TrFE-CTFE) film that was coated with
P(HEMA-co-MEDSAH) containing fluorescein-O-methacrylate.

4.2.2.5 Macroscopic movement of the coated films

The presence of a hydrogel coating can not only be observed with microscopic meth-
ods or other measurements, it also adds a macroscopically visible effect to the films.
As could be seen in the previous chapter, the coating is present at both sides of the
film. However, because parts of the UV light is absorbed by the film, the coating on the
down side of the film is slower than on the upper side of the film, as Julian Glock could

show in his bachelor thesis.282
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This phenomenon can be observed at P(VDF-TrFE-CTFE) films coated with
P(HEMA-co-MEDSAH) (Figure 28). The coating of these films was performed with
ti=60 s and dis = 5 cm. When drying the films after coating, they start to curl. When
the film is put into a petri dish containing some water, the air humidity is relatively low,
when the dish is open (Figure 28 A). When the lid is being put on top of the dish (Figure
28 B), the humidity inside the dish starts to rise immediately and the film starts to uncurl

within 20 s. This macroscopic movement is reversible and was repeated 10 times.

The curling and uncurling of the film with alternating humidity shows several things.
First, the coating of the film is a hydrogel. It is responsive to humidity and shrinks or
expands with it. During the reaction, the films polymerize in an aqueous environment
and thus polymerize in a “swollen state” and while drying the coating is shrinking and
moving the film with it. This shows secondly, that the coating is strongly attached to
the film, because otherwise the coating would rip off the film instead of moving the film
with it. And third, this shows that the coating does not consist of one dimensional

strands, but consist of a three dimensional cross-linked network.

Figure 28: P(HEMA-co-MEDSAH) coated P(VDF-TrFE-CTFE) film in a petri dish containing a drop of
water without the lid (A) and with its lid (B). The green line represents the edge of the coated film.

In order to find out the water uptake of these coatings, dynamic vapour sorption meas-

urements were performed.
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4.2.2.6 Dynamic vapour sorption

The following data was already published in the bachelor thesis of Julian Glock, but
are presented here with permission to complement the picture on the SIPGP-hydro-

gels.?8?

First the water uptake of the bulk polymers from different ratios in the monomer solution
between HEMA and MEDSAH were tested via dynamic vapour sorption (DVS). The
bulk polymers were fabricated as described in chapter 7.3.4. The measurements were
performed by Stephan Braxmeier at the Zentrum fiir angewandte Energietechnik (ZAE)
in Warzburg, Germany. With this method the temperature inside the device was kept
at 25 °C and the air humidity was increased from 0 % to 90 % and then decreased to
0 % with steps of 10 %. Figure 29 shows the results of these measurements, while
only presenting the swelling degree measured at 90 % air humidity (for the data of the
other air humidity steps see chapter 7.3.7). This shows, that the swelling degree rises
with higher MEDSAH ratios in the used HEMA/MEDSAH monomer solution. This find-
ing was already presented in chapter 4.2.1. However in contrast to these previously
shown measurements the rise of the swelling degree does not increase with every ratio
step of MEDSAH, but instead does stagnate. The reason for this is the difference be-
tween a swelling degree measurement with samples immersed in water, where the
water uptake will reach its maximum, and a measurement in 90 % air humidity, where
the concentration of water in the air and the concentration of water in the air reaches

an equilibrium and cannot be surpassed.
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Figure 29: Swelling degree of different bulk P(HEMA-co-MEDSAH) with varying MEDSAH ratios in
respect to HEMA at 25 °C and 90 % air humidity measured by dynamic vapour sorption.

The same measurements were then executed with P(VDF-TrFE-CTFE) films, that
were coated with the 400 W lamp,ti = 60 s and dis = 5 cm. Figure 30 shows the results
of these measurements while only presenting the swelling degree measured at 90 %
air humidity (for the data of the other air humidity steps see chapter 7.3.7). There no
swelling can be seen in the data up to a MEDSAH ratio of 90 % and with a strong
increase of the coating of pure PMEDSAH. The reason for that is probably the accuracy
of the measurement device. The balance in the used device has an accuracy of +10 ug.
Though 5 samples each were used at the same time the combined weight of the 5
samples for each ratio was between 10 mg and 20 mg. Since only a small portion of
this weight is the coating, the water, that was upatken, could not be measured by the

balance in the device.
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Figure 30: Swelling degree of different P(VDF-TrFE-CTFE) films coated with P(HEMA-co-MEDSAH)
with varying MEDSAH ratios in respect to HEMA at 25 °C and 90 % air humidity measured by dynamic
vapour sorption. The samples were irradiated for 60 s with a distance to the light source of 5 cm.

However, these measurements showed, that a pure PMEDSAH coating has the great-
est water uptake abilities amongst these ratios. For this reason these samples were

also measured with an environmental SEM.

4.2.2.7 Environmental SEM

The following measurements were performed by Andreas Frank at the University of

Bayreuth in Bayreuth, Germany.

The samples used for this measurement were the PMEDSAH coated
P(VDF-TrFE-CTFE) samples used in the previous chapter. The samples were frozen
with liquid nitrogen and were then broken in the middle of the sample in order to be
able to look at the cross section of the coated films (Figure 31 A, B). The images show
the coating (green) on both sides of the film (images without colouring in chapter 7.3.8).

Here one advantage of an environmental SEM comes into play. If these results are

64



Results and Discussion

being compared to the “normal” SEM results presented in chapter 4.2.2.3, the differ-
ence in contrast between the substrate and the coating is striking. This contrast ap-
pears due to the water content inside coating, which is another proof of the coating
being a hydrogel. On one side of the film the coating is partly ripped off the surface.
The reason for this could be the strong tensions between coating and surface during
the drying and wetting due to the water uptake of pure PMEDSAH. This shows that for
PMEDSAH the covalent bonds between the coating and the surface are less in number
and thus overall weaker that inside the coating itself. This leads to cracks in the coating,

which can also be observed with the environmental SEM (Figure 31 C, D).

When air humidity inside the device is 99.5 % with a temperature of 2 °C (Figure 31 C),
the marked gap is 16.56 ym. The same gap under 42.4 % air humidity and otherwise
same conditions (Figure 31 D), is 30.34 um. This can be observed, because for these
measurements no sputtering of the samples was necessary. These movements again

show the hydrogel nature of the coating and the extent of swelling of the PMEDSAH

coating.

Figure 31: Environmental SEM images of P(VDF-TrFE-CTFE) films coated with PMEDSAH (coating
material is coloured in green, non-coloured version in Figure 64). View at a broken edge of the film (A)
with inset (B). Distance of a crack measured on the film with an air humidity of 99.5 % and 2 °C (C)
and an air humidity of 42.4 % and 2 °C (D).
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4.2.3 Conclusion

In the previous chapters the parameters for static SIPGP for the custom designed re-
actor were examined by utilizing for example measurements of contact angle, IR spec-
troscopy and scanning electron microscopy. Suitable parameters found were to deox-
ygenate the solutions while performing the reaction inside the 400 W UV lamp at
ti=60 s and dis = 5 cm. These parameters are now used to compare static SIPGP to

dynamic SIPGP in the following chapters.
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4.3 Dynamic SIPGP on Films of P(VDF-TrFE-CTFE)

As previously shown, the performance of static SIPGP is fast and easy to perform.

However, it has some major disadvantages.

Because of the monomer solution absorbing some of the UV light, the intensity of the
light is highest at the top of the solution and is attenuated while passing through the
solution. Because of this a lot of bulk polymer is forming inside the monomer solution.
This bulk polymer is sometimes attached to the coating, which makes the coating quite
inhomogeneous. In addition to that, there are defects in the coating, where there is no

coating at all on the sample.

A possible way to prevent this is to apply a constant flow of monomer solution to the
reaction chamber. This will not prevent the formation of bulk polymer but could flush

out a huge amount of the bulk in order to not get attached to the sample.

Following, the newly developed process of dynamic SIPGP is described and evalu-

ated.

Note that for all the studies of dynamic SIPGP the parameters were dis = 5.0 cm and
ti= 60 s, while using P(VDF-TrFE-CTFE) films as a substrate. The equipment used
were the 400 W UV chamber and the metal reactor to perform the dynamic SIPGP in.

4.3.1 Structure of the dynamic SIPGP-setup

For the performance of dynamic SIPGP a constant flow of monomer solution must be
applied to the system during the coating procedure. This is possible with both previ-

ously described reactors (chapter 4.1).

A syringe pump (Figure 32 A) and a drain (Figure 32 H) are attached to the reactor
body to provide a constant monomer flow through the reaction chamber during the
coating procedure. Two walls (Figure 32 D) are inserted to fix the sample (Figure 32 F)
during the process. A silica glass (Figure 32 C) is placed at the top of the reactor to

enable an inert gas atmosphere, which is provided over an argon inlet (Figure 32 B).
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This setup can provide a constant monomer flow under an inert gas atmosphere. By
turning on the UV source (Figure 32 G) the reaction can be started.

Figure 32: Image of the setup for dynamic SIPGP including: A syringe pump and inlet (A), argon inlet
(B), cover silica glass (C), two walls (D), reactor body (E), sample (F), UV lamp (G) and the outlet and
drain (H).

4.3.2 Contact Angle

As for the static SIPGP, the contact angle is a good way to find out about the perfor-
mance of dynamic SIPGP and to learn something about the differences between those

two processes.

Flow rates (rn) between1 ml/min and 10 ml/min in 1 ml/min steps were performed to
explore the correlation between different flow rates and the corresponding contact an-
gle (Figure 33, the results in tabular form can be found in chapter 7.3.9). The contact
angle is rising from 49° at 1 ml/min to 83° at 6 ml/min in a linear fashion. From
ri = 6 ml/min to ra = 10 ml/min the corresponding contact angle is not rising anymore
but reaches a plateau. This plateau corresponds to the contact angle of the pristine
P(VDF-TrFE-CTFE) which is 87°. This indicates, that at ra = 6 ml/min or more, there is

no coating formed under the chosen parameters. The linear rise of the contact angel
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between ri = 1 ml/min and ra = 5 ml/min indicates, that the coating procedure is slowed
down with applying higher flow rates. Without a flow applied, the monomers can easily
align to the surface in the right position for the reaction. With a flow applied however,
the alignment is disturbed, which leads to a slower reaction. This effect is increased

with higher flow rates.
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Figure 33: Contact angle measurement of P(VDF-TrFE-CTFE) films coated with P(HEMA-co-MED-
SAH) under dynamic SIPGP with flow rates between 1 mi/min and 10 ml/min.

This indicates that the new parameter of flow rate, which is introduced with dynamic
SIPGP, can be used as an additional tool to adjust the performance of this mechanism.
However, the amount of “wasted” monomer solution has to be taken into account when

using dynamic SIPGP, especially with high flow rates.

Another thing to consider are the calculations that were described earlier (chapter 4.1.3
Figure 15 F). These calculations imply the fact that during a constant flow inside the
reactor there is a difference in solution velocity between the walls of the reactor and
centre of the flow channel (in theory the solution velocity on top of a solid is 0 cm/min).
This difference increases, when higher flow rates are applied. This too must be con-

sidered when choosing the right flow rate for a system. In order to find out how the
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actual results fit the calculations, a series of ri =1 ml/min to ra = 5 ml/min was per-
formed (Figure 35) and the contact angle was measured on the right side, the left side
and the middle of the sample that are at the 0.0 cm, 0.5 cm and 1.0 cm marks at the

cross section of the sample (Figure 34).

Figure 34: CG-Image of the reactor with the sample (white) inside. The three dots at the sample are
the locations on which the contact angle is measured.

An increase of the contact angle with higher flow rates can be seen, as previously
explained. At ri = 4 ml/min and ra = 5 ml/min the contact angle at the centre of the sam-
ple rises in a linear fashion according to the findings about the dynamic SIPGP. In
contrast, the contact angle at positions at 0.0 cm and 1.0 cm is not increasing between
rn = 3 ml/min and ra = 5 ml/min. This means that the effect that was described previ-
ously by using the COMSOL calculations starts to show its effect starting at
ri = 4 ml/min. Note that the sample area of the coated samples is 1 cm? and the drops
of the contact angle device have a certain area, too. This means that the described
effect could have an effect with lower flowrates, too but on a scale that cannot be

measured in this setup.
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Figure 35: Contact Angle measured on the left side, the right side and the middle of the P(HEMA-co-
MEDSAH) coated P(VDF-TrFE-CTFE) film. Measurement at a flow rate of 1 ml/min to 5 ml/min.

These experiments show that a higher flow rate can lead to a more inhomogeneous
coating. A way to lower this effect could be to use a reactor with a wider flow channel

or to use a flow as low as possible.

To further examine the changes a constant flow adds to the reaction, the temperature

inside the reactor was measured.

4.3.3 Influence of Temperature

To measure the temperature inside the reactor during the reaction, the inlet and outlet
for the argon supply was used to insert the temperature probe (red and yellow wires)
(Figure 36 B). To keep the probe in place during the measurement it is first placed
behind the wall and is then threaded through one of the gaps in the bottom of the wall.

This way the temperature probe is fixated right behind the sample. The whole setup

71



Results and Discussion

then included the syringe pump (Figure 36 A1), the temperature measurement device

(Figure 36 A2) and the prepared reactor (Figure 36 A3).

Figure 36: Full setup of dynamic SIPGP including temperature measurements (A) with the syringe
pump (1), the temperature measurement device (2) and the prepared reactor (3) and a close-up of the
prepared reactor (B).

Three measurements were performed with rqa = 0-5 ml/min (Figure 37). The tempera-
ture atti= 0 s (To) was 24 °C in all the measurements with only small fluctuations. The
starting temperature is not only dependant on the room temperature, but also on the
average temperature of the UV-chamber with a heat producing lamp. The temperature
after ti = 60 s (Tt) was found to be 37 °C with ra = 0 ml/min, which is equivalent to static
SIPGP. With applying a constant flow of monomer solution to the system Tt is decreas-
ing to around 32 °C. The UV lamp is not the only possible reason for the heat devel-
opment of the solution. The radical polymerization here is an exothermal reaction,
which can produce heat to an amount that is measured here, as DuSi¢ka et al. showed

for acrylic acid in propionic acid.?83
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Figure 37: Temperature measurement during the reaction right behind the sample. Every data point is
the average of three measurements at the start (grey, ti= 0s, To) and end (red, ti = 60 s, Tt) tempera-
tures of every reaction.

For an easier comparison Figure 38 shows the warming (Tt+-To) of the monomer solu-
tion during the reaction being the temperature difference between ti= 0 s and ti = 60 s.
A fast decrease of the warming can be observed between rq=0 ml/min and
ri = 2 ml/min. Between rq = 2 ml/min and ra = 5 ml/min the decrease of the warming is
still present, but weaker than before. This matches the expectations, because the flow
provides a constant supply of non-heated monomer solution, while the “old” heated
solution gets flushed out. By applying higher flow rates the Tt is supposed to approach
To asymptotically. This leads to an in theory quadratically decreasing warming with
higher flow rates. The decreasing temperature is a factor that slows down the speed
of the reaction. One additional factor for the reaction speed is the decreasing viscosity.
The viscosity of the HEMA/MEDSAH monomer solution at 37 °C is 1.80 mPas, while
being 2.25 mPas at 32 °C. These changes in temperature and viscosity are one factor
that lowers the contact angles with higher flow rates (as previously shown in Figure
33).
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Figure 38: Warming during the reaction being the difference between start and end temperatures from
Figure 37.

A change in temperature can also change the copolymerization behaviour of the mon-
omers. This was reported for HEMA with comonomers such as MMA or MA within
temperatures between 50 °C and 90 °C. The reactivity ratio of HEMA can double
(MMA) or even triple (MA) within this temperature range depending on the monomer.
The temperature dependence of radical copolymerization was reported for a variety of
monomers within the temperature range of 40 °C and 130 °C.?84-286 This shows that a
reduction of the temperature change during the polymerization is desirable for a better

control over the reaction.

Besides changing the reaction speed of SIPGP, the dynamic performance of this
mechanism provides another advantage, which is even more important if a homoge-
neous coating is the goal to achieve: The reduction of the formation of bulk polymer

during the reaction. The following chapter provides more insight to that topic.
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4.3.4 Reduction of bulk polymer

During static SIPGP, as explained earlier, not only the coating grafted from the surface
is being polymerized, but also polymer inside the monomer solution. This formed pol-
ymer can attach to the surface through for example termination reactions between the
grafted coating and bulk polymer in the solution. Also not chemically cross-linked pol-
ymer can adhere the surface and can then be linked through photochemical reactions
to the coating. Both of these phenomena lead to an inhomogeneous coating by the

formation of “clumps” of polymer on the surface.

Dynamic SIPGP can prevent the formation of these “clumps” by flushing out the formed
bulk with the monomer solution. The difference between dynamic and static SIPGP,
while the other parameters remain constant (400 W lamp, ti = 60 s, dis = 5 cm), were
examined using SEM (Figure 39) (more details in chapter 7.3.9). The pristine
P(VDF-TrFE-CTFE) film (Figure 39 A, B) shows small “worms” on the surface of the
film as a predominant topology (Figure 39 A). The P(VDF-TrFE-CTFE) film coated with
P(HEMA-co-MEDSAH) under static conditions (ra = 0 ml/min) (Figure 39 C, D) shows,
that the previously mentioned “clumps” are not just a single phenomenon, but they can
be found in many locations at the surface and create an inhomogeneous coating. The
P(VDF-TrFE-CTFE) film coated with P(HEMA-co-MEDSAH) under dynamic conditions
(rn = 2 ml/min) (Figure 39 E, F) in contrast, does not show “clumps” of bulk polymer on
the sample, but instead shows a smooth surface with only small irregularities. The
coating shows some spots, which are not coated so far (where the structure of the
pristine film can be observed), but as described previously in chapter 4.3.2, the coating
procedure is slower under dynamic conditions than under static conditions. These im-
ages show, that a formation of the bulk polymer on top of the surface can be prevented

by applying a constant monomer flow to the system.
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Static SIPGP Uncoated

Dynamic SIPGP

Figure 39: SEM images of P(VDF-TrFE-CTFE) films coated with P(HEMA-co-MEDSAH). Images of
an uncoated film (A, B), of a film coated under static conditions (0 ml/min) (C, D) and of a film coated
under dynamic conditions (2 ml/min) (E, F).

The bulk polymer, which formed inside the solution, could even be observed with the
naked eye. To show this, a series of ri = 1-5 ml/min was performed. After the reaction
the silica glass, the walls and the samples were removed. Than 5 ml of distilled water
were added to the solution (Figure 40 A-E). At ra = 1 ml/min (Figure 40 A) white circular
bulk polymer inside the solution can be observed because the bulk polymer becomes
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opaque when water is added. It is circular, because it is accumulating around the water

jet.

However, the bulk polymer can only be seen with the naked eye at rn = 1 ml/min. Al-
ready by using ra = 2 ml/min (Figure 40 B) this bulk polymer cannot be observed in this
way. Same is true for ra = 3-5 ml/min (Figure 40 C-E). This shows, that the formation
of bulk polymer that can be observed with the naked eye can be reduced drastically by

applying a constant flow with ra = 2 ml/min or higher.

To confirm this visual observation, the solutions of a series of ra = 0-5 ml/min were
taken and filtered with a 50 ym pore size filter. Water was used to flush out all the
solution inside the reactor into the filter. Figure 40 F shows the amount of bulk polymer
that stayed inside the filter after they were dried at 50 °C until the mass was constant.
By using static SIPGP (ra = 0 ml/min) 195 mg of bulk polymer stayed inside the filter.
The mass of bulk polymer inside the filter was drastically reduced to 33 mg at
ri = 2 ml/min and stayed at around this number with higher flow rates. This confirms,
the finding that rn = 2 ml/min can be used to decrease the amount of bulk polymer
drastically. However, the pore size of the filter was 50 ym and these results only rep-

resents the bulk polymer that stayed in this filter.
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Figure 40: HEMA/MEDSAH solution after the coating with the flow rates from 1 ml/min to 5 mli/min (A-
E). Weight of the P(HEMA-co-MEDSAH) bulk polymer that was left after the solution was filtered with
a 50 um pore size filter (F).
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4.3.5 Conclusion

In the previous chapters dynamic SIPGP was performed and examined. The influence
of an applied flow of monomer solution on the contact angle, the heat development,
and the bulk polymerization were discovered. Also the theoretical calculations of the

flow inside the reactor were verified by an experiment.

It could be stated, that the applied monomer flow can be used to slow down the coating
procedure, to decrease heat development inside the monomer solution and to reduce
the formation of bulk polymer “clumps” on the surface. This shows, that dynamic
SIPGP can add additional control over the procedure compared to static SIPGP. How-
ever, the workload per sample is much higher than for static SIPGP and the amount of

“‘wasted” monomer solution is higher.
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4.4 SIPGP on Scaffolds

Planar films are predestined to evaluate new procedures with new capabilities of
SIPGP. However, for biomedical applications it is more likely to use non-planar sub-
strates. Since these applications are the goal at which this work is aiming, more com-
plex geometries have to be coated and measured as well. MEW printed scaffolds are
a good choice here, because they represent a complex geometry and can be produced
in medical grade. This chapter investigates the P(HEMA-co-MEDSAH) coating proce-

dure on these scaffolds and the influence of dynamic SIPGP on coating scaffolds.

4.4.1 SIPGP on Scaffolds of PVDF

The PVDF samples used in this chapter were printed via MEW by Juliane Kade at the
Department for Functional Materials and Dentistry (FMZ) in Wirzburg, Germany. The
coating procedure was performed as described in chapter 7.3.10. To evaluate the coat-
ing, three types of measurement were chosen, stereomicroscopy, confocal fluores-
cence microscopy and scanning electron microscopy (SEM). In order to see the differ-
ence between static and dynamic SIPGP, pristine samples, coated sample with
ri = 0 ml/min and with rq = 2 ml/min were produced under otherwise same conditions
(ti=60s, ds=5cm, 400 W UV lamp)

4.4.1.1 Stereomicroscopy

With stereomicroscopy the macroscopic changes made to the surface during the
coating can be observed. If the overview images are compared, the pristine scaffold
(Figure 41 A) and the dynamically coated scaffold (Figure 41 C) do not show
differences, whereas the scaffold coated statically shows formation of bulk polymer in

between the fibres (Figure 41 B red arrows). A closer look at the images reveals
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something else. It can be observed, that on top of the fibres of the statically and
dynamically coated samples, lengthwise cracks appear (Figure 41 E, F black arrows),
which cannot be found on top of the pristine sample (Figure 41 D) in addition the
statically coated sample (Figure 41 E) shows a polymer strand between two fibres as
well as a “webbing” called bulk polymer in the top right corner of the fibre crossing in

the middle of the image.
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Figure 41: Stereo microscope images of P(HEMA-co-MEDSAH) coated MEW printed PVDF scaffolds.
Pristine PVDF scaffold (A, D), scaffold coated via static SIPGP (flow rate: 0 ml/min) with the red ar-
rows marking the “webbing” (B, E) and scaffold coated via dynamic SIPGP (flow rate: 2 ml/min) (C, F).

The cracks that were observed on the coated fibres are cracks in the coating. Since
the coating is a hydrogel and gets formed in swollen state in an aqueous environment,
it starts shrinking when dried. This shrinking of a coating that surrounds the fibre then
causes cracks. This also indicates, that applying a constant monomer flow to the sys-
tem leads to a coating, as it does without, but can prevent bulk polymer from forming

in between the fibres. To support these findings, fluorescence microscopy was utilized.
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4.4.1.2Fluorescence Microscopy

Sodium fluorescein was chosen as a dye for confocal fluorescence microscopy, be-
cause it is soluble in water and is non-hazardous. The samples were immersed in a
3x10* M aqueous fluorescein sodium solution. Since the P(HEMA-co-MEDSAH) coat-
ing is a hydrogel, is does not only absorb water from the environment, but also the
fluorescence dye with it (for details on the dying procedure see chapter 7.3.6). The
samples were then washed with water in order to remove dye adhered to the surface

of the samples.

A pristine sample (Figure 42 A), a dynamically coated (ra = 2 ml/min) sample (Figure
42 B), and a statically (rn = 0 ml/min) coated sample (Figure 42 C, D) were measured.
All samples were measured with the exact same settings of the device. The uncoated
scaffold (Figure 42 A) does show a weak fluorescence, while the dynamically coated
sample (Figure 42 B) shows strong fluorescence, which is homogenously distributed
along the fibres. The statically coated sample (Figure 42 C) in contrast shows bulk
polymer in the form of strong webbing inside of a hatch of the scaffold (this hatch can
be found in the bottom right corner of Figure 41(B). Additionally, there are black spots
on top of the fibres. A different spot in the statically coated sample (Figure 42 D) shows
something that could already be observed in stereomicroscope images. There are

cracks along the fibres, which occur caused by the shrinking of the hydrogel coating.
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Figure 42: Fluorescence images using the fluorescence dye fluorescein sodium. Image of a pristine
MEW printed PVDF sample (A), of a sample coated with P(HEMA-co-MEDSAH) via dynamic SIPGP
(flow rate: 2 ml/min) (B) and of a statically coated sample (flow rate 0 mi/min) (C, D).

The confocal fluorescence microscope images validate the findings, which could be
made with the stereomicroscope images. The pristine scaffold (Figure 42 A) only
shows very weak fluorescence. This fluorescence could be adhered dye on the sur-
face, which could not be removed by immersing the samples in water. The dynamically
coated sample (Figure 42 B) shows much stronger fluorescence, than the pristine sam-
ple does, which verifies the presence of a hydrogel coating. The statically coated sam-
ple (Figure 42 C) shows the phenomenon of “webbing” pretty clearly, which does not
occur with the dynamically coated sample and shows the necessity of dynamic SIPGP,
if this bulk polymer formation is undesired. Also the black spots that can be observed
indicate an inhomogeneous coating via static SIPGP and a more homogenous coating
with dynamic SIPGP (Figure 42 B) indicates by showing a homogenous fluorescence
on the fibres. However, to investigate the topology, scanning electron microscopy must

be utilized, as done in the following chapter.
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4.4.1.3 Scanning Electron Microscopy

The information, which the previous measurement methods cannot provide is the to-

pology of the coating, which can be done by scanning electron microscopy.

To provide this, images of a pristine MEW printed PVDF scaffold (Figure 43 A, D, G),
a statically (ra =0 ml/min) coated scaffold (Figure 43 B, E, H) and a dynamically
(rn = 2 ml/min) coated scaffold (Figure 43 C, F, I) were taken. The overview images
(Figure 43 A-C) do not show a difference between the uncoated (Figure 43 A) and the
dynamically coated (Figure 43 C) sample, while the statically coated sample (Figure
43 B) shows “webbing”. A closer look at the fibres (Figure 43 D-F), where the statically
coated sample (Figure 43 E) shows “webbing”, the dynamically coated sample (Figure
43 F) now shows in contrast to the pristine scaffold (Figure 43 D) some irregularities
on the surface and also a small strand of polymer between the two shown fibres (Figure
43 F red arrow), while the pristine scaffold (Figure 43 D) does not. To further investigate
this, a closer look on the topology of the fibres (Figure 43 G-I) is needed. It can be
observed, that the surface structure of the pristine scaffold (Figure 43 G), is not smooth,
but has some furrows. The statically coated sample (Figure 43 H) as well as the
dynamically coated sample (Figure 43 I) both show the same structure on the surface,

which does not show these furrows, but a smooth surface.
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Figure 43: SEM images of MEW printed PVDF scaffolds: pristine scaffolds (A, D, G), statically (flow
rate: 0 mli/min) P(HEMA-co-MEDSAH) coated scaffolds (B,E,H) and a dynamically (flow rate: 2 mi/min)
P(HEMA-co-MEDSAH) coated scaffolds (C,F,l).

These images again show, that a coating via SIPGP can be achieved by utilizing static
and dynamic conditions, as the altered structure of the fibre surface shows. One image
of the dynamically coated sample (Figure 43 F) shows that the formation of bulk poly-
mer strands cannot be prevented for 100 % by applying a monomer flow with
ri = 2 ml/min. Nevertheless the formation of bulk polymer attached to the surface can

be drastically reduced by utilizing dynamic SIPGP.
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4.4.2 SIPGP on Scaffolds of P(VDF-TrFE)

The P(VDF-TrFE) samples used in this chapter were printed via MEW by Juliane Kade
at the Department for Functional Materials and Dentistry (FMZ) in Wurzburg, Germany.
The coating procedure was performed as described in chapter 7.3.10. Stereo micros-
copy, confocal fluorescence microscopy and scanning electron microscopy will be uti-
lized to show differences in the coating of P(VDF-TrFE) scaffolds between static

SIPGP (ra = 0 ml/min) and dynamic SIPGP (ra = 2 ml/min) in the following chapters.

4.4.2.1 Stereomicroscopy

As previously described with the PVDF samples, stereo microscopy provides a first
view of the macroscopic changes after the coating. Overview images (Figure 44 A-C)
and close ups (Figure 44 D-F) of a pristine scaffold, a statically coated scaffold and a

dynamically coated scaffold were examined.

The first thing that is striking is, that the statically coated scaffold (Figure 44 B) kept its
shape, while the dynamically coated scaffold (Figure 44 C) did not and the pristine
scaffold (Figure 44 A) is even damaged during the handling of the measurements. The
close ups then show, that there is no visible difference between the dynamically coated
scaffold (Figure 44 F) and the pristine scaffold (Figure 44 D). However the statically
coated scaffold (Figure 44 E) shows bulk polymer, which has formed between the fi-

bres.
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Figure 44: Stereo microscope images of P(HEMA-co-MEDSAH) coated MEW printed P(VDF-TrFE)
scaffolds. Pristine P(VDF-TrFE) scaffold (A, D), scaffold coated via static SIPGP (flow rate: 0 ml/min)
(B, E) and scaffold coated via dynamic SIPGP (flow rate: 2 ml/min) (C, F).

The handling of these samples is very difficult, because the fibres are very thin and
they are only attached to each other very weakly, so it's easy to damage them as soon
as they are removed from the glass plate they were printed on. After coating however,
the samples were much easier to handle without damaging them. The reason for that
is the formed connection between the fibres through the coating. The overview images
(Figure 44 A-C) represent that perfectly, because statically coated samples are easy
to handle, because they do not only provide connections between the fibres on a mi-
croscopic level, but also, macroscopic links through the bulk polymer (Figure 44 E).
The dynamically coated samples are easier to handle then the pristine samples, be-
cause they provide more stability through the coating, but they do not have the macro-
scopic bulk polymer to strengthen the links between the fibres, as the statically coated

samples do.
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4.4.2.2 Confocal Fluorescence Microscopy

Sodium fluorescein was chosen as a dye for confocal fluorescence microscopy, and
treated as described in chapter 4.4.1.2 (for details on the dying procedure see
chapter 7.3.6).

The pristine scaffold (Figure 45 A) shows weak fluorescence (the images were all done
with the same settings), while the coated samples show much stronger fluorescence.
The dynamically coated sample (Figure 45 B) shows a fluorescence, which is
distributed homogenously over the scaffold, while the statically coated sample (Figure
45 C, D) shows many dark spots on the fibres. In Figure 45 C they can best be spotted
in the top left corner, while in Figure 45 D there are big uncoated spots distributed over
the fibres.

Figure 45: Fluorescence images using the fluorescence dye fluorescein sodium. Image of a pristine
MEW printed P(VDF-TrFE) scaffold (A), a scaffold coated with P(HEMA-co-MEDSAH) via dynamic
SIPGP (flow rate: 2 ml/min) (B) and of a statically coated scaffold (flow rate 0 mi/min) (C, D).
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The fluorescence that the pristine scaffold (Figure 45 A) shows, probably results from
fluorescein sodium that is adhered to the surface of the fibres and was not removed by
immersing the sample in water. The dynamically coated sample (Figure 45 B) indi-
cates, that the coating homogeneity of dynamic SIPGP is much higher, then the ho-
mogeneity of static SIPGP (Figure 45 C, D). The dark, and therefore uncoated, spots
can be found all over the statically coated sample, while they cannot be found on the

dynamically coated sample.

4.4.2.3 Scanning Electron Microscopy

SEM can provide an even closer look on the sample by depicting the topology of the
samples. The overviews of the sample (Figure 46 A-C) do not show a big difference
amongst each other, while the close ups (Figure 46 D-F) show, that the statically
coated sample (Figure 46 E) shows bulk polymer that links two of the fibres, while there
are also spots of uncoated fibre, that has the same surface structure as the pristine
fibre (Figure 46 E, red arrows). The statically coated fibre (Figure 46 F) shows a differ-
ence to the pristine fibre (Figure 46 D), but the topology of the pristine fibre can be
recognized in weakened form. On the surface of the pristine fibre fibrils can be ob-
served (Figure 46 G), that result from crystallization and solidification processes after
the printing.’® The statically coated fibre (Figure 46 H) instead shows a smoothened

surface, which can be observed on the dynamically coated fibre (Figure 46 1) as well.
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Figure 46: SEM images of a pristine MEW printed P(VDF-TrFE) sample (A, D, G), a P(HEMA-co-
MEDSAH) statically (flow rate: 0 ml/min) coated sample with red arrows marking uncoated spots
(B,E,H) and a dynamically coated sample (C,F,l).

The overview image of the statically coated fibre (Figure 46 B) was chosen here, be-
cause it shows, that the bulk polymer is not present all over the sample, but occurs in
various locations (as previously shown in Figure 44 E). Figure 46 E clearly shows the
disadvantages static SIPGP has. There is bulk polymer, which is attached to the fibres
and next to it a spot, which is not coated at all. These two disadvantages can be dealt
with by applying a constant monomer flow (Figure 46 F). The topology of the pristine
scaffold (Figure 46 G), which exhibits a lot of cracks and irregularities can be covered
by coating via SIPGP (Figure 46 H, I).
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4.4.3 SIPGP on Scaffolds of PCL

The scaffolds used in this chapter were printed by Ezgi Bakirci at the Department for
Functional Materials and Dentistry (FMZ) in Wurzburg, Germany as described in chap-
ter 7.3.10. PCL is the material, which is up to this point the “gold standard” for MEW
printing and can be produced as medical grade scaffolds. Not only can MEW scaffolds
be printed faster than PVDF or P(VDF-TrFE), PCL can be printed with much thinner
fibres, smaller hatch spacing and more layers. The following chapters evaluate the
static and dynamic SIPGP on these PCL scaffolds.

4.4.3.1 Stereomicroscopy

The samples presented here are a pristine scaffold, one that was coated via static

SIPGP (ra = 0 ml/min) and one that was coated via dynamic SIPGP (ra = 2 ml/min).

When the pristine scaffold (Figure 47 A) is compared to the dynamically coated scaffold
(Figure 47 C) in the overview, no difference can be spotted, other that the darker
corners of the statically coated sample (Figure 47 C), which result from a slightly
damaged scaffold through pressure. The statically coated scaffold (Figure 47 B)
however, shows strong “webbing” of bulk polymer all over the sample (darker hatches
in the image). This can also be observed with higher magnification. There the pristine
scaffold (Figure 47 D) and the dynamically coated scaffold (Figure 47 C) do not show
much difference, but on the statically coated sample (Figure 47 E) the bulk polymer

inside the hatches can be observed.
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Figure 47: Stereo microscope images of P(HEMA-co-MEDSAH) coated MEW printed PCL scaffolds.
Pristine PCL scaffold (A, D), scaffold coated via static SIPGP (flow rate: 0 mi/min) (B, E) and a scaffold
coated via dynamic SIPGP (flow rate: 2 ml/min) (C, F).

Compared to the statically coated scaffolds of PVDF and P(VDF-TrFE) in the previous
chapters, there is much more bulk polymer forming inside the hatches of the PCL scaf-
folds. The biggest difference between those scaffolds is the hatch spacing. While the
PCL scaffolds were produced with a hatch spacing of 250 um, the hatch spacing of
PVDF was 1000 um and of P(VDF-TrFE) 500 um. This indicates, that smaller hatch
spacing leads to an increased formation of bulk polymer inside the hatches when using
static SIPGP. The bulk polymer, that has formed inside the monomer solution can eas-
ier attach to a smaller hatch spacing, because with a smaller hatch spacing there is
more surface to attach and react with than with bigger hatch spacing. However, the
“‘webbing” inside of the hatches is not homogeneous. Some hatches are completely
“filled” with bulk polymer, others do not show webbing and most hatches show some-
thing in between. This instance makes it more interesting though, that by applying a
constant monomer flow this webbing can be prevented. However, for a better insight

of the coating, fluorescence microscopy must be utilized.
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4.4.3.2 Fluorescence Microscopy

Sodium fluorescein was chosen as a dye for confocal fluorescence microscopy, and
treated as described in chapter 4.4.1.2 (for details on the dying procedure see
chapter 7.3.6).

The pristine scaffold (Figure 48 A) does not show any fluorescence at all, while the
dynamically coated scaffold (Figure 48 C) shows fluorescence at the fibres. The stati-
cally coated sample (Figure 48 B) shows not only fluorescence on the fibres, but also

inside the hatches.

Figure 48: Fluorescence images using the fluorescence dye fluorescein sodium. Image of a pristine
MEW printed PCL scaffold (A), a scaffold coated with P(HEMA-co-MEDSAH) via static SIPGP (flow
rate: 0 ml/min) (B) and of a dynamically coated scaffold (flow rate 2 ml/min) (C).

The comparison between the pristine scaffold (Figure 48 A) and the dynamically coated
scaffold (Figure 48 C) clearly shows the presence of a coating on top of the fibres.
Additionally, there are no dark spots visible, which indicates a homogeneous coating
over the fibres without the “webbing” that is predominant at the statically coated scaf-
fold (Figure 48 B). This confirms the findings made in the previous chapter and also
shows, that though not having macroscopically visible polymer, the sample coated via
dynamic SIPGP is coated with P(HEMA-co-MEDSAH).
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4.4.3.3 Scanning Electron Microscopy

Finally, the SEM can provide more information about the topology of the coated fibres.
To do so an overview of the scaffolds (Figure 49 A-C), a close up on a crossing point
(Figure 49 D-F) and images of the fibre surface (Figure 49 G-l) were taken.

As already described for the stereomicroscope images, the overview does not show
differences between the dynamically coated scaffold (Figure 49 C) and the pristine
scaffold (Figure 49 A). However, a huge amount of “webbing” can be observed when
looking at the statically coated scaffold (Figure 49 B). The view on the crossing point
however, already shows a slight difference between the dynamically coated scaffold
(Figure 49 F) and the pristine scaffold (Figure 49 D), because a smooth structure can
be observed at the surface of the fibres, which is even stronger at the fibres of the
statically coated scaffold (Figure 49 E). These smooth structures, can be observed
better when looking closely on the surface of the dynamically coated scaffold (Figure
49 1). The pristine scaffold instead, shows a more flat structure including small holes in
the surface. The statically coated surface shows a combination of both, at some spots

the smooth structure can be observed and on others the flat hole containing surface.
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Figure 49: SEM images of a pristine MEW printed PVDF sample (A, D, G), a P(HEMA-co-MEDSAH)
statically (flow rate: 0 ml/min) coated sample (B,E,H) and a dynamically coated sample (C,F,l).

The smooth structure is the structure the coating is forming. This shows that under
static and dynamic conditions a coating can be achieved. However, the coating formed
under static conditions shows irregularities in the coating in the form of spots that are
not coated, which supports the findings of coating PVDF and P(VDF-TrFE) scaffolds.
The overview definitely supports this, because the “webbing” that is occurring on the
statically coated scaffold (Figure 49 B) is predominant, while not present on the dy-

namically coated fibre (Figure 49 C), at all.

This shows, that by applying a constant monomer flow to the system while coating
scaffolds, the formation of “webbing” bulk polymer can be prevented by flushing out

formed bulk polymer inside the solution.
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4.4.4 SIPGP on Functionalized Silica Fibres

The fleeces used in this chapter were produced by Dr. Bastian Christ at the Fraunhofer
ISC in Wurzburg, Germany, as described in chapter 7.3.10. The fleeces consist of
[SiOx(EOT)y(OH).]n and they are biodegradeable.?®” They have ethoxy groups on their
surface, which means, that they are applicable to SIPGP. To examine this, static
SIPGP was performed (dynamic SIPGP was not performed, because this project was
not further pursued) on these fleeces to coat them with P(HEMA-co-MEDSAH) as an

anti-fouling coating.

4.4.4.1 Stereomicroscopy

First stereomicroscopy was utilized to evaluate the coating on the fibres of the fleeces
(Figure 50). To do so, an image of a pristine fleece (Figure 50 A) and images of
P(HEMA-co-MEDSAH) coted fleeces (Figure 50 B-D) were taken. The pristine fleece
consists of clear, transparent fibres without connections between them. The coated
fleeces show connecting strands between the fibres (Figure 50 red circles). Addition-

ally, the fibres are not clear anymore, but have a more turbid surface.

The strands probably consist of bulk P(HEMA-co-MEDSAH), which formed between
the fibres. The turbid surface that is present after the coating of the fleeces indicates,
that the surface was modified, which means, that the coating via SIPGP was success-
ful.
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Figure 50: Stereomicroscope images of pristine modified silica fibres (A) and P(HEMA-co-MEDSAH)
coated silica fibres (B-D). The red circles mark a bridging of the coating between fibres.

To further verify the presence of the coating, SEM images and EDX measurements

were performed.

4.4.4.2Scanning Electron Microscopy / Energy-Dispersive X-Ray
Spectroscopy

The SEM provides more detailed information about the surface of the fibres (Figure
51). The smooth structure, which was described in the previous chapters, can be
observed in the overview (Figure 51 A) and also the links between fibres can be
observed with higher magnification (Figure 51 B). At a spot, where a fibre was cracked

after the coating, the core of a coated fibre can be observed (Figure 51 C). There a
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clear difference in structure between the fibre and the coating can be observed with

higher magnification (Figure 51 D).

Figure 51: SEM images of modified electro spun silica fibres that were coated with P(HEMA-co-MED-
SAH) providing an overview (A), a close-up (B) and a look at a broken fibre that allows to look at the
cross section (C) with the inset (D).

The overview (Figure 51 A) and the close up (Figure 51 B) confirm the findings from
the stereomicroscope image, that there is a coating on the surface with bulk polymer
strands, that formed between the fibres. The cross section of the fibre (Figure 51 C, D)
shows, the different topology of the coating and the fibre. The coating has the smooth
surface, while the fibre shows a plane surface. To show, that these topologies differ-

entiate the coating from the fibre, EDX measurements were performed.

The EDX measurements were performed at a spot, which contains strands between
the two fibres as well uncoated and coated fibres (Figure 52 A). The fibre in the top

shows mainly uncoated spots, while the lower fibre shows predominantly the smooth
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structure. For the EDX measurements Si and C were chosen as the observed ele-
ments, because C is an atom that is highly contained by the coating and is only rarely
present in the fibre. For Si it’s vice versa. It makes a huge portion of the fibre, while not
being present in the coating. So these two elements are predestined to distinguish
between the fibre and the coating. N was also measured, because it is rarely present

in the coating and not present at all in the fibre.

[ - |
100pm

Figure 52: SEM image of P(HEMA-co-MEDSAH) coated Silica Fibres (A). EDX spectrum of the meas-
ured electrons (E), image of the carbon signal (C), image of the silicon signal (D) And an overlay of the
silicon, carbon and nitrogen signal (B).

The overlay of the three measurements (Figure 52 B) clearly shows, that the red colour
of Si (Figure 52 D) is dominant on all spots, which show the planar surface in the SEM
image (Figure 52 A). The blue colour of C (Figure 52 C) is dominant in all places, where
the smooth structure can be observed in the SEM image. The green colour of N is only

present as noise. This proofs, that the smooth structure in these SEM images is formed
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by the coating, while the plane surface is a property of the pristine modified silicon

fibres.

4.4.5 Conclusion

In this chapter static and dynamic SIPGP were performed on MEW printed scaffolds
of PVDF, P(VDF-TrFE) and PCL and were compared. Also modified silica fibres were
successfully coated via static SIPGP. The most interesting finding was, that by using
static SIPGP, bulk polymer is forming in between the fibres, which is called “webbing”.
This phenomenon can be prevented by utilizing dynamic SIPGP. Additionally it could
be shown, that the homogeneity of the formed coating can be increased by performing
dynamic SIPGP compared to static SIPGP.
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4.5 Biological properties

As mentioned earlier, SIPGP is a promising technique to be utilized for biomedical
applications, since the omission of any initiator or organic solvent during the procedure
is possible. The following chapter will evaluate the biological properties of the used
P(HEMA-co-MEDSAH) coating, which is supposed to function as an anti-fouling coat-
ing, due to the anti-fouling properties of PMEDSAH.'% Additionally a second coating
material, P(HEMA-co-METAC), will be introduced and evaluated for its biological prop-

erties.

4.5.1 P(HEMA-co-METAC)

In order to find an appropriate ratio between the two monomers HEMA and METAC, a
variety of ratios between those two was polymerized in bulk. The water content in all
solutions was 55 wt%. The ratios in the following always are the ratios between HEMA
and METAC, while the monomers together always make 45 wt% of the aqueous solu-

tion. The bulk polymers were produced as described in chapter 7.3.4.

All ratios with steps of 10 wt% were polymerized. The following data however, only
shows the ratios HEMA:METAC 100:0 to 50:50, because with a higher METAC ratio
than 50 wt% in the solution, the bulk polymer lost its shape during swelling. Already by
comparing the size of the swollen bulk polymers (Figure 53 A-F) it can be observed,
that the volume of the swollen bulk polymer is lowest without METAC as a copolymer
(Figure 53 A). From 10 wt% of METAC (Figure 53 B) to 20 wt% (Figure 53 C) the
volume is increasing, which indicates, that the swelling degree is higher with higher
ratios of METAC.
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Figure 53: Images of different P(HEMA-co-METAC) bulk polymers with different wt% ratios stated in
the images. The ratios represent only the ratio between HEMA and METAC in a 45 wt% aqueous solu-
tion. Bulk polymers in swollen state (A-F) and dry state (G)

These findings can be confirmed by looking at the swelling degree (Figure 54) (for
more detail on the data see chapter 7.3.4). This shows, that the swelling degree of a
P(HEMA-co-METAC) copolymer is increasing with higher ratios of METAC in the
monomer solution, since METAC is more hydrophilic than HEMA due its cationic side
chain. Interestingly, the swelling degree increases a lot more when METAC is added

to the monomer solution compared to MEDSAH (see chapter 4.2.1). While 50 wt% of

102



Results and Discussion

MEDSAH show a swelling degree of 1124 %, 50 % of METAC show a swelling degree
of about 24500 %, which is more than 20 times higher.
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Figure 54: Swelling degree of the different P(HEMA-co-METAC) bulk polymers, while the METAC ra-
tio is the ratio between METAC and HEMA in a 45 wt% aqueous solution.

For the following tests of the biological properties, the ratio of HEMA:METAC 80:20
was chosen, because from a METAC ratio of 30 wt% on, the bulk polymer, while keep-
ing its shape, was very fragile and hard to handle. The 80:20 ratio in contrast still had
a high swelling degree of 1298 %, but was rigid enough to be easily handled. For a
coating, that is proposed to be suitable for implants, a soft, but sill rigid coating is de-

sirable.

The coating was then performed via static SIPGP on MEW printed PCL scaffolds
(printed by Ezgi Bakirci at the Department for Functional Materials and Dentistry (FMZ)
in Warzburg, Germany) and PVDF scaffolds (printed by Juliane Kade at the Depart-

ment for Functional Materials and Dentistry (FMZ) in Wurzburg, Germany).

To proof a successful coating, stereomicroscope images of coated PCL (Figure 55 A)
and PVDF (Figure 55 B) were taken. Interestingly, though being coated via static

SIPGP there is no bulk polymer visible in between the hatches for the
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P(HEMA-co-METAC) coating. To further investigate this, confocal fluorescence im-
ages were taken. To do so, the samples were immersed in a 3x10“ M aqueous fluo-
rescein sodium solution (for details on the procedure see chapter 7.3.6). The samples
were then washed with water in order to remove dye adhered to the surface of the

samples.

The pristine PCL scaffold (Figure 55 C), does not show any fluorescence, while the
coated PCL scaffold (Figure 55 E) shows fluorescence on the surface of the fibres.
This proofs the presence of the P(HEMA-co-METAC) coating on the PCL scaffold. For
the PVDF scaffold, the pristine scaffold (Figure 55 D) shows low fluorescence, which
results from adhered dye on the surface, which could not be removed by immersing
the samples in water. The coated PVDF scaffold (Figure 55 F) in contrast, shows high
fluorescence, which proofs that there is also a coating present on the PVDF scaffolds.
Interestingly, also the fluorescence images show that the P(HEMA-co-METAC) coating
is quite homogeneously distributed over the fibres in contrast to the
P(HEMA-co-MEDSAH) coating on scaffolds described in chapter 4.4.
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Figure 55: Stereo microscope images of P(HEMA-co-METAC) coated PCL scaffold (A) and PVDF
scaffold (B). Fluorescence images of pristine PCL scaffold (C) and PVDF Scaffold (D). Fluorescence
images of P(HEMA-co-METAC coated PCL scaffold (E) and PVDF scaffold (F).

In the following chapters the two described coatings P(HEMA-co-MEDSAH) and
P(HEMA-co-METAC) will be examined for their biological properties.
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4.5.2 Cytotoxicity

The biological experiments in this chapter were performed by Ezgi Bakirci at the De-
partment for Functional Materials and Dentistry (FMZ) in Warzburg, Germany. For fur-
ther improvement of cytocompatibility and, more important, improvement of cell adhe-
sion, as a subsequent coating step RGD-sequences were added to the surface via
static SIPGP (Figure 56). To be able to use RGD sequences for SIPGP, the sequences
used were Cter acrylate modified G-R-G-D-S-P sequences. Also scrambled RGD se-
quences, Ctr acrylate modified G-R-G-E-S-P, were used. The solution used for the

coating is described in chapter 7.3.11.

SIPGP
Methacrylates

I

SIPGP
RGD- Sequences
D D D
G G G
R R R R R

Figure 56: 2-Step static SIPGP. First step is the of coating with methacrylates such as
P(HEMA-co-METAC) or P(HEMA-co-MEDSAH). The second step is static SIPGP of a RGD-sequence
on top of the hydrogel.

The RGD sequences however, cannot only be coated on top of a pre-existing coating,
but can be coated directly on PCL as well. For the following experiments, PCL scaffolds
were coated with only P(HEMA-co-METAC), with only the RGD-sequence and with
P(HEMA-co-MEATC) as a first step and the RGD-sequence as a second step coating
(same for scrambled RGD). The cytotoxicity of these samples was then tested by ex-
posing L929 mouse fibroblasts to the scaffolds and evaluated by fluorescence images

of a life/dead (green/red) staining (Figure 57).
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Figure 57: Life(green)/dead(red) staining of L929 mouse fibroblasts after 1 d (A-F)and 7 d (E-L). The
tests samples were pristine PCL scaffolds (A, G) P(HEMA-co-METAC) coated PCL scaffolds (B, H),
RGD coated PCL scaffolds (C, 1), PCL scaffolds coated with P(HEMA-co-METAC) as a first step and
RGD as a second step (D, J), PCL coated with scrambled RGD (E, K) and PCL scaffolds coated with
P(HEMA-co-METAC) as a first step and scrambled RGD as a second step (F, L).

The cell count of these measurements was very high, so there could not be identified
much difference between those samples. However, by analysing the life/dead staining
it can be stated that there are the least cells visible after 1 d on the pristine PCL scaf-
folds (Figure 57 A). All the coated samples (Figure 57 B-F) show a higher number of
visible cells on their surfaces. This means, that all the performed coatings are cyto-
compatible and can be used for further measurements of the cell adhesion. Also
Picogreen and WST (water soluble tetrazolium) tests were performed, but since the
cell number was so high on all the samples, they do not add much to the previously

made statement and can be found in chapter 7.3.11.

4.5.3 Cell Adhesion

The biological experiments in this chapter were performed by Ezgi Bakirci at the De-
partment for Functional Materials and Dentistry (FMZ) in Wuarzburg, Germany. U87
cells were used to perform the experiment (for more detail see chapter 7.3.11). The
results are evaluated by the staining of the cell cytoskeleton protein F-actin (red), the
membrane-cytoskeletal protein in focal adhesion plaques (green) and the cell nucleus
(blue) after 1 d (Figure 58 A-F) and 3 d (Figure 58 G-L).
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Figure 58: Staining of U87 cells after 1 d (A-F)and 3 d (G-L). The cell cytoskeleton protein F-actin was
stained with phalloidin (red), the membrane-cytoskeletal protein in focal adhesion plaques with vinculin
(green) and the cell nucleus with DAPI (blue). The tests samples were pristine PCL scaffolds (A, G)
P(HEMA-co-METAC) coated PCL scaffolds (B, H), RGD coated PCL scaffolds (C, I), PCL scaffolds
coated with P(HEMA-co-METAC) as a first step and RGD as a second step (D, J), PCL coated with
scrambled RGD (E, K) and PCL scaffolds coated with P(HEMA-co-METAC) as a first step and scram-
bled RGD as a second step (F, L).

The images of the pristine scaffold (Figure 58 A, G) only show a very limited amount
of cells on the scaffold after 1 d, as well as after 3 d. Also a low adhesion can be ob-
served on the coated PCL scaffold coated with scrambled RGD as a second step after
1 d (Figure 58 F). After 3 d, however the adhesion improves in contrast to the pristine

scaffold (Figure 58 G). All other coated scaffolds show an improved adhesion.

This shows, that not only the hydrogel coating of P(HEMA-co-METAC) on the scaffolds
can improve the cell adhesion, but also the RGD coating on the scaffolds can do so.
This makes the P(HEMA-co-METAC) coating a suitable candidate for a coating on
implants. Additionally, SIPGP can also be used to modify surfaces with peptide se-
quences such as RGD sequences, if they are properly functionalized (as in this case

with a Cter acrylate moiety).

The P(HEMA-co-MEDSAH) coating instead is supposed to prevent adhesion due to its
zwitterionic sidechains.’® This behaviour was examined by placing U87 Glioblastoma
cells on MEW printed PVDF scaffolds 1 d and 4 d (Figure 59). On the pristine PVDF
scaffold (Figure 59 A, G) the red colour indicates the adhesion of some cells, where
the PVDF scaffold coated with only RGD (Figure 59 B, H) shows a huge number of
cells. When the PVDF scaffold is coated with P(HEMA-co-METAC) (Figure 59 C, |) the
number of adhered cells is higher than on the pristine scaffold and could be increased
by adding RGD-sequences as a second step to the coating (Figure 59 D, J). The
P(HEMA-co-MEDSAH) coated PVDF scaffold (Figure 59 E, K) in contrast, shows no
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adhered cells at all. The subsequent coating with RGD (Figure 59 F, L) then lead to a

small number of adhered cells.

None RDG METAC METAC+RGD MEDSAH  MEDSAH+RGD

Figure 59: Staining of U87 cells after 1 d (A-F)and 4 d (G-L). The cell cytoskeleton protein F-actin was
stained with phalloidin (red) and the cell nucleus with DAPI (blue). The tests samples were pristine
PVDF scaffolds (A, G), RGD coated PVDF scaffolds (B, H), P(HEMA-co-METAC) coated PVDF scaf-
folds (C, 1), P(HEMA-co-METAC)+RGD coated PVDF scaffolds (D, J), P(HEMA-co-MEDSAH) coated
PVDF scaffolds (E, K) and P(HEMA-co-MEDSAH)+RGD coated scaffolds (F, L). The writing above the
images provides information about the used copolymer for HEMA. The scale bars are 200 um.

These experiments show, that SIPGP can be utilized to directly coat MEW printed
PVDF scaffold with RGD sequences, if they are properly functionalized (as in this case
with a Cier acrylate moiety). The P(HEMA-co-METAC) (as previously shown) could be
used to increase the number of cells adhered on the scaffolds. The
P(HEMA-co-MEDSAH) coating instead proofed to function as a non-adhesive and with
that an anti-fouling coating, since no cells adhered in this experiment. This property
then could be masked to a small extent by adding a subsequent RGD coating in a
second coating step. An increased concentration of the RGD-sequences on the
solution for the coating reaction could be a way to increase this masking effect in the

future.
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4.5.4 Conclusion

Two coatings were examined for their use for biomedical applications. It was shown,
that a coating with P(HEMA-co-METAC) via SIPGP is cytocompatible (L929 mouse
fibroblasts) and can be used to increase cell adhesion (U87 glioblastoma cells) on the
tested scaffolds. P(HEMA-co-MEDSAH) instead can be used as a non-adhesive (U87
glioblastoma cells) and with that anti-fouling coating. In addition, it was shown that
MEW printed PCL and PVDF scaffolds can be coated with RGD sequences via SIPGP
to improve the biological properties. These RGD-sequences could also be coated as
a subsequent step on top of the P(HEMA-co-METAC) and P(HEMA-co-MEDSAH)

coatings to do so.
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5 Summary and Outlook

5.1 Summary

Self-initiated photografting and photopolymerization (SIPGP) is a coating technique
that got little attention so far. This work however, enhanced the possibilities of SIPGP
by developing dynamic SIPGP in addition the already present static SIPGP. Also the
value of SIPGP for the field of biomedical applications was demonstrated. To achieve

this, several steps were taken.

Custom designed reactor

To perform dynamic SIPGP, a special custom designed reactor was developed. After
an initial reactor design was created using the 3D modelling software blender, the re-
actor was printed via DLP printing. The printed reactor was then tested for its suitability
for static and dynamic SIPGP. The rapid prototyping was then used to further improve
different types of reactors, until a final reactor design was fabricated of stainless steel,
which could be used for both static and dynamic SIPGP. To examine the flow of mon-
omer solution through this new reactor theoretical calculations were made for this sys-

tem by using the multiphysics software COMSOL.

Static SIPGP Parameters for the new System

Having the custom designed reactor, appropriate coating parameters for this new re-
action system were examined. To do so, P(VDF-TrFE-CTFE) films were used, which
were not used for SIPGP to this point. The coating material used for these experiments
was P(HEMA-co-MEDSAH), which proofed to be an anti-fouling coating, containing
zwitterionic sidechains. The parameters for the reaction were mainly examined via
contact angle. Using this coating the influence of two different UV sources (a 25 W
lamp and a 400 W lamp) were examined. This showed, that, as expected, the reaction
speed can be increased by using a lamp with increased irradiation, so the 400 W lamp

was chosen to perform further experiments. Also the influence of oxygen inside the
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reaction solution was examined, finding that a deoxygenation is not mandatory to per-
form SIPGP, but increases the reaction speed and the controllability of the reaction.
For this reason, in further experiments all the solutions were deoxygenated prior to
use. Two additional important parameters for SIPGP are the distance between the
sample and the light source (dis) and the irradiation time (t). The examination of ti
showed, that the contact angle decreased linearly with increased ti, because the dose
is decreasing linearly. The second parameter influencing the dose is dis, which does
so in a more quadratically nature. At dis =5 cm and ti= 60 s a contact angle of 55°

could be achieved using static SIPGP.

The previously mentioned parameters were also verified by IR spectroscopy, fluores-
cence spectroscopy and scanning electron microscopy. This showed not only that the
examined coating is a hydrogel, but also that this coating can even be used to add
macroscopic movement by changing the air humidity on films with a thickness of

10 pm.

Dynamic SIPGP

After examining suitable parameters for the newly designed system, dynamic SIPGP
could be developed. For the first time, SIPGP was performed while applying a constant
flow of monomer solution through the reaction system. This added a new parameter:
the flow rate (ra). Accordingly, this parameter was examined, comparing dynamic to
static SIPGP. It could be shown, that by applying higher rq to the system, the contact
angle increases, which indicates a slower coating. The flow patterns inside the reactor
were then modelled and calculated. These calculations indicated, that, due to higher
flow velocities, the contact angle on the coated samples would be lower on the sides
of the sample and higher in the middle. This finding was verified by contact angle
measurements. The influence of dynamic SIPGP on the temperature inside the reac-
tion chamber during the reaction was examined by temperature sensors inside the
reactor. This showed, that the constant flow of monomer solution can be utilized to
decrease the warming of the reaction solution during the reaction. Finally it was shown,
that dynamic SIPGP can decrease the formation of bulk polymer on the sample, which
is forming during the reaction. This enables SIPGP to fabricate more homogeneous

coatings by applying a constant monomer flow.
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SIPGP on Scaffolds

After the System was examined and described on planar films, SIPGP was also per-
formed on MEW printed scaffolds of PCL, PVDF and P(VDF-TrFE). It was shown, that
not only planar samples can be coated using SIPGP, but also these more complex
structures. The influence of dynamic SIPGP on coating MEW printed scaffolds was
investigated and showed, that the “webbing” that occurs by using static SIPGP can be
prevented by utilizing dynamic SIPGP. Additionally the homogeneity of the coating
could be improved compared to static SIPGP. In order to examine the coated scaffolds,
stereo microscopy, fluorescence microscopy and scanning electron microscopy were

utilized.

Biological properties

To show the value of SIPGP for biomedical applications, a different coating material
was introduced, P(HEMA-co-METAC). This material proved to be non-cytotoxic, as
expected. Then P(HEMA-co-METAC) as well as P(HEMA-co-MEDSAH) were coated
with RGD sequences by using SIPGP. The sequences also were coated directly to the
scaffolds via SIPGP. This showed, that a second coating step via SIPGP can be uti-
lized to further functionalize the fabricated coatings. The coating with RGD sequences,
as well as the P(HEMA-co-METAC) coating showed improvements in cell adhesion of
U87 cells. The P(HEMA-co-MEDSAH) coating showed anti-adhesion properties, that
could be masked to a small extend by a second coating step with RGD sequences.

This implements that the value of these coating and SIPGP in general for biomedical
applications is high and can be proposed as coating materials/techniques for biomed-

ical implants.
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5.2 Outlook

The presented work developed a new technique, which opens a wide perspective of

further investigations.

The reactor was designed to coat samples of only a small size (maximum of
1 cm x 2 cm). New reactor types can be developed to coat bigger samples. Also reac-
tors with a silica glass on the bottom could be developed in order to irradiate the upside
and downside of the samples equally at the same time using two equal sources of UV
light. Another interesting design would be a reactor containing obstacles for the flow in

order to fabricate coating patterns on planar samples.

Especially interesting would be an upscaling of the system to industrial levels, since it
is a fast coating procedure, which allows the use of water as a solvent and the omission
of initiators or other expensive additions. In case of this work also comparably cheap
monomers are used for the coating procedure. This would make SIPGP suitable for an

industrial scale production.

Since SIPGP is capable of coating a huge variety of materials with a huge variety of
polymers, a lot of different products can be fabricated in the future. For instance, the
“‘webbing” could be produced intentionally to gain pores for scaffolds, which can open
and close due to stimuli such as humidity, temperature or pH value. Also composite
materials could be fabricated by adding many different functional layers utilizing
SIPGP. The value of dynamic SIPGP, being a new technique, needs to be investigated
in more detail, mostly when non-planar samples are being used. There the reactor
design could be calculated according to the geometry of the sample, in order to achieve

a homogeneous coating on a non-planar substrate.

The biological properties that could be added to materials via SIPGP were only treated
roughly in this work. Here only the possibility of usage for biomedical applications was
shown. Bigger studies however, could now be performed on SIPGP coated materials.
With this, actual applications, such as implant coatings would be interesting to be

tested in broader biological or even clinical studies.
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6 Zusammenfassung und Ausblick

6.1 Zusammenfassung

Self-initiated photografting and photopolymerization (SIPGP) ist eine Beschichtungs-
methode, die bisher nur wenig Beachtung fand. Diese Arbeit vergro3erte aber die Mog-
lichkeiten von SIPGP, indem das dynamische SIPGP, zusatzlich zum schon bekann-
ten statischen SIPGP, entwickelt wurde. Auch der Wert von SIPGP fir biomedizinische

Anwendungen wurde gezeigt.

Speziell angepasster Reaktor

Um dynamisches SIPGP durchflhren zu kdnnen wurde ein speziell angepasster Re-
aktor entwickelt. Nachdem ein anfangliches Reaktordesign mit der 3D-Modellierungs-
software blender entworfen wurde, wurde der Reaktor mit einem DLP-Drucker ge-
druckt. Der so erhaltene Reaktor wurde anschliel3end auf seine Eignung fur statisches
und dynamisches SIPGP getestet. Das sogenannte rapid prototyping wurde genutzt,
um mehrere Reaktortypen weiter zu verbessern, bis ein finaler Reaktor aus rostfreiem
Stahl hergestellt wurde, der fir statisches und dynamisches SIPGP genutzt werden
konnte. Um den Fluss der Monomerlosung durch den neuen Reaktor zu untersuchen,
wurden theoretische Berechnungen fur dieses System mit der multiphysics Software
COMSOL gemacht.

Parameter des neuen Systems fiir statisches SIPGP

FUr das neu entwickelte Reaktionssystem wurden geeignete Beschichtungsparameter
gesucht. Daftr wurden P(VDF-TrFE-CTFE)-Folien genutzt, die bisher noch nicht fur
SIPGP verwendet wurden. Als Beschichtungsmaterial flr diese Experimente wurde
P(HEMA-co-MEDSAH) genutzt, welches sich als eine anti-fouling-Beschichtung her-
ausstellte, da es zwitterionische Seitenketten besitzt. Die Parameter fur die Reaktion
wurden hauptsachlich mit Kontaktwinkel-Messungen untersucht. Anhand dieser Be-

schichtung wurden zunachst zwei unterschiedliche UV-Quellen (eine 25 W Lampe und
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eine 400 W Lampe) untersucht. Dies zeigte, dass die Reaktionsgeschwindigkeit, wie
erwartet, erhoht werden kann, indem eine Lampe mit erhohter Strahlung verwendet
wird, weshalb die 400 W Lampe fur weitere Experimente verwendet wurde. Auch der
Einfluss von Sauerstoff in der Reaktionslésung wurde untersucht. Dabei wurde her-
ausgefunden, dass das Entfernen von Sauerstoff vor der Reaktion nicht zwingend not-
wendig ist, um SIPGP durchfuhren zu konnen, es aber die Reaktionsgeschwindigkeit
und die Kontrollierbarkeit der Reaktion erhoht. Deshalb wurden in den weiteren Expe-
rimenten Sauerstoff aus allen Reaktionslésungen entfernt. Zwei weitere wichtige Pa-
rameter flr SIPGP sind der Abstand zwischen Probe und Lichtquelle (dis) sowie die
Bestrahlungsdauer (ti). Die Untersuchung von ti zeigte, dass der Kontaktwinkel linear
mit erhohter ti abfallt, weil die Strahlungsdosis linear abnimmt. Der zweite Parameter,
der die Strahlungsdosis beeinflusst, ist dis, der darauf einen eher quadratischen Ein-
fluss hat. Bei dis = 5 cm und ti = 60 s konnte mit statischem SIPGP ein Kontaktwinkel

von 55° erreicht werden.

Die genannten Parameter wurden auch durch IR-Spektroskopie, Fluoreszenzmikro-
skopie und Rasterelektronenmikroskopie bestatigt. Dies zeigte nicht nur, dass die un-
tersuchte Beschichtung ein Hydrogel ist, sondern auch, dass diese Beschichtung dazu
genutzt werden kann makroskopische Bewegungen bei Folien mit einer Dicke von

10 um durch Veranderung der Luftfeuchtigkeit zu verursachen.

Dynamisches SIPGP

Nachdem fur das neu entworfene System geeignete Parameter untersucht wurde,
konnte das dynamische SIPGP entwickelt werden. Zum ersten Mal wurde SIPGP
durchgefuhrt, wahrend ein konstanter Fluss von Monomerlésung durch das System
geleitet wurde. Das fugte einen neuen Parameter hinzu: die Flussrate (ra). Diese wurde
untersucht, indem dynamisches und statisches SIPGP verglichen wurden. Es konnte
gezeigt werden, dass mit hoheren ri der Kontaktwinkel anstieg, was auf eine langsa-
mere Beschichtung hindeutet. Daraufhin wurden die Flussmuster innerhalb des Reak-
tors modelliert und berechnet. Diese Berechnungen deuteten darauf hin, dass der Kon-
taktwinkel an den Seiten der beschichteten Probe, durch erhdhte FlieRgeschwindig-
keiten, hoher sind als in der Mitte. Dies wurde dann auch durch Kontaktwinkel-Mes-

sungen bestatigt. Der Einfluss von dynamischem SIPGP auf die Temperatur innerhalb
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der Reaktionskammer wahrend der Reaktion wurde mit Temperatursensoren inner-
halb des Reaktors untersucht. Dies zeigte, dass der konstante Fluss von Monomerlo-
sung dazu genutzt werden kann, die Erwarmung der Reaktionsldsung wahrend der
Reaktion zu verringern. Abschlieliend wurde gezeigt, dass dynamisches SIPGP die
Entstehung von bulk-Polymer auf der Probe, welches wahrend der Reaktion entsteht,
reduzieren kann. Dadurch ist es moglich durch SIPGP gleichmaRigere Beschichtun-

gen zu erzeugen, indem ein konstanter Monomerfluss hinzugefugt wird.

SIPGP auf Scaffolds

Nachdem das System auf planaren Folien untersucht und beschrieben wurde, wurde
SIPGP auch auf MEW-gedruckten scaffolds aus PCL, PVDF und P(VDF-TrFE) durch-
gefuhrt. Es konnte gezeigt werden, dass nicht nur planare Proben, sondern auch kom-
plexere Strukturen durch SIPGP beschichtet werden kdénnen. Der Einfluss von dyna-
mischem SIPGP auf die MEW-gedruckten scaffolds wurde untersucht und hat gezeigt,
dass das ,webbing”, das bei statischem SIPGP auftritt, verhindert werden kann. Zur
Untersuchung der beschichteten scaffolds wurden Stereomikroskopie, Fluoreszenz-

mikroskopie und Rasterelektronenmikroskopie genutzt.

Biologische Eigenschaften

Um den Wert von SIPGP fur biomedizinische Anwendungen zu zeigen, wurde ein
neues Beschichtungsmaterial genutzt, P(HEMA-co-METAC). Dieses Material hat sich,
wie erwartet, als nicht zytotoxisch herausgestellt. Daraufhin wurden P(HEMA-co-ME-
TAC) und P(HEMA-co-MEDSAH) durch SIPGP mit RGD-Sequenzen beschichtet. Die
scaffolds wurden auch direkt durch SIPGP mit diesen Sequenzen beschichtet. Dies
zeigte, dass ein zweiter SIPGP-Beschichtungsschritt dazu genutzt werden kann, die
erhaltenen Beschichtungen weiter zu funktionalisieren. Die Beschichtung mit RGD-
Sequenzen und auch mit P(HEMA-co-METAC) zeigten Verbesserungen der Zelladha-
sion von U87-Zellen. Die P(HEMA-co-MEDSAH)-Beschichtung zeigte anti-adhasive
Eigenschaften, welche durch eine zweite Beschichtung mit RGD-Sequenzen in gerin-

gem Mal3e maskiert werden konnte.
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Dies zeigt, dass der Wert dieser Beschichtungen, und SIPGP generell, flir biomedizi-

nische Anwendungen hoch ist und somit gut fur biomedizinische Implantate genutzt
werden konnte.
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6.2 Ausblick

In der gezeigten Arbeit wurde eine neue Technik entwickelt, welche eine weite Per-

spektive fur weitere Untersuchungen bietet.

Der Reaktor wurde entworfen, um kleine Proben (maximal 1 cm x 2 cm) zu beschich-
ten. Daher kdonnten neue Reaktortypen entwickelt werden, um grof3ere Proben be-
schichten zu kdnnen. Auch Reaktoren mit einem Kieselglas-Boden konnten entwickelt
werden, um die Ober- und Unterseite der Proben gleichmaRig mit identischen UV-
Quellen bestrahlen zu kdnnen. Ein weiteres interessantes Design kdénnten Hindernisse

fur den Fluss sein, um so Beschichtungsmuster auf planaren Proben zu erzeugen.

Besonders interessant ware ein upscaling des Systems auf industrielle Malde, da es
eine schnelle Beschichtungsweise ist, die Wasser als Losungsmittel und das Weglas-
sen von Initiatoren oder teuren Additiven erlaubt. In dieser Arbeit wurden auch ver-
gleichsweise billige Monomere fur die Beschichtung genutzt. Dies macht SIPGP ge-

eignet fur eine Produktion von industriellem Mal3.

Da es mit SIPGP maglich ist, eine groRe Anzahl an Materialien mit einer gro3en Anzahl
an Polymeren zu beschichten, kdnnen in Zukunft sehr viele Produkte hergestellt wer-
den. Zum Beispiel kann das ,webbing“ gezielt herbeigeflihrt werden, um Poren zu ge-
nerieren, die sich durch Stimuli wie Luftfeuchtigkeit, Temperatur oder pH-Wert 6ffnen
und schlielRen lassen. Auch Komposite konnten hergestellt werden, indem man einem
Material durch SIPGP unterschiedliche funktionelle Schichten hinzuflgt. Der Wert von
dynamischem SIPGP, besonders fur nicht-planare Proben, muss noch weiter unter-
sucht werden, da es eine neue Technik ist. Es konnte zum Beispiel ein Reaktordesign
passend zur Geometrie der Probe berechnet werden, um nicht-planare Proben gleich-

mafiger zu beschichten.

Die biologischen Eigenschaften, die Materialien durch SIPGP hinzugefugt werden
konnten, wurden in dieser Arbeit nur wenig untersucht. Es wurde nur die Moglichkeit
fur einen Nutzen fir biomedizinische Anwendungen gezeigt. Breitere Studien kénnten
nun auf beschichteten Materialien durchgeflihrt werden. Dabei waren besonders An-
wendungen wie Implantat-Beschichtungen interessant, um in groReren biologischen

oder sogar klinischen Studien getestet zu werden.
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7 Experimental

7.1 Equipment and Methods of Measurement

7.1.1 Equipment

Digital Light Processing (DLP) Printer and Resins

The DLP printer used was the Autodesk Ember with its open source software Spark.
The Designs of the reactors were made by using the 3D software Blender. The resins
used for the printer were the Autodesk Clear PR48 with the following composition:
2,4,6-Trimethylbenzoyl-diphenyl-phosphineoxide 0.40 %; 2,2’-(2,5-thiophenediyl)-
bis(5-tert-butylbenzoxazole) 0.16 %; genomer 1122 19.89 %; ebecryl 8210 39.78 %;
stratomer SR 494 39.77 %, and the Autodesk Black PR57-K with black pigment added.
The device for post curing was the Otoflash G171 N2.

Density

For measurement of densities a DMA 4100 M (Anton Paar, Graz, Austria) was used,

working on the flexural resonator concept.

Viscosity

For viscosity measurements a LOVIS 2000M microviscosimeter (Anton Paar, Graz,
Austria) was used by equipping a LOVIS 1.8 capillary with a steel ball inside (Mat. No.
73109, diameter 1.5 mm, steel 1.4125)

Flow Calculations

The calculations of the reaction chamber was performed using the multiphysics soft-
ware COMSOL 5.3 containing the microfluidics module. The models were prepared

previously with the 3D-software Blender.
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Water Purification

For water purification the Barnstead MicroPure (Thermo Scientific) was used. With a

water purity maximum of 0.057 pS/cm at 22 °C.

Photographs

The camera used to do the photographs was a CANON 77D with a Sigma 18-300 mm
Objective attached.

UV-Lamp (25 W)

The lamp used was an EXO TERRA Reptile UVB200 PT2341 with 25 W attached to
an EXO TERRA Light Dome Aluminium UV Reflector Lamp PT2057 with a diameter of

18 cm.

UV chamber (400 W)

This chamber was a DYMAX ECE 5000 Flood (DYMAX Europe GmbH, Wiesbaden,
Germany) with a 400 W metal halide bulb and with an area for irradiation of
12.7x12.7 cm. For irradiation a timer for 1-99 s could be activated opening the shutter.
For irradiations of more than 99 s the shutter was set to manually. The screw in the
front right bottom was removed to insert a tube for argon supply. For dynamic SIPGP
the screw in the back left bottom was removed to insert a polyurethane tube for mon-
omer supply. For temperature measurements the front left screw was removed to insert

the temperature sensor cables.

Radiometer

The radiometer to measure the dose of the DYMAX ECE 5000 Flood was the DYMAX
ACCU-CAL 160 (DYMAX Europe GmbH, Wiesbaden, Germany).
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Contact Angle

For contact angle measurements the KRUSS Drop Shape Analyser DSA25S (Kriiss

GmbH, Hamburg, Germany) was used with the software Advance.

Infrared Spectroscopy (IR)

The spectrometer used was the Jasco FT/IR-4100 by Jasco Deutschland GmbH
(Darmstadt, Germany) equipped with PIKE MIRacle single reflection attenuated total
reflection sampling accessory (ZnSe crystal, PIKE Technologies, Madison, Wisconsin,
USA) and a deuterated triglycine sulfatedetector. The corresponding JASCO spectra

manager V.2.07.00 software was used to evaluate the obtained spectra.

Scanning Electron Microscopy (SEM)

The SEM measurements were performed with a ZEISS Supra 25 SEM (Carl Zeiss
Microscopy GmbH, Jena, Germany)

Sputter coating

For coating the SEM samples with platinum, the Leica EM ACE600 (Leica Microsys-

tems GmbH, Wetzlar, Germany) was used with the software LASX.

Confocal Fluorescence Microscopy

The samples were measured using the TCS SP8 (Leica Microsystems GmbH, Wetzlar

Germany)

Dynamic Vapour Sorption

The device used for these measurements was the SPS717-10ug (Proumid GmbH & Co.
KG, Ulm, Germany). The device was located at the Zentrum fiir angewandte Energie-

technik (ZAE) in Wurzburg and was operated by Stephan Braxmeier.
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Environmental Scanning Electron Microscopy (ESEM)

For ESEM measurements a FEI Quanta FEG 250 was used with LFD,GAD and GSED
for ESEM measurements. The machine was located at the university of Bayreuth and
operated by Andreas Frank. The samples were frozen in liquid nitrogen und then bro-
ken in the middle by using two flat tweezers. This way a sharp breaking edge was

produced.

Syringe pump

The pump used was the Syringe Pump LA-30 by the company behr Labor-Technik
GmbH (Dusseldorf, Germany).

Temperature Measurement

The device used for the temperature measurements was the Pico USB TC-08 Tem-
perature Data logger by Pico Technology (Cambridgeshire, United Kingdom). With 3

K-type thermos elements with a diameter of 1.5 mm for -75 °C — 250 °C attached.

Stereomicroscopy

The microscope used was the Cal Zeiss Discovery V.20 (Carl Zeiss Microscopy GmbH,
Jena, Germany) with the Zeiss icc5 5 MP, 12 Bit colour camera. The software used

was the Zen2012 pro.
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7.1.2 Methods of Measurement

Infrared Spectroscopy (IR)
For Infrared Spectroscopy the samples were dried at room temperature for 24 h (after
this time they reached a constant weight) and then placed face down on the ATR-

Element.

Scanning electron Microscopy (SEM)

For SEM measurements conductive double sided adhesive carbon tabs were put on
12.7 mm pin stubs. On these carbon stubs the samples were placed and then sput-

tered with 4 nm of platinum.

Confocal Fluorescence Microscopy

The samples used for this method were immersed in an aqueous 3x10** M fluorescein
sodium solution for 1 h. Then they were washed by immersing the samples in three

different water baths for 24 h respectively and dried on air for 24 h.
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7.2 Reagents and Solvents

2-Hydroxyethyl methacrylate (HEMA, CAS: 868-77-9), was purchased from Merck
KGaA, (Darmstadt, Germany) containing <250 ppm monomethyl ether hydroquinone

as inhibitor and a purity of 97 %. HEMA was distilled prior to use.

[2-(Methacryloyloxy)ethylldimethyl-(3-sulfoproply)ammonium hydroxide (MEDSAH,
CAS: 3637-26-1) was purchased from Merck KGaA, (Darmstadt, Germany) with a pu-
rity of 95 %.

PVDF films were purchased from Precision Acoustics LTD (Dorchester, United King-

dom).

P(VDF-TrFE) powder (Piezotech FC) was purchased from Piezotech Arkema (Lyon,

France).

P(VDF-TrFE-CTFE) powder (Piezotech RT-TS) was purchased from Piezotech

Arkema (Lyon, France).

The P(VDF-TrFE-CTFE) (Piezotech RT T sheets) films were purchased from Pie-

zotech Arkema (Lyon, France) annealed with a thickness of 10 um £ 10 %.

Fluorescein disodium salt extra concentrated (C.I. 45350) (CAS: 518-47-8) was pur-
chased from Carl Roth GmbH & Co. KG (Karlsruhe Germany).

Fluorescein-O-Methacrylate (CAS: 480439-15-4) was purchased from Merck KGaA,
(Darmstadt, Germany) with a purity of 95 %.

Methanol (CAS: 67-56-1) was purchased from Merck KGaA, (Darmstadt, Germany)
with a purity of 299.8 %.

The RGD sequence was a Ctr modified G-R-G-D-S-P sequence purchased from

GeneCust (Boynes, France) with a purity of 97.1 %.

The scrambled RGD sequence was a Ctr modified G-R-G-E-S-P sequence purchased

from GeneCust (Boynes, France) with a purity of 95.9 %.
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7.3 Methods

7.3.1 Reactor Design

Reactor Printing

The reactors were printed with either the PR48-Clear Resin or the PR57-Black Resin
from Autodesk. The models for the print were designed with blender and imported into
Spark as STL files. The prints were performed with a layer thickness of 10 ym and 4
burn-in layers irradiated for 8 sec and the other layers for 4 sec. For the post pro-
cessing the printed object was immersed in a bath of 2-propanol for 15 min and then
in a second bath of 2-propanol for 15 min. After that the printed Object was dried in an
oven at 55 °C for 30 min the post curing was performed with 30,000 UV-flashes at
10 Hz.

Figure 60: Dimensions of the reactor body and the walls of the most frequently used model.
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Density and Viscosity

For density measurements the solution was put into the device via an aluminium foil
covered syringe. The density data gathered was then used for the viscosity measure-
ments. To perform those, the solution was put into the capillary and measurements

between 20 °C and 50 °C with steps of 1 °C were performed.

Flow Calculations

The models for the calculations were designed with blender and imported into
COMSOL as STL files. For the simulations the viscosity and density of the aqueous
HEMA/MEDSAH solution was used.

Figure 61: Dimensions of the reactor body and the walls of the metal reactor.
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7.3.2 Preparation of self-made Polymer Films

P(VDF-TrFE) and P(VDF-TrFE-CTFE) films were fabricated from their respective pol-
ymer powders. To do so a silicon template made from Sylgard 184 was fabricated for
films with an area of 0.8x1.3 cm and a cut corner to know which is the front and which
the back side during coating. Then 20 wt% of the powders were dissolved in 80 wt%
acetone. Each film template was filled with 0.5 ml of the powder solution and was then
dried at room temperature. The rims of these films were cut after drying. The
P(VDF-TrFE-CTFE) films were only used to perform preliminary experiments. The data
presented in this work was gathered by only using the purchased films. The

P(VDF-TrFE) films however, were used as such.

7.3.3 Monomer solutions

HEMA/MEDSAH solution

For this solution HEMA was distilled prior to use. Millipore water with a maximum of
0.057 uS/cm at 22 °C was used. The composition of the solution was the following:

Water: 19.20 g
HEMA: 13.70 g
MEDSAH: 1.79¢

The solution was prepared in flasks wrapped in aluminium foil to exclude light and
closed with a septum. Prior to polymerization the solution was deoxygenated passing

argon for 30 min through the solution.
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HEMA/METAC solution

For this solution HEMA was distilled prior to use. Millipore water with a maximum of

0.057 uS/cm at 22 °C was used. The composition of the solution was the following:
Water: 20.90¢
HEMA: 1440 g
METAC: 3.60g

The solution was prepared in flasks wrapped in aluminium foil to exclude light and
closed with a septum. Prior to polymerization the solution was deoxygenated by pass-

ing argon for 30 min through the solution.

7.3.4 Bulk polymers

Bulk Polymerization of P(HEMA-co-MEDSAH)

For the bulk polymerization of P(HEMA-co-MEDSAH) 0.2 ml of the prepared solutions
were filled into a silicon-form with an area of 0.7x1.0 cm and height of 1 cm for each
solution. On top of the silicon form a silica glass was placed. Then the form was put
under a 25 W UV lamp with a distance between the lamp and the silica glass of 1 cm.
After 48 h of irradiation the samples were taken out of the silicon form and dried in an
oven at 60 °C until their weight was constant. At that point the dry weight (W4) was
measured. Then the samples were put into Millipore water until their weight was con-
stant. At this point their swollen weight (Ws) was measured out of this data the swelling
degree was calculated. In these different solutions the ratio of monomer:water stayed
the same at 55:45 wt%, while the ratio between the monomers was altered (Table 6).

The swelling degree was calculated as follows:

W, — W,
Sp= ——24100

d

129



Experimental

Table 6: Swelling degree of P(HEMA-co-MEDSAH) bulk polymers with different ratios of monomers.

HEMA [wt%] | MEDSAH [wt%] W4 [mg] Ws [mg] Sd [%]
100 0 183 375 195
90 10 193 510 223
88 12 114 281 250
80 20 175 492 297
70 30 180 711 441
60 40 249 1837 824
50 50 246 2257 1124

Bulk Polymerzation of P(HEMA-co-METAC)

For the bulk polymerization of P(HEMA-co-METAC) 0.2 ml of the prepared solutions
were filled into a silicon-form with an area of 0.7x1.0 cm and height of 1 cm for each
solution. On top of the silicon form a silica glass was placed. Then the form was put
under a 25 W UV lamp with a distance between the lamp and the silica glass of 1 cm.
After 48 h of irradiation the samples were taken out of the silicon form and dried in an
oven at 60 °C until their weight was constant. At that point the dry weight (W4) was
measured. Then the samples were put into Millipore water until their weight was con-
stant. At this point their swollen weight (Ws) was measured out of this data the swelling
degree was calculated. In these different solutions the ratio of monomer:water stayed
the same at 55:45 wt%, while the ratio between the monomers was altered (Table 7).

The swelling degree was calculated as follows:

W, — W,
Sy = STdd*wo
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Table 7: Swelling degree of P(HEMA-co-METAC) bulk polymers with different ratios of monomers.

HEMA [wt%] | METAC [wt%] W4 [mg] Ws [mg] Sd [%]
100 0 340 568 154
90 10 284 2268 605
80 20 324 5135 1298
70 30 394 6443 10764
60 40 273 5481 16535
50 50 348 10436 24526

7.3.5 Contact Angle measurements

For these measurements the films were cut in pieces of 0.7x1.2 cm and the top right
corner was cut in order to identify the top and bottom side of the films while coating.
The samples were rinsed with water and ethanol prior to use. Then they were placed
into the reactor with the walls on top. Then the argon supply was attached and 1.5 ml
of HEMA/MEDSAH solution was added. The monomer composition and deoxygena-
tion was performed as described in chapter 7.3.3. Then the silica glass was put on top
of the reactor. The 400 W or 15 W lamp was then placed above the sample. After the
reaction the samples were immersed in water for 24 h in three different baths of water.
For contact angle measurements every sample was measured 10 times on different
locations and the software Advance was used. To measure the contact angle, the ses-
sile drop method as utilized, with a drop volume of 2.0 yl and a dosing velocity of

2.67 pl/s. The fitting method used was Ellipse (tangent-1).

Examination of Deoxygenation

For these reactions the 25 W lamp with dis = 1.5 cm was used. The results of using a
non-deoxygenated solution are shown in Table 8 and the results of using the deoxy-

genated solution are shown in Table 9.
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Table 8: Results of contact angle measurements while using the 25 W lamp and non-deoxygenated
HEMA/MEDSAH solution.

Irradiation Time [min] Contact Angle [°] Deviation
0 87.9 1.8
5 80.4 2.8
10 82.4 3.3
15 65.5 8.0
20 49.3 12.5

Table 9: Results of contact angle measurements while using the 25 W lamp and deoxygenated
HEMA/MEDSAH solution.

Irradiation Time [min] Contact Angle [°] Deviation
0 86.3 4.2
2 711 7.9
4 58.6 15.0
6 56.8 6.3
8 47.7 9.2
10 46.7 10.7
12 41.8 5.7

Examination of the two Lamps

The samples were prepared as described preciously in this chapter and only deoxy-
genated solutions were used. The results for the 25 W lamp are shown in Table 9. The

results for the 400 W lamp are shown in Table 10.
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Table 10: Results of contact angle measurements while using the 400 W lamp and deoxygenated
HEMA/MEDSAH solution.

Irradiation Time [s] Contact Angle [°] Deviation
0 86.3 4.2
10 81.8 2.2
20 77.3 3.0
30 71.3 4.4
40 66.7 5.0
50 59.2 5.2
60 53.5 4.4
70 48.2 3.7
80 451 5.1

Examination of the Irradiation Time

The samples were prepared as described preciously in this chapter and the 400 W
lamp was used. To measure the dose, after the reaction a radiometer was place at the
same spot as the sample and the dose was measured three times with the same irra-
diation settings as the sample and a median and standard deviation were calculated.

The results are shown in Table 11.
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Table 11: Results of the contact angle measurements while varying the irradiation time, using the

400 W lamp and the deoxygenated HEMA/MEDSAH solution.

Irradiation Contact Angle Deviation Dose [J/cm?] Deviation

Time [s] [°]
0 86.3 4.2 0.00 0.00
10 81.8 2.2 1.98 0.02
20 77.3 3.0 3.86 0.01
30 71.3 4.4 5.71 0.04
40 66.7 5.0 7.53 0.05
50 59.2 5.2 9.34 0.06
60 53.5 4.4 11.24 0.21
70 48.2 3.7 13.11 0.01
80 45.1 5.1 14.75 0.13

Examination of the Distance between Sample and Light Source

The samples were prepared as described preciously in this chapter and the 400 W
lamp was used. To measure the dose, after the reaction a radiometer was place at the
same spot as the sample and the dose was measured 3 times with the same irradiation

settings as the sample and a median and standard deviation were calculated. The

results are shown in Table 12.
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Table 12: Results of the contact angle measurements while varying the distance between the light
source and the sample, using the 400 W lamp and the deoxygenated HEMA/MEDSAH solution.

Distance Light | Contact Angle Deviation Dose [J/cm?] Deviation

— Sample [cm] [°]
24 28.1 4.2 13.51 0.02
3.7 32.8 3.6 12.50 0.03
5.0 55.9 5.5 11.16 0.02
6.3 62.7 5.3 9.74 0.02
7.6 72.9 5.6 8.50 0.02
8.9 75.0 2.8 7.36 0.05
10.2 7.7 4.8 6.58 0.02
11.5 79.8 6.4 5.86 0.03
12.8 84.3 2.8 5.29 0.01
14.1 86.3 3.3 4.76 0.01
15.4 93.8 4.8 4.46 0.02

Comparison between PVDF, P(VDF-TrFE) and P(VDF-TrFE-CTFE)
The PVDF and P(VDF-TrFE-CTFE) films used were cut from purchased films as de-

scribed earlier in this chapter. The P(VDF-TrFE) film were self-made from its powder
as described in chapter 7.3.2. The coating was then performed as described earlier in
this chapter, withti =60 s, dis = 5.0 cm and the 400 W UV lamp. The results are shown
in Table 13.

Table 13: Result of the contact angle measurements of pristine and P(HEMA-co-MEDSAH) coated
PVDF, P(VDF-TrFE) and P(VDF-TrFE-CTFE).

Contact angle Deviation Contact angle Deviation
(pristine) [°] (coated) [°]

PVDF 93.6 2.5 55.9 4.6
P(VDF-CTFE) 97.4 2.3 64.1 3.9
P(VDF-TrFE- 89.5 1.2 55.3 3.0

CTFE)
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Soxhlet extraction

For the extraction a soxhlet apparatus was filled with 500 ml of methanol. After the film
was put in the apparatus, the extraction was performed for 5 d. One extraction cycle
took approximately 1 h, so an estimated number of 120 extraction cycles were per-

formed.

7.3.6 Fluorescence spectroscopy

Parts of the measurements were performed by Sebastian Hasselmann at the Fraun-
hofer ISC in Wurzburg. For the polymerization a solution of fluorescein O-methacrylate
of 5x10** g/ml was produced (to dissolve all the dye, the solution was put in an ultra-
sonic bath for 60 min at room temperature). This solution was then mixed 1:20 with the
HEMA/MEDSAH solution described in chapter 7.3.3. The polymerization was per-
formed with ti = 60 s and a dis = 5 cm. then the sample was embedded in Sylgard 184
and hardened afterwards. This way the sample was embedded in silicone and the sil-
icon was then cut with a scalpel in a way that a small block of silicon contained the
cross section of the middle of the sample at its edge. By putting this silicone block to
the side, the cross section of the sample was facing downwards and could be meas-

ured by the confocal fluorescence microscope.

7.3.7 Dynamic Vapour Sorption (DVS)

The samples for swelling degree measurements of the bulk polymers were fabricated
as described in chapter 7.3.4. One of each sample were placed in an aluminium tray.
Then the device keeps the temperature at 25 °C while increasing the air humidity from
0-90 % in 10 % steps. In every step all samples were weighted until their weight is
constant. At the constant point the swelling degree is calculated as described in chap-

ter 7.3.4. Figure 62 shows the results of the calculated swelling degrees.
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Figure 62: Measurement of the swelling degree of P(HEMA-co-MEDSAH) bulk polymers with varying
MEDSAH ratios with respect to HEMA. Measurement was performed with a dynamic vapour sorption
device. Every swelling degree is calculated for the point at which the weight was constant at the re-
spective humidity step.

To measure the coated films, three samples of every ratio were fabricated to increase
the mass of polymer for every aluminium tray. The films were produced ti = 60 s and
dis = 5 cm. The coating procedure was performed as described in chapter 7.3.5. An
aluminium net was plate on top of the samples to prevent a movement of the samples
through the constant air exchange of the device. The result of these measurement are

shown in Figure 63.

137



Experimental

100 -
801 7\ 016 e Air Humidity
/ \\ __ |-=—0% MEDSAH
- ' " S 10% MEDSAH
= 604 VAN 10127 | = 20% MEDSAH
= / \ \ = 30% MEDSAH
5 r / . ® | = 40% MEDSAH
L ()]
5 401 /s AN 0.08 7, |—=— 50% MEDSAH
. / / N\ £ = 60% MEDSAH
< S \ " O | = 70% MEDSAH
/ e\ L 0.04 3 .
204 S e 04 &% | = 80% MEDSAH
T "\ 90% MEDSAH
- e S N Looo —=— 100% MEDSAH
E—m=g=pg=E=g=0=<g=0=R==R=R=g=g=E<g<i 0.
0 - l7= [ ]
0 5 10 15 20
Zeit (h)

Figure 63: Measurement of the swelling degree of P(HEMA-co-MEDSAH) coated P(VDF-TrFE-CTDE)

films with varying MEDSAH ratios with respect to HEMA. Measurement was performed with a dynamic

vapour sorption device. Every swelling degree is calculated for the point at which the weight was con-
stant at the respective humidity step.

7.3.8 Environmental Scanning Electron Microscope

The samples were prepared as described earlier with only MEDSAH as a monomer.
For preparation, the samples were frozen in liquid nitrogen und then broken in the
middle by using two flat tweezers. This way a sharp breaking edge was produced. The
machine was operated by Andreas Frank at the University of Bayreuth, Germany.

Figure 64 shows the ESEM images presented in chapter 4.2.2.7 without colouring.
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Figure 64: Environmental SEM images of P(VDF-TrFE-CTFE) films coated with. View at a broken
edge of the film (A) with inset (B). Distance of a crack measured on the film with an air humidity of
99.5 % and 2 °C (C) and an air humidity of 42.4 % and 2 °C (D).

7.3.9 Dynamic SIPGP

The samples of P(VDF-TrFE-CTFE) films for dynamic SIPGP were cut into small
pieces of 1.0x0.5 cm and a corner was cut to identify the upper and lower side during
the coating procedure. The samples were then rinsed with water and ethanol prior to
use. The samples were placed inside the reactor with the walls on top of the samples.
Then the argon supply was attached and the silica glass was put on top of the reactor.
The monomer solution was filled into a syringe, which was covered with aluminium foil.
The syringe, as well as the drain, were connected to the reactor via a polyurethane
tube. Then the reactor was filled with monomer solution by turning on the monomer
flow via a syringe pump. As soon as the reactor was filled with monomer solution and
the flow was constant, the irradiation was started (the irradiation was performed with
the HEMA/MEDSAH solution, which was prepared as described in chapter 7.3.3., with
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the 400 W lamp, ti = 60 s and dis = 5 cm, if not stated otherwise). After the reaction the

samples were immersed in water for 24 h in three different baths of water.

Contact Angle

The samples were prepared as described earlier in this chapter. A flowrate of

1-10 ml/min with steps of 1 ml/min was applied. Table 14 shows the results in detail.

Table 14: Result of the contact angle measurements of P(HEMA-co-MEDSAH) coated P(VDF-TrFE-
CTFE) under dynamic conditions with flow rates of 1-10 ml/min.

Flow Rate [ml/min] Contact Angle [°] Deviation
1 48.8 25
2 54.4 2.7
3 59.0 2.2
4 65.9 24
5 711 2.5
6 83.1 2.7
7 83.0 3.3
8 82.09 2.7
9 86.14 2.2
10 86.52 14

Cross Section Measurements

The samples were prepared as described earlier in this chapter. The samples were
coated with flow rates of 1-5 ml/min. Every sample was measured at the spots on the
sides of the cross section (0.0 cm and 1.0 cm) and in the middle of the sample (0.5 cm).

Table 15 shows the detailed results.
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Table 15: Result of the contact angle measurements of P(HEMA-co-MEDSAH) coated P(VDF-TrFE-
CTFE) under dynamic conditions with flow rates of 1-5 ml/min. The contact angle was measured on
three different spots of the cross section of the samples.

Flow Rate [ml/min] | Contact Angle [°] Contact Angle [°] Contact Angle [°]
at 0.0 cm location | at 0.5 cm location | at 1.0 cm location

1 40.6+1.6 39.842.6 39.9+2.6

2 51.3x1.5 51.4+1.9 51.5+1.5

3 58.3+1.8 59.6+1.1 58.9+1.7

4 59.7+1.9 71.5+1.5 60.0+2.0

5 58.312.4 81.411.5 61.6+1.9

Temperature Measurements

For the temperature measurements the samples were prepared as described previ-
ously in this chapter. The temperature was measured during the reaction directly be-
hind the sample in the middle of the flow channel with 10 measurements per second.
The start (To) and end (Tt) point (ti= 0 s and ti = 60 s) and the difference between the
two (Tt-To) are listed in Table 16.

Table 16: Temperature measurements at 0 s and 60 s of the HEMA/MEDSAH solution during the
coating of P(VDF-TrFE-CTFE) films. The warming shows the difference between those two.

Flow Rate Temperature 0 s Temperature 60 s Warming [°C]
[°C] [°C]
0 24.2+0.4 36.7+3.8 12.5
1 24.2+0.3 35.0+2.4 10.8
2 23.71+0.2 32.61£2.2 8.9
3 24.310.7 33.3x0.4 9.0
4 23.5+0.9 31.9+1.2 8.4
5 24.5+0.5 32.3+1.0 7.8

Formation of Bulk Polymer SEM

The samples for the SEM images were prepared as described earlier in this chapter.
One sample was not coated, one was coated with 2 ml/min and one was coated under

static conditions, but was prepared as the samples under dynamic conditions. This
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means, that the reactor was filled by the syringe pump until a constant flow inside the

reactor. Then the pump was turned out prior to the start of the reaction.

Formation of Bulk Polymer

The samples were prepared as described previously in this chapter with ra = 1-
5 ml/min. Only this time, not the samples were the important part, but the solution after
the reaction was. After removing the samples from the reactor, 3 ml of water were
added to the solution inside the reactor, because the bulk polymer is transparent right
after the reaction, but gets turbid after adding water. This makes the bulk polymer more
visible. After adding the water to the solution, the solution was filtered through a 50 pm
pore sized filter that was weighted before and the residue was washed with ethanol
and water. Then the filters were dried until the weight was constant. Table 17 shows

these result in detail.

Table 17: Results of the measurements of bulk polymer inside the HEMA/MEDSAH solution after fil-
tering with a 50 um pore sized filter.

Flow Rate [ml/min] Filter Tara [mg] Filter with polymer | weight of Polymer

[mg] [mg]

0 270 465 195

1 271 378 107

2 273 306 33

3 270 293 23

4 272 282 10

5 270 291 21
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7.3.10 SIPGP on Scaffolds

Printing of the MEW Scaffolds

The MEW printed scaffolds of PVDF and P(VDF-TrFE) were printed by Juliane Kade
at the Department for Functional Materials and Dentistry (FMZ) in Wurzburg. The PCL
scaffolds were printed by Ezgi Bakirci at the FMZ. The scaffolds were printed with cus-
tom build printers. Table 18 shows the printing parameters and the literature for the
printers. The samples were washed with water and ethanol prior to use.

Table 18: Printing parameters for the used MEW scaffolds. T = Temperature; V = Voltage; Distance =
Distance between the print head and the collector; Pressure = overpressure inside the print head.

Parameters PVDF P(VDF-TrFE) PCL
Needle 26 G 22G 22G
TNeedle [°C] 220 170 -
Tsyringe [°C] 220 170 85
Tcollector [°C] - 120 -
Distance [mm] 2.5 4.4 4.5
Pressure [bar] 2.0 (synth. air) 0.5 (N2) 0.5
VNeedle [KV] 1.5 3.7 5.0
Vcollector [KV] -1.5 - -1.5
Writing velocity [mm/min] 2000 70 1300
Hatch spacing [um] 1000 500 250
Printer Literature S 77 IS

Fabrication of the Silica Fibres

The silica fibres used were produced by Dr. Bastian Christ at the Fraunhofer ISC in
Wirzburg. The fibres were Electrospun fleeces of [SiOx(EOt)y(OH):]» with an estimated
silanol content of 5 % prior to coating. The procedure was performed according to lit-

erature.28”
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Coating of the Scaffolds

All samples were prepared as described in chapter 7.3.9. The PVDF and P(VDF-TrFE)
scaffolds however, were not cut, but printed as 2x2 cm samples and were used as
such. The used flow rate was ra =0 ml/min for the static SIPGP coatings and

ri = 2 ml/min for the dynamic SIPGP coatings.

7.3.11 Biological properties

RGD Sequences

The RDG and scrambled RGD sequences used were a Ctr acrylate modified
G-R-G-D-S-P and a Cter acrylate modified G-R-G-E-S-P sequence. The sequences
were dissolved in Millipore water with a concentration of 0.1 mg/l. Prior to polymeriza-
tion the solution was deoxygenated by passing argon for 30 min through the solutions.

The coating procedure then was performed as described in chapter 7.3.5.

Cytotoxicity

These measurements were performed by Ezgi Bakirci at the Department for Functional
Materials and Dentistry (FMZ) in Wurzburg. The live/dead staining was performed us-
ing the live/dead Assay Cell Staining Kit (PromoKine, Heidelberg, Germany) at 1 d and
7 d after seeding 500000 cells per scaffold. The samples were washed twice with PBS
before staining solution (4x10¢ M ethidium homodimer Il and 2x10® M calcein ace-
toxymethylester in PBS) was added and incubated for 45 min at 37 °C in the dark.

The cell activity on the samples is shown in Figure 65, the cell number in Figure 66

and the cell activity per cell in Figure 67.
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Figure 65: Cell activity on the measured samples after 1 d and 7 d, The data is normalized to the cell
activity of pristine PCL scaffolds (100 %).
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Figure 66: Cell number on the measured samples after 1 d and 7 d, The data is normalized to the cell
number of pristine PCL scaffolds (100 %).
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Figure 67: Cell activity per cell on the measured samples after 1 d and 7 d, The data is normalized to
the cell activity per cell of pristine PCL scaffolds (100 %).

Cell Adhesion

The cell adhesion experiments were performed by Ezgi Bakirci at the Department for
Functional Materials and Dentistry (FMZ) in Wurzburg. U87 glioblastoma cells were
placed on either MEW printed PCL scaffolds with a fibre spacing of 250 ym, or MEW
printed PVDF scaffolds with a fibre spacing of 1000 um. The cell cytoskeleton protein
F-actin was stained with phalloidin (red), the membrane-cytoskeletal protein in focal
adhesion plaques with vinculin (green) and the cell nucleus with 4°,6-diamidino-2-phe-
nylindole (DAPI) (blue). Briefly, the U87 cells were seeded on the scaffolds (500000
cells per scaffold). At Day 1 and Day3 or 4, the scaffolds were washed with PBS 2
times and fixed with 4% formaldehyde for two hours at room temperature (RT). The
samples were washed twice with PBS and incubated in 0.5 % Triton X for 10 min , then
washed with PBS two times again. After it was blocked with 1 % bovine serum albumin
in PBS for 30 min at 37 °C. Primary antibody against vinculin (1:100) and phalloidin
(1:500) were applied overnight at 4 °C. Subsequently, fluorescence-labelled second-

ary antibody was applied in 1%BSA for 1hour at 37 °C.
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