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Abstract

Abstract
A major goal of the current research on implants is the generation of a sustainable
positive interaction of the implant with the body, accompanied by minimal side effects.
Hence, the focus of many studies lies on the integration of implants in the surrounding
tissue, often supported by implant-associated drug delivery, thus reducing the need for
systemic medication usually associated with strong side effects. When the surface of an
implant is bioinert or bioincompatible due to its physical or chemical properties, this
can be improved by a suitable coating. Such coatings change the surface properties
chemically and/or structurally. Additionally, they can provide reservoirs for an implantassociated drug delivery.
This thesis focusses on the development of bioactive silica and titania coatings on
different types of implant materials like polymers, bioglasses or metals. These systems
were chosen with regard to applications on middle ear or cochlea implants. The thesis
was carried out as a part of the D1 project in the Collaborative Research Centre 599
“Sustainable bioresorbable and permanent implants of metallic and ceramic materials”
of the German Research Foundation and of the Cluster of Excellence “Hearing4all”.
The first part of the thesis presents comprehensive investigations on the properties of
periodic mesoporous organosilica (PMO) coatings as a novel biomaterial. PMOs are
materials with a high surface area and structured mesopores that can be synthesized by
condensation and hydrolysis from organosilica precursors in combination with
structure-directing agents. PMO coatings on implant materials have not been studied so
far. In this work, it was demonstrated that PMO coatings could store and release large
amounts of active substances like the antibiotic ciprofloxacin and the neuroprotective
agent rolipram. Furthermore, cell culture experiments showed that PMO coatings were
cytocompatible and could influence the cell growth positively.
The second part of the thesis deals with the functionalization of PEEK (polyether ether
ketone) surfaces. The polymer PEEK possesses favourable properties for application as
a biomaterial and can, for example, be applied in middle ear prostheses. However,
although PEEK is biocompatible, it is also bioinert. Hence, for some applications as an
implant material, its surface has to be functionalized before implantation. The objective
of the present work was to coat PEEK with differently modified titania films by the dipcoating method to produce mechanically stable thin films. The developed coatings were
based either on super-hydrophilic porous titania and or on titania modified with titania
nanoparticles. They displayed excellent results in cell culture tests and led to an
enhanced cell compatibility of the PEEK material.
Keywords: bioactive coatings, periodic mesoporous organosilica, titania, thin films,
polyether ether ketone, drug delivery system, biocompatibility
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Kurzzusammenfassung

Kurzzusammenfassung
Heutzutage liegt die optimale Funktion eines Implantats nicht nur darin bestimmte
Körperfunktionen zu übernehmen, die Forschung ist bemüht um eine nachhaltige
Interaktion des Implantats mit dem Körper mit den kleinstmöglichen Nebenwirkungen.
Zu den Schwerpunkten der Forschungsarbeiten gehören die Integration von
Implantatmaterialien in das umliegende Gewebe sowie die Reduktion an systemischer
Medikation, die Entzündungen vermeiden soll. Ist die Oberfläche des Materials
aufgrund ihrer physikalischen bzw. chemischen Eigenschaften bioinert oder
bioinkompatibel, so kann dies mittels einer geeigneten Beschichtung geändert werden.
Dabei kann die funktionelle Beschichtung nicht nur bioaktive Moleküle tragen, sondern
auch strukturell oder chemisch die Oberfläche verändern.
Die vorliegende Dissertation beschäftigt sich mit der Entwicklung von bioaktiven
Beschichtungen auf Silica- und Titandioxidbasis auf Implantatmaterialien wie
Polymeren, Metallen und Biogläsern, die den Einheilungsprozess z.B. von Mittelohrprothesen oder Cochlea-Implantaten unterstützen sollen. Die Dissertation wurde im
Rahmen des Teilprojekts D1 des Sonderforschungsbereichs 599 „Zukunftsfähige
bioresorbierbare und permanente Implantate aus metallischen und keramischen
Werkstoffen“ der Deutschen Forschungsgemeinschaft und des Exzellenzclusters
„Hearing4all“ durchgeführt.
Im Rahmen der vorliegenden Arbeit wurden zum einen neuartige periodisch
mesoporöse Organosilica- (PMO) Beschichtungen entwickelt. Die PMOs sind
Materialien mit einer großen Oberfläche und gleichmäßig angeordneten Mesoporen, die
durch Kondensation und Hydrolyse aus Organosilica-Prekursoren und strukturdirigierenden Agentien erhalten werden. Die Beschichtung von Implantatmaterialien
mit dieser Stoffklasse ist bislang wenig etabliert, bietet jedoch dank der organischen
Moleküle im Silica-Gerüst eine Vielzahl an Modifikationsmöglichkeiten. Im Rahmen
dieser Arbeit wurden Beschichtungen auf permanenten Implantaten untersucht, in denen
Wirkstoffe, wie das Antibiotikum Ciprofloxacin und das Neuroprotektivum Rolipram
eingelagert wurden. Es konnte gezeigt werden, dass die PMO-Schichten ein hohes
Einlagerungsvolumen haben und auch eine hohe Menge an Wirkstoffen wieder
freisetzen können. In den abschließenden Zellkulturstudien wurde gezeigt, dass die
PMO-Schichten sehr gut cytokompatibel sind und das Zellwachstum positiv
beeinflussen können.
Der zweite Teil der Dissertation beschäftigt sich mit der Funktonalisierung von PEEKOberflächen (Polyetheretherketon). Das Polymer PEEK soll hierbei als Material für
Mittelohrprothesen zum Einsatz kommen. Da das Polymer zwar biokompatibel aber
bioinert ist, muss dessen Oberfläche im Hinblick auf manche Implantatanwendungen
zuvor funktionalisiert werden. Im Rahmen der Arbeit wurde die Oberfläche direkt mit
unterschiedlichen Titandioxidfilmen beschichtet. Es wurde gezeigt, dass die Schichten
mittels des Dip-Coatings auf die PEEK-Oberfläche aufgebracht werden konnten und auf
dieser auch mechanisch stabil waren. Die entwickelten Beschichtungen auf Basis von
superhydrophilem porösem sowie mit Nanopartikeln modifiziertem Titandioxid zeigten
sehr gute Ergebnisse in den Zellkulturuntersuchungen und führten zu einer deutlichen
Steigerung der Zellkompatibilität der PEEK-Materialien.
Stichpunkte: Bioaktive Beschichtungen, Periodisch mesoporöse Organosilica,
Titandioxid, Dünnfilme, Polyetheretherketon, Medikamentenfreisetzungssysteme,
Biokompatibilität
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1. Introduction
Nowadays, as life expectancy progressively increases, the need for sustainable implants
grows. Implants not only have the purpose of taking over the failed body functions
throughout the lifetime; moreover, they have to fulfil further requirements like excellent
biointegration and inhibited bacterial growth. The interaction between the surface of an
implant and the surrounding tissue is a crucial factor for its efficiency in the human
body. If the implant surface is bioinert or bioincompatible, this property can be changed
by establishing bioactive coatings.
These coatings must possess some crucial characteristics. First of all, the coatings have
to be biocompatible without provoking foreign-body reactions or negative immune
response. Second, they should have antibacterial properties to fight or inhibit
inflammation after implantation. Furthermore, especially for bone-replacing implants,
osteoconductive and osteoinductive features are essential. Hence, the coatings should
induce the adhesion of osteoblasts and excite them to proliferate. Finally, the coatings
have to be mechanically stable without detachment from the implant surface under
physiological stress.[1]
In the present thesis, two different coatings are evaluated regarding their bioactivity,
cytocompatibility, antibacterial efficacy and chemical properties. On the one hand,
periodic mesoporous organosilica coatings are examined as a possible novel biomaterial
for applications involving controlled drug-release systems. On the other hand, different
titania coatings on PEEK are evaluated concerning their osteoconductive properties.
In general, the development of drug delivery systems is a field of great interest. There is
a need to improve the effectiveness, maximise therapeutic activity, minimise side
effects, increase bioavailability and control the release rate for these systems. Therefore,
a suitable material has to be developed with sufficient storage volume and the controlled
release behaviour of drugs.[2] These two aspects can be combined with the development
of implant-associated drug delivery systems, relying on the release of a drug from a
surface coating, which also attenuates the surface properties.
Porous silica nanoparticles and mesoporous silica thin films have become one of the
most promising materials as drug delivery systems, because they offer a high surface
area, uniform porous structure with well-defined and tunable pore sizes as well as a
good biocompatibility.[2–4] Our group has already successfully introduced mesoporous
1
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silica films as a novel type of coating, which allows functionalisation and local drug
delivery from implants.[3–7] Within this thesis, the next step of our research was to apply
and investigate periodic mesoporous organosilicas (PMOs, Figure 1 right) as bioactive
coatings on implants. These coatings offer a variety of useful characteristics for
biomedical applications and are more versatile due to their hybrid composition.
Correspondingly, the chemical, physical and mechanical properties of the PMO
coatings can be finally adjusted by the chemistry of the organic bridging groups in the
precursors.[8,9]

Figure 1: Comparison between a nanoporous silica (left) and periodic mesoporous organosilica (PMO)
material (right).

The periodic mesoporous organosilicas were first described as ordered hybrid
mesoporous materials containing homogeneously distributed organic groups in the silica
network in 1999.[10,11] This class of mesoporous material contains both organic and
inorganic units in the pore walls. Here, the organic moieties replace a part of the
siloxane bridges. The comparison between a porous silica network and a phenyl-PMO is
displayed in Figure 1. PMOs offer a well-ordered pore structure, high surface areas and
large pore volumes, hydrophobic nature and various chemically reactive sites.[12,13] The
main advantage of the PMOs versus nanoporous silicas is that a first chemical
modification is already incorporated inside the pore walls. The presence of organic
linkers in the framework has consequences for the rigidity or the flexibility of the
material depending on the organic moiety and general structural properties. By contrast,
nanoporous silicas can only be modified by co-condensation or post-grafting. Hence,
the added functional groups reduce the pore diameter and pore volume and present a
steric hindrance for guest molecules like enzymes or drugs.[8,13] To date, a wide range of
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organic-bridged silsesquioxane precursors have been used for the synthesis of PMOs,
covering the field of the alkylenes, alkenylenes, aromatic groups as well as more
complex moieties, e.g. with urea units in the organic linkers. The large variety of the
organic bridging groups incorporated in the PMO precursors nowadays enables the
choice of an optimal one for the desired functionality or application. In addition to the
precursors exhibiting active sites, co-condensation of the bissilylated bridged
organosilanes and monosilylated coupling agents is also possible, resulting in
bifunctional PMOs with inert bridging groups and active functional groups located in
the mesopores.[13] This synthesis provides even more options for the modification of
PMO materials.
The synthesis of PMOs is similar to that of nanostructured mesoporous M41S-type
materials, displayed in Figure 2. For the synthesis of both material groups, various
structure-directing agents (SDAs) like surfactants can be applied under acidic, neutral or
basic conditions. PMO materials can also be deposited as thin films on substrates by
dip-, spin- or drop-coating,[14,15] as is the case for the thoroughly investigated silica
coatings.

a)

b)

c)

Figure 2: Different structures of mesoporous M41S materials: a) MCM-41 (2D hexagonal), b) MCM-48
(cubic) and c) MCM-50 (lamellar), taken from HOFFMANN et al.[8]

The emphasis in this work lies on developing phenylene- and biphenylene-bridged
PMO thin films. These aromatic-bridged PMOs were chosen due to their amenability
for modification by different accesses, namely the modification of the phenylene ring as
well as the binding of silanes to remaining reactive silanol groups of the silica network.
The possibility of direct chemical modification of the organic bridging groups in the
pore walls is an important advantage of the PMOs. Especially unsaturated bridging
moieties – e.g. ethenylene groups – or, like in our case, aromatic ones, offer various
possibilities. For example, for the purpose of binding positively charged drugs (such as
3
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the antibiotic ciprofloxacin), the modification of the pore walls with sulfonate groups
has been proven favourable.[3,16] Moreover, the hydrophobic moieties in the walls of the
PMOs positively influence the storage of many drugs, as most drugs contain non-polar
domains in their structure.
In the first part of the present thesis, comprehensive investigations on the properties of
PMO films as novel coatings for biomedical implants are presented. Apart from basic
characterisation, the research focus is on mechanical properties, cytocompatibility as
well as the loading and release of the substances ciprofloxacin and rolipram. Sol-gel
methods were applied to generate the PMO coatings by dip-coating in the presence of
the organic-inorganic silica precursors 1,4-bis(triethoxysilyl)benzene (BTEB) and 4,4bis(triethoxysilyl)biphenyl (BTEBp). Most results were obtained for the phenyl-PMO
coatings, as the first successful results concerning the specific surface area and drug
loading were gathered with the BTEB precursor. Later, the BTEBp precursor was
examined and used in the thin film synthesis. In a second step, the modification of
phenyl-PMO with sulfonic acid groups was performed by grafting to increase the
amount of the loaded antibiotic ciprofloxacin by electrostatic interactions. The excellent
cell compatibility was accompanied by a high uptake of the antibiotic ciprofloxacin and
the drug rolipram. A controlled release of both substances could be achieved for about
14 days. For ciprofloxacin, the efficacy of the release system was confirmed using
bacterial cultures. Furthermore, the effect of PMO surfaces on gene-modified
fibroblasts that produce the brain-derived neurotrophic factor (BDNF) as well as on
spiral ganglion neurons was studied, with generally positive results. Hence, this novel
biomaterial possesses many favourable properties for the application as an implant
coating.
In the second part of the present thesis, different titania coatings were applied on the
bioinert polymer polyether ether ketone (PEEK). This is a promising lightweight
polymer material for medical implants, especially in the field of spinal, trauma and
orthopaedic implantology. Due to its tunable mechanical properties, PEEK may hold
interest in other areas like dentistry and otolaryngology (e.g. ossicular implants). As
PEEK is a bioinert material, the emphasis of the work lies on the application of thin
titania coatings to provoke a cytocompatible character of the implant material. A simple
sol-gel method was applied to prepare chemically and mechanically stable as well as
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cytocompatible titania coatings on commercially available PEEK substrates. Three
different titania coatings were investigated: plain titania films, titania films with added
titania nanoparticles and titania films prepared with additives, which cause the
formation of nanoparticles during the synthesis. Cytocompatibility tests with fibroblasts
and osteoblast progenitor cells demonstrated an enhanced cell adhesion and cell
proliferation on the titania films compared to native PEEK samples. Overall, the plain
titania coatings showed the most favourable combination of properties and appeared to
be most promising for the further development of implant materials, especially to
enhance the osteointegration of PEEK implants.
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This chapter provides an overview of the general background for a basic comprehension
of the presented thesis. First, the anatomy of the ear and the audio impression are
presented, followed by the medical treatment of the ear with middle ear prosthesis or a
cochlea implant due to hearing loss. Furthermore, periodic mesoporous organosilica
(PMO) itself, the different options for modification as well as the application of PMOs
as biomaterials are explained. A brief introduction to the polymeric biomaterials used as
medical implants with a detailed view on the modified polymer polyether ether ketone
(PEEK) is offered. The impact on the cytocompatibility of titania-coated implants
follows. Finally, different active substances and materials are presented that can
improve the bioactivity of implants.

2.1 Physiology of Hearing
One of the basic forms for human communication is related to hearing and speaking.
This is crucial for contact with other humans and integration into social life. Therefore,
the function of the ear holds special relevance for hearing itself and language
development, especially during early childhood. Besides hearing ability, the inner ear is
also responsible for the sense of balance. Hence, a healthy ear holds extensive
importance in everyday life. However, when the ear becomes ill or an inherent
dysfunction is given, it can be remedied by an inner or middle ear implant, dependent
on the disability.
The anatomy of the ear is complex. In the following, it is divided into different parts
(Figure 3), namely the peripheral and the central part. The peripheral part is the outer,
middle and inner ear as well as Nervus vestibulocochlearis, which is divided into the
auditory and the balance nerve. The central part of the ear includes the auditory
pathway, which is responsible for the stimulus processing, the central part of the facial
nerve, (Nervus facialis) which reaches the inner ear, and the vestibular pathway, which
is responsible for the sense of balance. The peripheral part of the ear is responsible for
the audio processing of sounds and speech and forwards the audio impression to the
central system.[17,18]
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Figure 3: Overview of the outer, middle and inner ear with an enlarged extract of the cochlea, adopted
from LENARZ and BOENNINGHAUS 2012.[17]

The upper picture of Figure 3 displays an overview of the ear structure. The outer ear
with the pinna and the external auditory canal is made of cartilage, whereby only the
inner part of the auditory canal is bordered by bone. The funnel-shaped tympanic
membrane lies at the end of the external auditory canal where the middle ear starts. The
middle ear includes the ossicles in the inflated tympanic cavity. The tympanic cavity is
linked by the Eustachian tube to the nose and throat area for pressure compensation of
the middle ear. The Eustachian tube is also vulnerable to the transfer of viruses and
bacteria to the middle ear, which can cause an otitis media. The pressure compensation
towards the middle ear is important at varying air pressure to enable the vibration of the
tympanic membrane and transition of this vibration to the ossicles. The auditory ossicles
comprise three mucus-covered small bones named the malleus, incus and stapes, which
are fixed to the tympanic membrane and flexibly anchored to the round window. The
inner ear filled with liquid lies after the round window. In the inner ear, the cochlea can
be found, entwined two-and-a-half times around its own axis and liable for audio
procession. The vestibular labyrinth responsible for the balance sense can also be found
in the inner ear.[17–19]
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The cochlea can be divided into three parts: the Scala vestibuli, which transmits the
sound to the lower frequencies in the upper cochlea; the Scala tympani, transmitting the
sound back to the lower frequencies; and the Ductus cochlearis, incorporating the
sensory cells named hair cells, which are divided in one row of inner hair cells and three
rows of outer hair cells (compare Figure 4). The hair cells are bound over synapses to
the dendrites of the spiral ganglion neurons (SGNs), which merge into Ganglion spirale
cochleae and converge to the auditory nerve (Nervus cochlearis). From the auditor
nerve, the stimuli are passed to the auditory pathway of the central part and processed in
the brain to sense perception.[17,20]

Figure 4: Magnification of the Ductus cochlearis with a better insight into the hair cells, adopted from
LENARZ and BOENNINGHAUS 2012.[17]

The percipience of the soundwave in the outer ear is the first step of the information
processing whereby the audio impression stands at the end. The human ear is able to
perceive and transform soundwaves in a frequency range between 20 Hz and 16000 Hz,
whereby different tone pitches can be differed.[19] The soundwaves are periodic air
pressure fluctuations that are detected by the pinna. Subsequently, they are transmitted
through the auditory canal to the tympanic membrane, which starts to swing and
transduces the vibration to the ossicles in such a way. The transformation of the air
pressure fluctuation into mechanic swinging causes a change of the impedance from the
air-filled middle ear to the liquid-filled inner ear. The amplification of the sound in the
middle ear is important for the efficient transmission of the soundwave through the
8
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liquid in the inner ear (perilymph). Since the surface area of the tympanic membrane
(60 mm2) is larger compared to the oval window (3 mm2), the sound is amplified before
it reaches the perilymph.[21] The travelling wave in the perilymph is induced by the
vibrations of the ossicles and passes through the basilar membrane to the helicotrema in
the cochlea. At a certain frequency in the Scala vestibuli, the wave brakes and
stimulates the sensory hair at this place (see Figure 4). When the sensory hairs are
stimulated, the mechanic energy is transferred into chemical signals. The hair cells are
induced and forward the chemical signals to the SGNs, which in turn induce the action
potential in the auditor nerve. The transformation of impulses in auditory impression
and directional hearing is conducted in the central auditory pathway and the
brain.[17,18,22]

2.2 Implants in Otology
There are various reasons for using implants in the ear, the most prominent of which are
infections, innate deafness or high exposure to noise. Problems can occur in the inner
ear as well as the middle ear or the central auditory system and they are sometimes
difficult to explain. Nevertheless, many patients can be helped by employing implants,
dependent on the illness of the inner or the middle ear. Although most patients carrying
an auditory implant have problems differing single sounds when it is too noisy  e.g.
when many are voices talking at the same time or music is played  they enjoy taking
part in the social life without severe disabilities. The project D1 within the SFB 599
focused on the improvement of middle ear prosthesis and the excellence cluster
Hearing4all focused on cochlea prosthesis. These two are described in further detail in
the following.

2.2.1 Middle Ear Prosthesis
Diseases of the Middle Ear
When the function of the middle ear and the ossicles is impaired, the sound transmission
to the inner ear is no longer possible, whereby a so-called conductive hearing loss
results.[23] A chronic otitis media or a cholesteatoma can lead to the loss of ossicles. A
chronical inflammation like otitis media is caused by bacteria like Pseudomonas
aeruginosa, Staphylococcus aureus or Streptococcus pneumoniae.[24] During an
9
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infection, the air-filled space of the middle ear is filled with a liquid caused by invaded
bacteria leading to an interrupted sound transmission. In most cases, the inflammation
can be healed by antibiotics. In a few severe cases, the inflammation becomes chronical
and can destroy the ossicles or their transmission function.[17] When the middle ear loses
its function, the hearing decreases by about 26 dB, which does not lead to complete
deafness.[21,23] Another common disease of the middle ear is otosclerosis. The bone that
surrounds the middle ear is restructured, leading to an immobility of the stapes due to
ossification.[25]
Cholesteatoma are rampant epithelial cells of the middle ear mucosa accompanied by a
bacterial attack, which can lead to an infection. This infection can engage the ossicles
and destroy them (Figure 5). This disease can only be healed through the surgical
removal of all affected tissue and subsequent treatment with an antibiotic like
ciprofloxacin.[18,24] One possible therapy is the implantation of a middle ear prosthesis,
replacing the lost ossicles as shown in Figure 6.

Figure 5: Cholesteatoma impacted middle ear, from ref. [26].

Types of Middle Ear Prosthesis
Different types of middle ear prosthesis are possible. When only the incus is missing or
has to be replaced, a so-called partial ossicular replacement prosthesis (PORP) is
inserted. As shown in Figure 6 c), this implant is placed between the malleus – which is
still in contact with the tympanic membrane – and stapes to restore the mechanic sound
conduction. When all ossicles are removed or only the malleus is retained, then the
implant is called a total ossicular replacement prosthesis (TORP) and it is attached to
the round window.[27] The project D1 within SFB 599 tried to improve such PORP or
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TORP implants in various ways during the runtime of the project. The methods are
described in the following sections.

a)

b)

c)

d)

Figure 6: Middle ear implant for replacement of ossicles. a) intact ossicular chain, b) missing incus, c)
incus replaced by Partial Ossicular Replacement Prosthesis (PORP) when stapes is still intact, d) Total
Ossicular Replacement Prosthesis (TORP) replacing incus and stapes. From ref. [27].

Another type of middle ear implants is one that is attached directly at the ossicles, as
displayed in Figure 7 (middle). It is called a bone-anchored hearing aid (BAHA) and
can be used instead of a conventional hearing aid, if this cannot be applied due to
medical reasons or chronic ear canal inflammation, as well as for sensorineural hearing
loss. This implant converts the sound in mechanical vibrations and stimulates the
ossicles conducting the signals to the cochlea. The receiver of the electric signals that is
attached to the ossicles is called a floating mass transducer. The floating mass
transducer can even replace the ossicles and is attached directly to the round window,
thus stimulating the cochlea.[23]

Figure 7: Vibrant SOUNDBRIDGE (BAHA) as a middle ear prosthesis. Left: The sound is transmitted
by the processor, which is placed at the outer side of the bone, to the receiver, below the skin, and
transformed into electrical signals. Middle: The signals are conducted to the floating mass transducer
(FMT) itself, which is attached to the incus, so that the stiff ossicles are moved. Right: FMT can also
replace the ossicles and be attached directly to the round window. From MED-EL.[23]
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Improvement of Middle Ear Implant Materials
The crucial properties for materials for PORP or TORP are stiffness and lightweight for
the best possible sound transmission. Furthermore, the material should be biocompatible
and stable in the physiological environment. The disease of the middle ear and the
destruction of the ossicles determine what shape and material the prosthesis have to be.
Bioactive materials like bones or cartilage and biodegradable ceramics like glass
ceramics or hydroxyapatite dissolve in a chronically inflamed middle ear. Using
bioinert materials like metals or aluminium oxide may cause foreign-body reactions and
thus rejection of the implant. An inflammation-free middle ear accepts many materials
employed for the prosthesis. Here, the main required properties are non-toxicity and
tissue-compatibility.[28] Subsequently, the main problem is the displacement of the
prosthesis in the middle ear. Hence, the list of alloplastic materials used for passive
middle ear implants is long, including various metals like titanium, gold or steal, as well
as plastics like Teflon® or ceramics like glass ceramics, hydroxyapatite and Bioverit®,
which was examined intensively in SFB 599.[18,28] Bioverit® (Figure 8 left) is
sometimes used for middle ear implants. The advantages of the material are the
possibility of implantation into inflamed tissue, the inhibition of growth of some
bacteria and a large surface that can be used for modification.[18,29] A recently presented
study for the application of polyether etherketone material as TORP offered promising
results. The advantages of PEEK TORP (Figure 8 right) are the light weight of the
polymeric material, the adjustable hardness and the production of TORP in a high
number by micro-injection moulding, while the major disadvantage is the bioinertness
of PEEK. This will be discussed in another chapter.

Figure 8: Left: Bioverit® prosthesis that is widely used to replace infected or impaired ossicles, from ref.
[4]. Right: Schematic picture of a TORP made of PEEK by micro-injection moulding, from ref. [30].
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A huge field of research exists aiming to improve the technology, shape, materials and
functionalisation of the middle ear implants. Hence, in the following only the results
collected inside the SFB 599 are summarised, whereas the full list can be found in [31].
One of the main emphases was the fixation of the TORP in the middle ear. LENSING et
al. examined prosthesis made of magnesium, which provide a better fixation of the
prosthesis to the stamps as magnesium appears to be osteoconductive.[32,33] Indeed,
magnesium degraded too quickly and thus was not suitable as a permanent TORP
implant.[34] EHLERT et al. pursued another approach,[6] whereby Bioverit® prosthesis
(Figure 8) were coated with thin mesoporous silica (MPS) films and subsequently
modified with amino groups and BMP-2, a bone morphogenetic protein. Only the end
of the stem was treated with BMP-2 for immobilisation of the TORP to the stapes.
Within the SFB 599, the coating with MPS thin films was examined intensively and
evaluated in many in-vitro and in-vivo experiments.[3–7,25,35–40] The present thesis
evaluates the periodic mesoporous organosilica as an alternative coating on implant
materials. Due to their chemistry, the PMOs are promising candidates in this research
field. The MSP coating has the advantage that it is biocompatible and offers a lot of
space for loading of active substances. After a reconstructive surgery of the middle ear,
the patient is treated systemically with antibiotics – often ciprofloxacin – to suppress an
inflammation.[24,28] As the middle ear is an air-filled space, the drug transport and
efficacy is reduced here. Hence, a high dose of antibiotics has to be given to achieve an
antibacterial effect. A high amount of the given antibiotics is transported to other
organs, leading to undesired side effects. EHLERT et al. have shown a possible drug
release of the antibiotic ciprofloxacin from the MPS coating on the Bioverit®.[3] The
modification of the coating with sulfonic acid groups led to a higher amount of loaded
ciprofloxacin. The functionalisation of the coating with steric hindering molecules
bis(trimethoxysilyl)hexane

and

1,3-di-n-octyl-tetramethyldisilazane

provoked

a

reasonably controlled release. Without the large molecules, only a burst release could be
achieved. In-vivo studies on infected middle ear in rabbit models proved that the MPS
coatings were biocompatible[5,38] and a high initial dose of the antibiotic was necessary
to kill all of the bacteria. Subsequently, small doses of the drug prevented a new
infection. The burst release – as achieved in sulfonated MPS coatings – was preferred
over a slow and controlled release with the additional modifications.[37]
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Further approaches for antibacterial coatings were layer double hydroxides (LDHs) on
Bioverit® loaded with ciprofloxacin[41,42] and silver-loaded mesoporous as well as dense
silica coatings.[18,35]

2.2.2 Cochlea Implant
Partial or full hearing loss can occur due to sensorineural hearing loss when the sensory
cells (hair cells) in the cochlea are missing inherently or damaged. This type of hearing
loss is often permanent and cannot be solved by a hearing aid. Mild or moderate
sensorineural hearing loss occurs when only the outer hair cells are impaired. Such a
type of deafness can be treated with a hearing aid or middle ear implants like the
BAHA. When the hair cells at the base of cochlea are impacted and the high frequencies
can no longer be differed, it is called partial deafness. Therefore, a combined electric
and acoustic stimulation can be used to help the patient.[23] The full loss of sensorineural
hearing is called severe or profound deafness and is caused by noise exposure,
meningitis or exists inherently. Hereby, all hair cells are involved and stimulus
conduction is no longer possible. The sound waves are not transformed in action
potentials and transferred to the hearing nerve. In this case, a cochlea implant can help
to regain the auditory impression by directly stimulating the spiral ganglion neurons
through electrical impulses and transmitting the registered sound to the auditory
nerve.[43] Such implants can already be used for children from the age of 12 months
with innate sensorineural hearing loss. Some parts of the electrode have to be replaced
over the course of time when the children grow.[23,43]
The cochlea implant is built up of an external part comprising a microphone,
transmitting coil and the sound processor as well as an inner part with the cochlea
electrode, counter electrode and receiver coil. A schematic (left) and real (right) picture
of the cochlea implant is displayed in Figure 9.
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Figure 9: Left: Construction of a cochlea electrode and insertion in the cochlea, from ref. [17]. Right:
Real cochlea electrode from MED-EL with an outer part with magnetic coil and sound processor and the
inner part with cochlea electrode and receiver coil, from ref. [23].

The receiver coil is implanted in the bone behind the ear in a prepared bone gap,
whereby the electrode is inserted through a small hole into the inaugurated inner ear.[44]
The sound processor with the microphone is placed externally behind the ear.
Furthermore, the audio processor is also placed externally towards the receiver coil and
is responsible for the translation of the auditory information in electrical impulses by
radio waves. The implanted receiver decodes the electric impulses of the sound
processor and transfers them to single contacts on the cochlea electrode itself, which is
inserted into the cochlea. The necessary energy for this process in the implant is also
transmitted from the sound processor transcutaneous. The flexible cochlea electrode has
up to 22 platinum contacts (depending on the manufacturer), which are connected by
platinum iridium alloy wires among each other and the receiver coil. The electrode is
embedded in medical silicone with gaps for the contacts.[18] The electrode is inserted in
the Scala tympani. It stimulates the SGNs or dendrites by electrical impulses and causes
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the action potential for stimulation of the auditory nerve. As the electrode contacts are
located equidistant in the Scala tympani, they stimulate different parts of the basilar
membrane and associated spiral ganglion neurons. Hence, the temporary structure of
acoustic information is transferred due to the stimulation rate at every contact.[17,19]
Since the number of electrode contacts is limited and only few sections of the cochlea
can be stimulated, the speech and sound comprehension is restricted. Especially the
stimulation at lower frequencies is not possible, as the electrode does not reach the
upper regions of the cochlea. Nonetheless, the technique is not sufficiently developed
for the integration of more contacts on the electrode and manufacturing of more delicate
and usable electrode structures.
The improvement of the cochlea implant is ongoing to achieve the best auditory
impression and integrate patients in daily life. Scientists have been working on the
cochlea implant for over 40 years. In the following, especially the interaction between
the electrode itself and the surrounded tissue is regarded. Nevertheless, the
improvement of the sound processor, the transmitter and receiver as well as electrode
materials is also important for the best result provided to the patient. Many
interdisciplinary projects are working on this issue. This thesis was integrated in one of
them, excellence cluster Hearing4all. The list of publications on several topics related
to the cochlea implant originated from this project can be found in [45].
One important research topic is the contact between the electrode and the nerve, and
thus the location of the electrode in the cochlea. The distance between the electrode and
the nerve should be as small as possible. With existing technology and materials, this
cannot be realised for all areas of the cochlea. There are sectors where the electrode is
located far away from the hair cells and SGNs at about 2.3 nm. This is too far for a
qualitative transmission of electrical signals to the neurons.[46,47] The electrical signal
transmitted by the single electrode contact scatters and causes stimulation of adjacent
regions, blurring the audio impression. Hence, higher electrical impulses are needed to
stimulate the SGNs.
There are several approaches to overcome the poor communication between the
electrode and the SGNs. STIEGHORST et al. published a study on self-bending electrode
shafts due to swelling.[48] The actuator was positioned eccentrically in a silicone
hydrogel blend. Through the uptake of perilymph, the electrode bended and hugged the
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cochlea.[49,50] An important problem is also the degeneration of the SGNs due to the
missing inner hair cells. The lower the amount of the SGNs, the poorer the signal
transportation to the nerve.[18] Hence, the growth of the SGNs and their dendrites should
be increased or rather the degeneration should be stopped. Many studies report routs for
a better interaction of dendrites of the SGNs with structured or coated electrodes.[51–53]
Moreover, the delivery of neuroprotective factors like brain-derived neurotrophic factor
(BDNF) or drugs like rolipram from coatings or the silicone itself is examined. Both
substances – rolipram and BDNF – are under suspicion to improve the proliferation of
SGNs. A project within the excellence cluster Hearing4all dealt with chemically
modified surfaces for the delivery of substances with neuroprotective effect, such as
porous platinum or carbo nanotubes.[45,54] A functionalisation of the electrode on a
biological basis was evaluated by WARNECKE et al.[55] They seeded gene-modified
murine fibroblasts on structured silicone surfaces. The fibroblasts expressed BDNF,
which had a positive effect on the survival rate of SGNs in vitro. KRANZ et al. could
show that the application of rolipram and BDNF led to a three-time higher survival rate
of SGNs compared to rolipram alone.[56] Another strategy within the project was the
structuring of the silicone of the electrode or embedding of dexamethasone to reduce
fibroblasts.[57,58]
In the present thesis, the influence of PMO coatings on the production of BDNF and the
delivery of rolipram from the porous network is examined. The impact on survival of
the spiral ganglion neurons was investigated and is summarised in section 5.5.3 Spiral
Ganglion Cell Culture Investigations of PMO Coatings Loaded with Bioactive
Molecules. It was planned to apply the PMO coatings, whether on the platinum
electrodes or the silicone, to improve the interaction of the electrode with the SGNs.

2.3 Polymeric Biomaterials as Medical Implants
Already in the 1960s, synthetic polymers were used to replace sterilised metal utensils
as disposable items to prevent infections in clinics. From then onwards, the use of
polymers in the medical field has progressively increased. Soon, polymers were applied
in long-term intracorporal devices like catheters and sewing materials and replaced
metal implants in some applications.[59] The range of polymers employed in the medical
field includes synthetic, natural and biodegradable polymers, which are used in various
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applications. Two types of applications have to be distinguished, namely short-term
intracorporal cheap disposable items like catheters or long-term implants. The latter
remain in the body for a long time and are exposed to chemical processes and
mechanical strain. A major advantage of polymers in contrast to metal or glass is their
simple and cheap production in a large quantity and variable design possibilities. By
means of extrusion, injection, compression or blow molding, it is possible to create
nearly all shapes of polymer samples using a template.
During recent years, many synthetic processes have been developed to produce
biocompatible polymeric materials with the desired physical, chemical and biological
features. This was attained by designing special chain segments or functional groups.
Nevertheless, it is also possible to chemically modify an existing material installing
functional groups or biomolecules as well as surface coatings.[60] Certain characteristics
of the medical grade polymers – especially their hydrophilicity or hydrophobicity,
multifunctional groups or biodegradation – influence the interactions with the
surrounding cells in vivo.[61]
Many polymers that are used nowadays in the medical field were primarily developed
for other purposes. Polyether ether ketone (PEEK) was originally synthesised for high
temperature-resistant cable insulation. It has found its way quickly into other industrial
areas – including in the medical field – due to its excellent mechanical and chemical
properties.

2.4 Polyether Ether Ketone (PEEK)
Polyether ether ketone (PEEK) belongs to the family of polyaryl ether ketones (PAEK).
It is semicrystalline with a maximal degree of crystallinity of 48%. It is a thermoplastic
with a polymeric unit, as shown in Figure 10. In dependence of the manufacturing
process, the temperature and the cooling rate, the crystallinity of PEEK varies.[62]
O
O

O
Figure 10: Monomer unit of the polymer polyether ether ketone (PEEK).
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Polyaryl ether ketones are synthesised by alkylation of bisphenol salts. Polyether ether
ketone is prepared by a polycondensation of 4,4-difluorobenzophenone and
hydroquinone at 320 °C using possasium carbonate as catalyst (Figure 11).[63]
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Figure 11: Reaction of the synthesis for PEEK.[63]

PEEK is processed mainly by extrusion or injection molding. Very small samples for
medical applications like dental implants can be produced using micro-injection
molding. Given that PEEK can be processed without further additives, it is an ideal
polymeric material for medical implants.
PEEK was successfully synthesised by Imperial Chemical Industries (ICI) in 1978 and
commercialised in 1981. Initially, PEEK was used as high temperature-resistant cable
isolation material. However, due to its excellent thermal and chemical stability, strong
mechanical properties even at high temperatures as well as the easy processing, PEEK
is applied in various industrial sectors. Among others, it is often used in the electronics,
oil production, automotive and chemical industries. Especially due to its hardness and
toughness, PEEK is a good alternative to metal.[64] For this reason, PEEK implants can
be found in different medical applications like orthopaedics, prosthetics, oral, thorax
and vascular surgery.[65,66]
PEEK is a semicrystalline thermoplastic polymer with a melting temperature of 334 °C
and a glass transition temperature of 143 °C. Therefore, it is a high-temperature
thermoplastic.[62] Due to its chemical structure, PEEK has excellent chemical and
mechanical properties such as chemical resistance against most acids and solvents as
well as sterilisation processes, resistance to radiation, good thermal stability, low
flammability and radiolucency.[67–70] These properties can be explained by its
resonance-stabilised chemical structure, as shown in Figure 10. The electrons in the aryl
rings are delocalised within the macromolecule, making the material relatively stable
against chemical influences. PEEK degrades only in strong oxidising acids like
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concentrated sulfuric acid or fuming nitric acid. After dissolving PEEK in these acids, it
can be regained by precipitation in water as sulfonic[71] or nitro[72] modified polymer.
PEEK also shows excellent resistance towards sterilisation, which is an important
property of polymers used as medical implants. Treated in superheated steam for 500
cycles at 134 °C, PEEK does not change its structure or properties.[73]
As-synthesised PEEK exhibits an elastic modulus in the range of 3 to 4 GPa. However,
due to its good compatibility with reinforcing agents like glass or carbon fibres, the
elastic modulus and other mechanical properties of PEEK can be adjusted to meet the
requirements.[74,75] Bare PEEK material shows signs of fatigue in products caused by
continuous stress and temperature changes. Cracks occur and spread linearly through
the whole material. PEEK reinforced with carbon fibres (CFR-PEEK composites) can
be tailored to match the modulus of cortical bone (18 GPa) or even of Ti alloys
(110 GPa). Metallic implants have a significantly higher elastic modulus than bones,
and thus stress-shielding effects can occur during the healing after implantation.
Metallic implant takes over the most mechanical stress and relieves the bone, which
causes a degeneration of the bone substance over the years and leads to loosening of the
implant. Hence, PEEK has become one of the leading high-performance polymers,
which can replace metallic implant materials like titanium. The main applications lie in
the field of dentistry, orthopaedics and trauma surgery (see Figure 12).[76–78]
The inconvenient properties of PEEK also have to be considered. PEEK implants are
not very flexible as the glass transition point lies clearly over the application
temperature (37 °C). This is advantageous for the applications shown in Figure 12, but
adverse for implants where flexibility is needed. A more crucial disadvantage is the
bioinertness of PEEK. In many applications, where the cell to implant contact is
inalienable – for instance, dental implants with necessary osseointegration – this
disadvantage has to be considered and improved. Case studies on this inconvenient
property are described below.
There are four grades of PEEK materials depending on the processing method, additives
and purity of the final product.[64,67,73] The first one cannot be employed in contact with
blood or human tissue. The second one is admitted for a short contact with human
tissue, such as surgical equipment. The third one can be used in the human body for an
elongated time of less than 30 days, while only the fourth grade is admitted for long-
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term use as a permanent implant. During recent years increasingly more fourth grade
PEEK materials have been commercialised. The leading manufacturer of implant grade
PEEK is Invibio® with its product PEEK-OPTIMA®.

A

C

B

D

Figure 12: Examples of PEEK implants. A: Spinal disc replacement made of CFR-PEEK.[64] B: Dental
implants made of PEEK-OPTIMA® from Invibio®, the leading manufacturers for implant grade
PEEK.[79] C: Cranial plate for maintenance with patient-specific implants.[80] D: Interface screws made of
PEEK-OPTIMA®.[81]

2.4.1 Biocompatibility of PEEK
The first studies concerning the biocompatibility of PEEK started in the late-1980s,
stating excellent biocompatibility for PEEK and CFR-PEEK in vivo[82] and in vitro[77].
A material is biocompatible when it does not show any negative effects on the
surrounding tissue.[64] Bioinert materials – including PEEK – do not interact with the
surrounding tissue, either negatively or positively. A bioactive material is one that
shows specific biophysical, biochemical or physicochemical interactions with the
surrounding tissue. Bioactive materials can affect the formation of new body tissue and
– for example – an adhesion of osteoblasts to the implant for an optimal growth.[83]
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The first in-vitro biocompatibility studies were performed on carbon fibre-reinforced
PEEK (CFR-PEEK) in 1990 by WENZ et al.[77] For the cell culture studies, mouse
fibroblasts were seeded on PEEK with 30% of carbon fibres. After 120 h, the lactate
dehydrogenase (LDH) activity was examined, whereby CFR-PEEK showed a high invitro cytocompatibility in a direct cell contact as well as in extraction tests. HUNTER et
al.[84] explored the adhesion and proliferation of osteoblasts and fibroblasts on PEEK.
Cell strains of murine fibroblasts and osteoblasts as well as fibroblasts from a human
pulmonary tissue were seeded on PEEK and as references on titanium, Co-Cr-alloy and
UHMW polyethylene substrates. The titanium sample showed the best proliferation
results for fibroblasts, while UHMWPE substrates were the worst. PEEK samples
revealed results comparable to the titanium. By contrast, the osteoblasts showed no
differences in the adherence to various examined surfaces. This study verified that
PEEK has no negative effects on the adhesion and proliferation of osteoblasts and
fibroblasts.
The first in-vivo studies to examine the biocompatibility of PEEK were already carried
out in 1987 by WILLIAMS et al.[82] In this study, implants of bare PEEK and CFR-PEEK
were inserted subcutaneously in rabbits and intramuscular in rats. Over an incubation
period of 30 weeks, an encapsulation of the PEEK implants was observed. WILLIAMS
evaluated the PEEK implants as biocompatible and appropriate for implantation due to
the simple unspecific foreign-body reaction without further negative interaction
between the implants and the tissue. Another study by JOCKISCH et al.[85] confirmed
WILLIAMS’ results. The intramuscular implantation of CFR-PEEK samples and the
fixation of a canine femur with CFR-PEEK plates revealed an unspecific foreign-body
reaction, as well as a healing of the femur. Further cell culture studies with fibroblasts
and osteoblasts confirmed the favourable cytocompatibility of pure PEEK as well as
carbon and glass fibre-reinforced PEEK.[70,86,87] Investigations on intramuscular
implantation and systemic intracutaneous toxicity indicated no negative side effects.[88]
All studies performed on the interaction of PEEK implants with cells as well as soft and
hard animal tissues show that PEEK and its composites are biocompatible. However,
they are still bioinert and exhibit only limited interactions with surrounding tissues,
especially with bone. This can be traced back to the chemically-inert, hydrophobic
character of PEEK, which hinders proteins from adsorbing on PEEK surfaces.[89]
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Instead, the contact of bone with a PEEK implant can cause the appearance of foreignbody granuloma since the bone is unable to bond to the material. This reaction can lead
to loosening and rejection of the implant and infections of the surrounding body
tissue.[85]
A first study has recently been published reporting severe infectious complications after
the application of PEEK dental implants.[90] In three case studies, the patients lost their
implants due to severe infections after implantation. A number of teeth were replaced in
the jaw by a bridge holding containing PEEK implants, while only one implant was
inserted as a screw. In all cases, osseointegration did not take place and the implants had
to be replaced. The conclusion was that not only patient-depending factors like oral
hygiene influence the osseointegration, but also the limited knowledge on properties of
PEEK in implantology. Although PEEK has been sufficiently evaluated through in-vitro
and in-vivo studies, reliable clinical long-term studies are required to estimate the
biocompatibility of PEEK in implantology. For long-term applications, the bioinert
PEEK surface has to be modified for better interactions of a PEEK implant and the
surrounding body tissue.

2.4.2 Bioactive Functionalisation of PEEK
In order to extend the applicability of PEEK, it is necessary to improve the healing
process around PEEK implants and provide better integration with surrounding tissues,
i.e. to lend the material a bioactive character. An excellent state-of-the-art review was
published by MA and TANG.[91] At present, two major strategies exist to improve the
biocompatibility of PEEK: the surface modification of PEEK implants and the
preparation of PEEK composites, thus changing the bulk material. However, mixing
PEEK with other materials could have detrimental effects on its mechanical properties.
In Table 1, all reported strategies for improving the bioactivity of PEEK are gathered.
As is evident, there have been many attempts to modify PEEK and change its
bioinertness. The most promising approaches involve the modification with
hydroxyapatite, which was applied as a filler in PEEK bulk material as well as a
coating. Furthermore, the modification with titania is a promising strategy. Many
coating techniques have already been tested, although most of them are expensive and
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difficult to apply on complex structures. Dip-coating is a possible solution for this
problem.
Table 1: Overview of used and reported strategies to improve the bioactivity of PEEK, according to MA
and TANG.[91]

Composite preparation

Physical treatment

Chemical treatment

Fillers used:

accelerated neutral atom beam

sulfonation

hydroxyapatite

Plasma treatment with:

hydroxylation

β-tricalcium phosphate

O2, N2/O2, CH4/O2, O2/Ar

bioglass

NH4, NH4/Ar, H2/Ar

calcium silicat
titania
Surface modification
Technique:

Coatings:

radio frequency
plasma immersion ion
implantation
cold spray technique

hydroxyapatite
titanium

magnetron sputtering

diamond like carbon

arc ion plating

tert-butoxid

titania

ionic plasma deposition
electronic beam deposition
vacuum plasma spraying
physical vapour deposition
spin coating
aerosol deposition
Bioactive PEEK Composites
The best-evaluated PEEK composites are those with hydroxyapatite (HA) and βtricalcium phosphate (β-TCP). The most common manufacturing process is injection
molding. Some samples were also manufactured by laser sintering as three-dimensional
PEEK-HA scaffolds for tissue engineering.[92]
The drawback of HA and β-TCP PEEK composites is the weak interaction of the fillers
within the PEEK matrix, in contrast to carbon or glass fibre composites. The higher the
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number of fine-dispersed HA particles embedded in the PEEK matrix, the higher the
tensile modulus and microhardness, but the lower the tensile strength and strain to
fracture.[93] Further examined PEEK composites were those with different sized titania
nanoparticles[94] and PEEK/β-TCP/TiO2 composites.[94]
Most studies on enhancing the biocompatibility of PEEK deal with enhancing the
osteoconductivity of PEEK composites. Hence, common PEEK fillers are all wellknown osteoconductive materials, especially hydroxyapatite. All investigated PEEKHA composites showed a satisfactory biocompatibility without toxic side effects and
improved ingrowth in bone. The enhanced binding of PEEK-HA composite implants to
the bone was provided by the bone-like apatite layer on the surfaces of the former. The
apatite layer is formed in vivo after implantation of bioactive-modified PEEK
composites.[64] Invibio® already released a clinically-tested PEEK-OPTIMATM HA
Enhanced Polymer for trauma and orthopaedics surgery exhibiting excellent results in
osteoconductivity, long-term implantation and mechanical properties of these
implants.[95]

Bioactive Surface Modification of PEEK
Another way to improve the bioactivity of PEEK is to modify the PEEK surface; for
example, through plasma treatment or by coating the surface, without changing the bulk
material. The treatment of PEEK with ammonia, nitrogen or oxygen plasma leads to a
roughening of the surface and introduces polar groups like hydroxyl or amino groups,
leading to a good adhesion of mouse fibroblasts and osteoblasts.[96–99]
The HA-coated PEEK is very well investigated similar to PEEK-HA composites.
Commercially-accessible orthopaedic implants are coated with hydroxyapatite by HA
plasma spray. Here, very fine hydroxyapatite powder is applied on the PEEK substrate.
The physical properties of PEEK remains, while the bioactivity of the implants crucially
enhances.[100,101] The HA coating can also be applied via a sol-gel process, exhibiting
similar good biocompatibility results.[102] Various studies have demonstrated that
hydroxyapatite affects enhanced osteoconductivity, bioactivity and is considerably
biocompatible.[91]
COOK and RUST-DAWICKI[103] applied a thin titanium film on cylindrical CFR-PEEK
implants by plasma vapour deposition. They implanted titanium-coated and bare CFR-
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PEEK cylinders into the femur of dogs to estimate the contact between the bone and the
implant. Histologically, this study showed that the bone-building ability around the
titanium-coated samples was much stronger compared to the bare CRF-PEEK samples.
In another study, PEEK implants were coated first with titanium and afterwards with
hydroxyapatite. After implantation, the hydroxyapatite was resorbed by the surrounding
body tissue and a bone-to-implant contact conducted by titanium was achieved.[64]
The first studies for titania-coated PEEK were published by TSOU.[104] PEEK was
coated with titanium dioxide (rutile/anatase) by the arc ion plating (AIP) technique.
These coatings exhibited good adherence to the PEEK substrate (as verified with an
adhesive tape test) and a high corrosion resistance in aqueous NaCl and SBF (simulated
body fluid) solutions. The surfaces showed superior biocompatibility with osteoblast
precursor cells compared to uncoated samples.[104–106] A recently-published study
(2016) by SHIMIZU and co-workers presented the first in-vivo and in-vitro results for
titania-coated PEEK samples by simple dip-coating from a sol-gel solution.[107] In order
to enhance the bond between the coating and the PEEK, the latter was treated with O2
plasma to generate reactive groups or sandblasted to increase surface roughening prior
to coating. Subsequently, the coated samples were treated with an acid to increase the
formation of apatite between the rabbit tibia (used animal model) and titania-coated
PEEK. The in-vivo and in-vitro results showed a clearly-enhanced bone-bonding ability
and excellent cytocompatibility of coated PEEK compared to the pure PEEK samples.
The pre-treatment with O2 plasma or sand blasting had no impact on the performance of
the coatings. Similar in-vitro results were attained in the present thesis.

2.5 Titania and Inorganic-Organic Silica Materials
2.5.1 Titania Films in Biomedical Applications
In general, metallic titanium has become the leading metallic material in implant
technology. Its exceeding bio- and especially osseocompatibility can be traced back to
the properties of titanium oxide. A layer of native amorphous titanium dioxide a few
nanometers in thickness is formed onto the surface of metallic titanium when it is in
contact with air or aqueous solutions.[108] In such an oxidic environment, the hydroxyl
groups represent active sites for the nucleation of calcium phosphate as the first step in
bone building. In human serum, the density of hydroxyl groups is even enhanced and
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thus the formation of new bone tissue around an implant is stimulated.[109] Thereby,
titania surfaces have an excellent cytocompatibility with an enhanced adhesion and
proliferation for osteogenic cells. However, titanium is used in various implantological
applications. Due to the negatively-charged titania surface at a pH of 7.4 (e.g. blood),
the thrombocytes cannot bind to it and the blood clotting around the implant is
inhibited. This is very favourable because the thrombose and the inflammation risk is
reduced.[64]
In order to provide the advantageous properties of titania on other implant materials, the
latter can be titania-coated by chemical vapour deposition, sputtering or – as applied
recently – arc ion planting (AIP).[104] However, these techniques are laborious,
expensive and difficult to apply on implants with a complex geometry. In addition to the
gas phase-based techniques, there are also coating methods using a liquid phase; for
example, the sol-gel technique. From sols, coatings can be applied homogeneously on
samples with complex shapes, using different techniques such as dip, spray or spin
coating. The film thickness as well as the composition, topography and morphology of a
coating can be aligned by adjusting different variables like the temperature, humidity
and composition of the sol.[110]
There are two problems with the sol-gel process, the first of which is the weak
interactions between the coating and the substrate. This can be improved by roughening
the surface of the sample or through a chemical modification with e.g. hydroxyl groups.
The other problem is the possible cracking of the coating while drying when the film
contracts. This can be reduced by the mixture of the sol and the atmospheric conditions
while drying.[111]

2.5.2 Silica-Based Mesoporous Organic-Inorganic Materials
Porous silica materials with high specific surface areas and large pore volumes have
been examined intensively from the early-1990s onwards. The main research fields are
adsorption, gas storage, catalysis, sensor technique and biomedical applications like the
delivery of active substances.
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Mesoporous Silica
A milestone was the development of M41S silica materials by the Mobil Oil Company
with about 15 Å large ordered pores in 1992. This materials class has a high specific
surface, an ordered porous system and a dense pore width distribution with pore sizes in
a range of 2 – 10 nm. The most prominent representatives are MCM-41, MCM-48 and
MCM-50, as shown in Figure 13.[112,113] Mesoporous silica can be applied as
(nano)particles in the biomedical field and has already been intensively investigated by
our group.[114–116] As thin films, it is dip- or spin-coated on implant materials, which
have also been evaluated profoundly in many projects.[3,4,6,7,35–39]
The application of ionic surfactants as structure-directing agents was one of the most
important innovations. The long-chained alkyltrimethyl ammonium chalcogenides
(CTAX, X = Cl or Br) form lyotropic liquid crystalline phases. Through the addition of
silica precursors, ordered mesoporous composites are obtained. Subsequently, the
templates (SDAs) are removed by extraction or calcination, leaving ordered mesoporous
silica materials. Two different routes for the formation mechanism have to be differed,
as shown in Figure 13.

Figure 13: Formation of mesoporous silica materials by two different template mechanisms with
structure-directing agents. (1) Liquid crystal-initiated reaction with first formation of the hexagonal array
and afterwards condensation of silicate around it. (2) Cooperative liquid crystal mechanism, where the
silicate is initially involved in building the hexagonal network. Depending on the silica-to-surfactant
ratio, MCM-41 (hexagonal porous network), MCM-48 (cubic mesopores) or MCM-50 (lamellar
structure) are formed.[8,117]
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On the one hand, there is the true liquid crystal template mechanism (Figure 13, 1). This
route is followed when the concentration of the surfactant molecules is sufficiently high
to form – under certain conditions such as temperature and pH value – lyotropic liquid
crystalline phases without the presence of an organosilica precursor, common tetraethyl
(TEOS) or tetramethyl (TMOS) orthosilicate. On the other hand, the cooperative selforganisation of a liquid crystalline phase with hexagonal, cubic or lamellar structure can
be observed at low concentrations of the surfactant when the organosilicate precursor is
already added (Figure 13, 2).[118,119]
Such a synthesis can be varied by replacing the surfactant by a triblock copolymer, like
the commonly-used Pluronic® F-127 or Pluronic® P123 and Brij® polymers, as
structure-directing agents. In an acidic environment, the SBA silica structures are
formed with larger pores and different structured pore systems.[8] Moreover, in this
work triblock copolymers Pluronic® F-127 and Pluronic® P123 were used in an acidic
synthesis solution, since they form larger micelles and hence larger pores after
extraction. A picture of both micelles is shown in Figure 14.

Figure 14: Formation of micelles from CTAB (left) and from Pluronic® F-127 (right). Both can be
applied in the synthesis of mesoporous silica materials under different environments, giving different
porous structures.[120,121]

CTAB forms 2 – 3 nm large micelles, and hence smaller pores in the structure. A
triblock copolymer like Pluronic® F-127 forms larger micelles due to larger alkyl
chains. Pluronic® F-127 has the formula displayed in Figure 14 (right) and a
PEO100─PPO65─PEO100 polymeric structure, where PEO is poly(ethylene oxide) and
PPO poly(propylene oxide). Pluronic® P123 is similar, but it has a slightly lower

29

2. General Background
molecular weight and the polymeric structure of PEO20─PPO70─PEO20. Amphiphilic
Pluronic® molecules form dependent on the temperature, pH value and concentration of
self-aggregating micelles with the hydrophobic PPO inside (Figure 14 blue) and the
hydrophilic PEO on the outside (Figure 14 green) of the micelle.[122]
Many studies have investigated the combination of the advantages of inorganic silica
materials and organic components bond to this framework. Since silica materials are
thermally and mechanically very stable, although their chemistry is restricted towards
many applications, whereby a modification or functionalisation with further groups is
mandatory to unfold the full potential of this materials class. Through modification with
organic substances, the polarity of the pore surface is changed and opens possibilities
for applications like catalysis, chromatography as well as biochemical or biomedical
use.[8] The synthesis of porous organic-inorganic hybrid materials can be performed in
various ways. So-called grafting is a post-modification of the open-porous silica
materials. A simultaneous condensation of a silica and organosilica precursor is called
co-condensation.

The

material

prepared

of

organic-bridged

one-component

organosilane precursor – where the organic moieties are embedded in the pore walls – is
called periodic mesoporous organosilica (PMO).

Grafting of Mesoporous Silica
The mesoporous silica surface can be modified by grafting with organosilanes. The
organosilanes types of (R’O)3SiR are mainly used, whereby R is the functional group
and an alcohol is mainly separated during the reaction (see Figure 15). Chlorosilanes
ClSiR3 or silazanes HN(SiR3)2 are seldom chosen. Many functionalisation options of
porous silica can be performed by the variation of the rest R. This type of modification
has the advantage that the porous structure of the basic material usually remains
unchanged. A disadvantage of this method is the risk of shrinkage of the pore entrance
when the grafting molecules react at the entrance of the pore. Hence, the diffusion of
further organosilane molecules into the pore is hindered and the functionalisation is not
homogeneous. When the rest R molecules are very large, even pore blocking can occur,
i.e. only the pore entrance and the outer surface of the material is modified.[8]
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Figure 15: Grafting of pure mesoporous silica with terminal organosilanes, where R is the organic
functional group, from ref. [8].

Thin films modified by post-grafting with different organic groups have been
investigated in the medical field. Our workgroup was able to modify thin mesoporous
silica coatings with sulfonic acid groups to bind more antibiotic ciprofloxacin in the
coating.[3] Another approach was the functionalisation with amino groups to immobilise
the protein BMP-2.[6]

Co-condensation of Mesoporous Silica
Another modification route is the co-condensation of tetraalcoxysilanes like TEOS or
TMOS [(RO)4Si] with terminal trialkoxyorganosilanes [(R’O)3SiR] in the presence of
structure-directing agents (Figure 16).

Figure 16: Co-condensation of tetraethyl organosilane (TEOS) with (R’O)3SiR for synthesis of modified
mesoporous silica with organic groups.[8]
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During this synthesis, mesostructured silica materials are formed with organic moieties
bound covalently in the pore walls and protruding into the pore itself. The poreblocking effect is not a problem during co-condensation. Furthermore, the organic
groups are distributed more homogeneously in the material, in contrast to grafting.
However, this modification route has also some disadvantages. For instance, if the
amount of the trialkoxyorganosilane is too high, above 40 mol%, the mesoscopic order
of the structure decreases and only non-structured reaction products are obtained.
Furthermore, the number of the functional groups in the final material is reduced
compared to the precursor as homo-condensation cannot be properly suppressed. The
pore width, pore volume and the specific surface area are also smaller due to the organic
groups that protrude into the pore interior. Using this modification method, the SDA
cannot be removed by calcination but primarily by extraction to ensure that the organic
groups remain undamaged. This is more critical compared to the PMOs where the
organic moieties are bound directly in the pore walls.

2.5.3 Periodic Mesoporous Organosilica (PMO)
The synthesis of organic-inorganic hybrid materials obtained by hydrolysis and
condensation from sol-gel solutions with (R’O)3Si-R-Si3(OR’) as an organosilica
precursor was already known in the mid-1990s.[123] In contrast to post- or in-situmodified silica phases, these hybrid materials have the organic moieties covalently
bound in the three-dimensional network of the silica matrix. The organic moieties are
homogeneously allocated in the silica network. The described materials are often
received as aerogels with a high thermal stability and high surface areas. However, the
porous structure is often not ordered with a wide pore size distribution.[8]
In 1999, the first successful synthesis of the periodic mesoporous organosilica (PMO)
was published simultaneously by three different groups.[11,124,125] The same concept as
for mesoporous structured silica materials was applied to obtain the ordered PMOs.
Structure-directing surfactants and bissilylated organosilica precursors were mixed and
precipitated in a sol-gel process, as shown in Figure 17. These materials had
homogeneously-spread integrated organic moieties in the silica framework with a wellordered porous structure, high specific surface area and a narrow pore size distribution.
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Figure 17: General synthesis method for the preparation of bissilylated organic-bridged mesoporous
organosilica (PMO), taken from HOFFMANN et al.[8]

Initially, the synthesis of the PMOs was performed using an ionic structure-directing
agent CTAB or CTAC (cetyltrimethylammonium bromide or chloride) as well as
OTAB or OTAC (octyltrimethylammonium bromide or chloride). INAGAKI et al. were
among the first to synthesise a PMO by mixing 1,2-bis(trimethoxysilyl)ethane (BTME)
with OTAC under basic conditions.[124] Around the same time, OZIN et al.[11] as well as
STEIN[125] and co-workers independently published a synthesis of an ethenylene bridged
PMO under basic conditions with CTAB as SDA. OZIN modified the ethene-PMO with
bromide to demonstrate the presence of intact ethenylene moieties in the twodimensional hexagonal pore structures. By contrast, STEIN synthesised a material with a
higher specific surface but smaller pores and a worm-like structure rather than an
ordered two-dimensional hexagonal. In the same year, YOSHINA-ISHII et al. were able to
synthesise the first PMO material with aromatic moieties.[126] They applied 1,4bis(triethoxysilyl)benzene (BTEB) and 2,5-bis(triethoxysilyl)thiophen (BTET) in the
presence of CTAB as SDA under basic conditions. Unfortunately, these conditions led
to cleavage of the Si–C bonds and fully-separated organic bridges. After changing to
acidic conditions and the SDA hexadecylpyridinium chloride, they obtained wellstructured products with stable organic bridges. A few years later, INAGAKI et al.
synthesised aromatic PMOs with crystal-like pore walls in basic conditions with the
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SDA OTAC.[10] These PMOs had not only a well-structured periodic mesopores but
also a crystal-like organisation of the organic bridges within the pore walls, as shown in
Figure 18. KAPOOR et al. synthesised PMOs with a similar structure but a biphenylene
bridge within the pore walls.[127] They used 4,4-bis(triethoxysilyl)biphenyl as an
organosilica precursor under basic conditions with OTAC as SDA. The biphenyl-PMO
also displayed the crystal-like-oriented arrangement of the organic bridges in the pore
walls. It is not completely clarified why these aromatic PMOs show the crystal-like
organisation in contrast to ethylene- or methylene-bridged PMOs. One possible
explanation is a high cooperative building process during the formation of micelles.
MORELL et al. have shown a crystal-like arrangement of the biphenylene bridges
parallel to the mesoscopic organisation of biphenyl-PMO itself by SAXS/XRD
measurements.[128] With the clear occurrence of reflections assigned to the formation of
the mesoporous structure, the reflection for the crystallinity also occurs.

Figure 18: PMOs with well-ordered arrangement of organic bridges in the pore walls. This depiction is
idealised, the organic linkers can be tilted. Nevertheless, they form crystal-like structures, from ref. [8].

Since the synthesis of PMOs with the ionic surfactants only provides pores in a range of
2 – 5 nm, the idea applying non-ionic surfactants was quickly implemented. As
mentioned above, the non-ionic triblock copolymers P123, F127 or Brij56 can form
pores up to 10 nm in diameter, as already shown by the synthesis of large mesoporous
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silica materials like SBA-15 or FDU-1. MUTH et al. prepared an ethane-PMO under
acidic conditions with Pluronic® P123 as SDA with pore diameters of 6.5 nm and a
specific surface of 920 m2 ∙ g1 in 2001. This material exhibited an analogous twodimensional hexagonal structure as the SBA-15.[129] One year later, GOTO and coworkers obtained the first phenyl-PMO under acidic conditions with Pluronic®
F127.[130] The well-structured material had a pore width of 7.4 nm and a specific area of
1030 m2 ∙ g1 with a two-dimensional hexagonal symmetry. Unlike the phenyl-PMOs
synthesised with an ionic surfactant, this phenyl-PMO had no crystal-like periodicity of
the organic bridges in the pore walls. The reason could be the different chemistry of the
SDA and the acidic rather than basic conditions, and hence a different building
mechanism of the lyotropic phase.
Figure 19 shows the four possible pathways to synthesise different PMO materials.

Figure 19: Different pathways for the preparation of PMOs. 1) PMO with a bissilylated precursor, 2)
bissilylated precursors with two different organic bridges, 3) mix of mono- and bissilylated precursors
and 4) PMO with a bissilylated precursor and following modification of the organic moiety. From ref.
[131].
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Besides the type of the SDA and the synthesis conditions, different organic moieties and
their combination can be chosen to obtain a large variety of different PMOs. PMOs can
be synthesised by applying only the bissilylated precursor, a mixture of two different
bissilylated precursors with different organic bridges, a mixture of a mono- and a
bissilylated precursors and finally the modification of the unsaturated bridges with
different groups.
The PMO coatings examined in this thesis were prepared with the linkers shown in
Figure 20. The phenyl-PMO coatings were prepared by using the precursor 1,4bis(triethoxysilyl)phenyl (Figure 20 left). The biphenyl-PMO coatings were prepared by
using the precursor 4,4-bis(triethoxysilyl)biphenyl (Figure 20 middle). The phenylene
bridges were modified with sulfonic acid groups (Figure 20 right) according to the
procedure described by CANCK et al.[132]

Figure 20: Left: Phenylene linker in PMO. Middle: Biphenylene linker in PMO. Right: Sulfonated
phenylene linker in PMO.

2.5.4 PMOs for Biomedical Applications
Several studies examined PMO materials for possible biomedical applications. In most
cases, nanoparticles or nanorods – overall PMO powders – were used in in-vivo and invitro investigations. PMOs were used as host materials for the adsorption or
immobilisation of biomolecules like proteins, enzymes or peptides. The immobilisation
of proteins follows three different pathways: covalent attachment, physical adsorption
or encapsulation.[133] The organic-inorganic nature of the PMO network is a perfect
support for biomolecules due to different surface charge and hydrophobic properties
compared to silica materials. PMOs can protect the immobilised enzymes and enhance
their activity.[134] The first protein immobilised on a PMO was cytochrome c on ethanePMO as well as SBA-15 silica material. It was determined that between the cytochrome
c and the SBA-15 electrostatic interactions were dominant, whereas between the ethanePMO and cytochrome c hydrophobic interactions were enhanced.[135] PARK et al. found
that lysozyme adsorbed faster to phenyl- and biphenyl-PMOs compared to SBA-15 due
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to the hydrophobic interaction. In addition, biphenyl-PMO had a higher adsorption
capacity for the lysozyme owning to a greater hydrophobic character.[136]
Besides their deployment as adsorbents of biomolecules, PMOs have been examined for
intervene into the refolding process of proteins. WANG et al. reported about ethanePMO that could entrap the unfolded denaturated proteins and assist their refolding by
controlled release into the refolding buffer.[137] This study suggested that the ethylene
bridges interact with the hydrophobic parts of the protein lysozyme and bind them
inside the pores. Through the insertion of polyethylene glycol (PEG) – which interacts
with the silanol groups in the PMO walls – a controlled release of the proteins can be
achieved. The released proteins are refolded to native proteins in the refolding buffer.
The suggested mechanism is depicted in Figure 21. This study also claimed that due to
the variety of precursors and organic linkers that could be inserted in a PMO wall, the
PMO could be individually tailored for specific applications and proteins or
enzymes.[137]

Figure 21: Protein refolding assisted by ethane-PMO. The unfolded proteins are entrapped in the
mesopores. By using PEG, a controlled release of the entrapped denaturated protein lysozyme can be
achieved, leading to high refolding yields. From ref. [137].

Besides the immobilisation of biomolecules, refolding of proteins and enzymatic
support as biocatalysts in the form of lipase storage, PMOs have been intensively
investigated as potential drug delivery systems.[133] A wide range of materials like
biodegradable polymers, hydrogels, LDHs or mesoporous silica materials have been
evaluated as controlled drug delivery systems. Among these, silica-based mesoporous
materials are promising ones as drug-release systems due to their large surface area,
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tunable pore size, non-toxicity and excellent biocompatibility. Nevertheless, the
hydrophilic silica pore walls sometimes have to be functionalised with organic groups
to store more efficient hydrophobic drugs. The introduction of organic moieties seems
to be a crucial factor for a sufficient loading with drugs resulting in higher loading
capacities and slower release kinetics avoiding the burst release.[133] As described
above, the post-synthetic modification can lead to pore narrowing or the loss of
functionalisation groups. By contrast, PMOs show a lower steric hindrance for host
molecules with the advantage of embedded organic groups. The first study for
controlled drug release from PMOs was published by LIN et al.[2] They loaded the drug
tetracycline in a hollow ethane-PMO and for comparison in mesoporous silica. They
could show that the hollow PMO had the highest loading amount and the lowest release
rate due to the strong hydrophobic van der Waals interactions. From then onwards,
several drugs in different PMOs were examined regarding their release behaviour,
including doxorubicin, tetracycline, captopril, 5-flourocil and ibuprofen. In this thesis,
the substances ciprofloxacin and rolipram are examined as model drugs. A good
example for the influence of not only the hydrophobic interactions but also the
electrostatic ones was given by Kao et al.[138] They could show that the additional
functionalisation with a carboxylic acid group led to even higher loading capacities and
slower release rates of doxorubicin in a phenyl-PMO compared pure ethane- and
phenyl-PMO. Another approach was followed by MOORTHY and co-workers,
synthesising an amphoteric PMO for loading and release of hydrophobic and
hydrophilic drugs simultaneously.[139] Therefore, the PMO incorporated the ureylene
and amidoxime moieties and were loaded with the drugs ibuprofen (hydrophobic) and
5-flourocil (hydrophilic). The observed result was that the higher the hydrophobic
properties of the PMO, the higher the loading capacity for both drugs. Furthermore, the
materials had a higher affinity to the ibuprofen due to its hydrophobic character. The
cytocompatibility investigations performed during this study revealed sufficient results
for biocompatibility. The cancer cell treatment by the released 5-flouracil was also
successful.[139]
As described above, there are several ideas for using PMOs in biomedical applications,
although most focus on anti-cancer therapy. Hence, most studies on the
cytocompatibility of PMOs are accompanied with anti-cancer investigations. The
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studies on cytocompatibility or interactions with cells for PMOs published so far have
stated a good biocompatibility and low toxicity.[133] All studies found deal with PMO
particles in different shapes as wires, rods or round nanoparticles. GUAN and co-workers
showed that methane-PMO particles entered the HeLa cells and accumulated preferably
in the perinuclear region without entering the nucleus.[140] The tested concentrations
were 4 – 125 µg · mL1, whereby at the highest concentration only 25% of the cells died
after 24 h. These values were comparable to those of the mesoporous silica
nanoparticles. Another interesting approach was followed by CROISSANT et al,[141] who
incorporated gold nanoparticles in phenyl- and ethane-PMOs in a one-pot synthesis.
Subsequently, the drug doxorubicin was loaded into the PMO particles for simultaneous
drug release and two-photon photodynamic therapy. KEHR et al. were able to show that
cells could distinguish PMO particles due to their chirality.[142] The chirality of the
PMO particles was achieved by modification of the particles with

D-

or L-mannose

amino acid. The first in-vivo results with PMO particles were shown by QIAN et al.[143]
The hollow phenyl-PMO particles were loaded with the anti-cancer drug paclitaxel and
injected in mice. Through the application of ultrasound, the release of the drug was
triggered, leading to an enhanced therapeutic efficiency.
To date, no in-vivo or in-vitro studies on PMO-coated implant materials or even sol-gel
derived PMO films could be found. Hence, the results on the cytocompatibility of
fibroblasts and osteoblasts on PMOs coatings as well as the survival rate of the spiral
ganglion cells obtained in the present thesis are unique and have not been published
thus far. Nevertheless, they are very promising, as described below.

2.6 Dip-Coating
The substrate is dipped into the dip-coating solution and after some remaining time in
this solution it is withdrawn with a constant speed. Above the drying line, a layer of
non-volatile species is formed on the substrate. The dip-coating process is schematically
described in Figure 22.
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Figure 22: Dip-coating process from a sol-gel solution, from ref. [144].

Dip-coating is a very easy coating method with many advantages, like adjustable film
thickness and optical properties, free choice of substrate with complex geometries and
no waste of coating solution. However, there are also some disadvantages that have to
be considered. For instance, sometimes the substrate has to be modified for a good
adhesion of the coating when the surface tension of the solvent is too high or the zeta
potential of the solution and substrate is similar. The thickness is difficult to control
when ultra-thin films (< 20 nm) or ultra-thick films (> 1000 nm) are applied.
Application on porous substrates like ITO or FTO is not easy due to the small
structures. One of the main problems of coating itself is cracks caused by lateral tensile
stress of the coating on the substrate during the subsequent drying process. This is
especially valid for thick film or hard coatings, like ceramics.[145] The most critical
parameters of dip-coating are:
–

withdrawal speed

–

temperature of the solution

–

temperature of the environment

–

atmosphere, especially the humidity

–

solvent and dilution of the solution.

During deposition of thin films from solutions containing surfactants, an evaporationinduced self-assembly (EISA) process takes place. Here, the solution contains a
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structure-directing agent (SDA), a metal oxide precursor, the solvent and often an acid
like hydrochloric acid. The concentration of the surfactant in the solution is usually
below the critical micelle concentration. Hydrochloric acid adjusts the pH value around
the isoelectric point of silica to stop further condensation of the inorganic phase during
the coating process. When the substrate is withdrawn, the micelle formation starts at the
stagnation point at the solution surface. The SDA molecules aggregates to form a
liquid-crystal-like mesophase.[146] By lifting the substrate, a faster evaporation of the
solvent results, accompanied by a gelation. When the solvent is completely evaporated,
the modulable steady state (MSS) occurs where the liquid phase is in equilibrium with
the environment. The co-assembly of the micelles and inorganic building blocks is
finally arranged depending on the relative humidity of the surrounding atmosphere.
During the drying step, the condensation proceeds to form the final mesostructured
film.[146,147] The EISA process is schematically depicted in Figure 23.[148]

Figure 23: Schematic presentation of the evaporation-induced self-assembly (EISA) mechanism during
the dip-coating process, picture taken from ref. [148].

In most cases, alcohols are used as solvents as their vapor pressure is high, and the
solvent evaporates very quickly. Sometimes water is also used, albeit only for special
solutions when alcohol as solvent cannot be applied. The withdrawal speed in the waterbased solutions is low due to the slow evaporation. The Landau-Levich model is often
taken to describe the film thickness. This equation is valid for a Newtonian and nonevaporating fluid. It predicts the thickness depending on the density, surface tension and
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viscosity of the fluid.[145] However, this model only describes few dip-coating processes
as the most dip-coating solutions are non-Newtonian, caused by constant changes of
their viscosity and surface tension due to evaporation processes. FAUSTINI et al.
described two regimes for low and high withdrawal speeds, whereby both are shown in
Figure 24.[149] The capillarity regime is valid for low withdrawal speeds
(0.01 ─ 0.1 mm · s1). The evaporation of the solvent becomes faster than the motion of
the drying line at the three phases point. Hence, the upper part of the film is fed with
solution by capillary forces leading to thicker films at lower speeds (Figure 24 left). By
contrast, there is also the draining regime that is valid for high withdrawal speeds
(1 ─ 10 mm · s1). This regime describes perfectly the Landau-Levich model. The nonevaporated liquid drains and the film is formed at the three-phase point. The faster the
withdrawal speed, the thicker the film (Figure 24 right). Between these two regimes, the
thin films are formed (up to 100 nm) at speeds between 0.1  1 mm · s1. The balance of
both regimes reigns here, as shown in Figure 24 (middle). In this picture, the impact of
dilution is also shown, leading to thinner films and those of the temperature, enhancing
the thickness at slower withdrawal speeds.

Figure 24: Left: Capillarity regime valid slow withdrawal speeds (0.01  0.1 mm · s1) for thicker
coatings. Right: Draining regime valid for high withdrawal speeds (1 10 mm · s1). Both regimes were
described by FAUSTINI et al.[149]
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2.7 Antibiotics and Neuroprotective Substances
Antibiotics
An antibiotic is a substance that inhibits or kills a microorganism. Nowadays,
antibiotics are antimicrobial substances synthesised half- or full-synthetically or by gene
technique. They are widely used for the treatment of infectious diseases and bacteriainduced inflammations. There are two ways of antibiotic effect: when bacteria are not
killed but their growth is inhibited, it is called bacteriostatic; and when bacteria are
killed, it is called bactericide. The choice of the operating principle depends on the
desired effect and the bacterial stem. Hence, the antibacterial effect can be obtained by
inhibition of ribosomal bacterial protein synthesis, DNA replication or folic acid
formation. An antibiotic that is effective against a wide range of bacteria is called a
broad-spectrum antibiotic.[150] Normally, antibiotics are well tolerated and have a wide
therapeutic range. The main side effects are allergies, dysfunction of the gut flora and
mycosis. Especially long-term therapy can lead to a permanent and poor treatable
malfunction of the gut flora. Antibiotics seldom have toxic side effects where organs are
affected. Interactions with other drugs or medicaments can also occur during
antibacterial therapy and have to be controlled by a doctor. Moreover, interactions with
some dairy products have to be considered.[151] The resistance of bacteria against
antibiotics has occurred more often in recent years. There are bacterial stems that are no
longer affected by antibiotics due to mutations. Nowadays, some bacteria developed
that do not respond to any known antibiotics.[152] For this reason, scientists are searching
for further highly-efficient antibiotics. Often, after implantations the patients are
systemically treated with antibiotics to prevent inflammations. However, the dosage of
the drugs has to be sufficiently high to reach the related body parts. Hence, a local drug
therapy at the related part where the implant was inserted is favourable to reduce the
antibiotic dose and overload of the body with drugs. This is one goal of the present
thesis, namely to develop effective drug-releasing coatings on implants.

2.7.1 Ciprofloxacin
Ciprofloxacin (Figure 25) is a synthetic antibiotic within the group of fluoroquinolones
with a wide range of efficacy, including the bacterial stem of Pseudomonas aeruginosa,
which is responsible for many infectious diseases. This drug was developed by Bayer in
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1981. It shows excellent biocompatibility and bioavailability, good tissue penetrability
as well as low toxic effects.[153,154] Among other fluoroquinolones, ciprofloxacin is the
most potent antibiotic and is 2 to 10 times more effective against in-vitro-tested
Escherichia coli bacteria compared to other fluoroquinolones. It is especially effective
against Gram-negative bacteria but also fighting Gram-positive bacteria to a certain
extent.[153,154]

Figure 25: Molecular structure of ciprofloxacin. The blue nitrogen atoms, the red oxygen atoms and the
violet fluoride atom are taken into account for the polar surface area of the antibiotic.[155]

Ciprofloxacin is not only a broad-band antibiotic; moreover, it also gain attraction due
to its anti-proliferative and apoptotic effect on several cancer cell lines.[156] The therapy
of prostate cancer proceeds positively by treatment with ciprofloxacin due to its limited
toxic

effects.

chemotherapy.

There

[157,158]

is

less

harmed
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Besides the first attempts at cancer treatment by ciprofloxacin,

this antibiotic is commonly used during cancer therapy as an effective medication for
many severe infections.[159]
Fluoroquinolones inhibit the topoisomerase II, referring to DNA gyrase. This is an
enzyme needed for the replication of the bacterial DNA. DNA gyrase cuts the doublestranded DNA, introduces negative supercoils and subsequently reseals the ends.
Quinolones interfere in bacterial DNA supercoiling by binding to topoisomerase II or
IV. The double-stranded DNA breaks, resulting in cell death.[160] This action
mechanism is displayed in Figure 26.
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Figure 26: Mechanism of action of quinolones, to which ciprofloxacin belongs, showing cell death due to
inhibiting the bacterial enzyme DNA gyrase, taken from [160].

Ciprofloxacin has a bioavailability of 70% after oral intake. It has a wide distribution in
the body when applied systemically and can be found in the kidney, liver, gallbladder,
prostate and lungs. It is excreted mainly unmetabolised in the urine and faeces. The
predominant elimination route is through the gastrointestinal tract, sometimes
accompanied by bile excretion with an elimination half-life of about 3 – 5 hours.[161]
Chronical otitis media is often treated with the antibiotic ciprofloxacin.[162,163] The local
therapy with ciprofloxacin from mesoporous coatings was intensively studied within
SFB 599. The lost ossicles were replaced by mesoporous silica coated Bioverit®
implants in a rabbit study. The coatings were loaded with antibiotic ciprofloxacin. It
could be shown that the inflammation caused by Pseudomonas aeruginosa was
successfully fought by burst release of ciprofloxacin from the coatings. A retarded
release did not have the same positive effect.[3,4,34,36–38] In the present thesis, the CFX
loading capacity of the PMOs is examined. It was expected that the organic moieties
can bind more CFX in the porous structure.

Neuroprotective Substances
Neuroprotection means the protection of the nerve and brain cells against damage.
Many substances have already been found that can help to prevent, stop or even
regenerate such functional damage. It is especially interesting to stop the degeneration
of nerve cells due to a disease, drug abuse or beginning dementia. Many substances
acting neuroprotectively are natural or endogenous substances. The latter are patterns
for drugs with maximal effect and minimal side effects.[164]
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A degeneration of the spiral ganglion neurons is observed when the hair cells are
missing. For the best auditory impression, these cells are essential when a cochlea
electrode is implanted.[55] For the prevention of SNGs death, neuroprotective substances
have to be applied to stabilise or even vitalise the SGNs. There are several
neuroprotective mechanisms or influences known for effective neuroprotection.
Estrogen seems to be one of the most effective substances with neurotrophic and
neuroprotective actions and is involved in many neuroprotective mechanisms.[165]
Estrogen stops apoptosis of the damaged nerve cells. One of important nerve cellimpairing mechanisms is the oxidative stress with restriction of the mitochondria.
Estrogen stabilises the function of mitochondria and acts neuroprotectively.[166]
In the research of neuroprotection, already about 400 substances are known that act
neuroprotectively, some with great success and some with many side effects. Based on
some studies performed previous in the SFB 599 and Hearing4all,[55,56] the influence of
the PMO coatings on the production of BDNF has been evaluated and the drug release
of rolipram. Both agents are described in the following.

2.7.2 Brain-Derived Neurotrophic Factor
Brain-derived neurotrophic factor (BDNF) is one of the most important growth factors
in the development of central nervous system and neuronal plasticity. The nervous
system is able to help itself by local production of BDNF. It is formed where the injury
or lack of oxygen in the brain or nervous system occurs. The production of BDNF is
among others promoted by estrogen.[167] As BDNF has a crucial impact on the function
and plasticity of the brain, it is often applied in medication of psychiatric diseases and
as a neurotrophic growth factor.[168]
Neurotrophines are an important family of signalling molecules in the brain and nervous
system. They are responsible for neuron growth, axon targeting, synaptic plasticity and
maturity of synapsis during development.[167] The first discovered neurotrophic factor
was the nerve growth factor (NGF) in 1951 by LEVI-MONTALCINI[169], followed by
BDNF in 1982 by BARDE et al.[170] and the neurotrophines 3[171] and 4/5[172], which had
special trophic effects on neurons in the peripheral and central nervous system. In this
row, BDNF is the best characterised – although not the oldest known – regarding its
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effect on the synaptic plasticity, influence on neuron growth and especially its role in
the treatment of psychiatric diseases.[167]
BDNF is expressed as an initial protein called prepro-BDNF, then cleaved into proBDNF (35 kDa) and afterwards in mature BDNF (14 kDa), as shown in Figure 27.[173]
Pro-BDNF affects the central nervous system in a different way than mature BDNF and
is thus independently important in the signalling pathway. Mature BDNF and proBDNF activate different intracellular pathways.[167,168] BDNF acts as a signal for a
decent axonal and dendritic growth. These effects are activated by several pathways and
are not yet fully understood.[174]

Figure 27: Left: Formation of pro-BDNF in the endoplasmic reticulum and its cleavage way down to
mature BDNF (Right), taken from [175] and [176].

2.7.3 Rolipram
Rolipram (Figure 28) was developed in the early-1990s as a potential antidepressant,
whereas later an inflammatory effect could be proven for this drug. Nowadays, rolipram
is investigated in terms of its neuroprotective impact.[177,178] Studies have shown that
rolipram had only a narrow therapeutic window as an antidepressant, whereby excessive
doses had negative side effects, among others on the gastrointestinal system.[178]
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Figure 28: Molecular structure of rolipram. The blue nitrogen atom and the red oxygen atoms are taken
into account for the polar surface area of the drug.[155]

Rolipram inhibits phosphodiesterase 4 and increases the intracellular concentration of
the regulatory cAMP (cyclic adenosine monophosphate). The increase in cAMP
activates the cAMP response element-binding protein (CREB), which regulates many
cellular functions by phosphorylation. This mechanism provokes neuroprotective effects
and supports the axonal regeneration by enhanced expression of neuroprotective
substances like BDNF.[177,179,180]
An external systemic treatment with BDNF is not possible as BDNF is too large to pass
the blood-brain barrier. Molecules with a PSA (polar surface area) less than 90 Å2 can
pass this barrier and affect the receptors in the central nervous system.[181] Molecules
with a PSA smaller than 140 Å2 are able to permeate cell membranes.[182] The polar
surface area is a sum of all polar atoms and is often used in medicinal chemistry to
evaluate the ability of drugs in terms of cell permeation. As rolipram with a PSA of
48 Å2 [155] is able to pass the blood-brain barrier, it can activate the intracellular cAMP
that regulates the expression of BDNF.[183–185] KRANZ et al. could prove in an in-vitro
study that due to treatment of SGNs with rolipram (0.1 nM) and BDNF, 30% of neurons
could survive.[56] By contrast, treatment of SGNs only with BDNF or rolipram had
reduced survival numbers. Hence, both substances were important for the protective
effect on the SGNs.

2.8 Controlled Drug Delivery
Controlled drug delivery (CDD) is a versatile system for the local transportation of
drugs to the targeted tissue. It is a possible alternative to the systemic drug therapy by
oral, dermal or mucosal medication intake. Mesoporous silica is a very promising
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material for drug delivery applications due its chemistry, biocompatibility and
mesoporous network with a lot of space for loading of drugs.[186] The size of the pores
can be adapted to the size of the drug molecules to obtain the best release behaviour.
Moreover, the functionalisation after the drug loading can control the release. Due to
steric hindering groups, the release of a drug can be retarded, whereby the size of the
capping molecule can control the release rate.[3] PMOs offer a more adjusted storage
system for CDD due to the organic moieties in the pore walls. Suitable organic groups
can be chosen for particular drugs to achieve the best release behaviour without further
modification. Furthermore, the organic bridges themselves lead to higher amounts of
loaded drugs due to the non-polar chemical similarity.
It is possible to increase the amount of the loaded drug and control the release behaviour
through modifications. Different release profiles are presented in Figure 29.

Figure 29: Release profiles for controlled drug delivery, adopted from [16].

Very often a burst release (Figure 29 a) can be observed for non-modified matrices
where an initial high dose of a drug is released followed, by a very slow, barelymeasurable release. This kind of profile is favourable when a high amount of a drug is
needed; for instance, to fight severe inflammations. The small doses released later
unfortunately have little therapeutic effect. Profile (b) can be favourable after surgeries
when a high initial dose is needed to inhibit the first inflammation and subsequently
smaller doses to suppress bacterial growth. Profile (c) describes the first-order kinetics
dependent on the concentration of drugs in the porous system. The release is controlled
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by dissolution or diffusion processes. A constant time-dependent release over a long
time range is favourable but difficult to adjust (Figure 29 d). The release follows zeroorder kinetics and is only time-dependent. Profile (e) represents a stimulus responsive
drug delivery system. Here, the drug is released by changes of the surrounding of the
drug delivery system; for example, the temperature, pH value or irradiation.[16]

2.9 Influence of Surface Properties on Cell Adhesion
Several parameters crucially influence the cytocompatibility of materials. Besides the
ambient conditions in vitro and in vivo, the surface structure and chemical
functionalisation is also important for the specific interactions between cells and
material. These properties determine the adhesion, proliferation and differentiation of
the cells. The most important factors are as follows:[187]


Chemical structure and functional groups: fibronectin (a protein of the
extracellular matrix that is responsible for the adhesion of the cells to the
surface) binds preferentially to amino or hydroxyl modified surfaces.[188]



Hydrophily influences the adsorption of proteins to the surface. Many studies
claim that the higher the hydrophily of the surface, the better that the cells
adhere to the latter.[189] By contrast, some authors[190] could show that the water
contact angle does not offer any evidence of cell proliferation. Hence, the
influence of the hydrophily is discussed later in this thesis.



The surface structure – especially on the nanoscopic scale – increases the
surface of an implant and enhances the adhesion of cells. Best results have been
achieved on surfaces structured with 28 nm and 58 nm large gold dots. Smaller
dots of 10 nm were taken up by the cells, which caused inflammation and cell
death.[191]



Surface energy in physiological media, like negatively-charged titania in blood,
which reduces the thrombosis risk.[64]

There are several methods to modulate the surface roughness, topography, energy and
chemical structure. Commonly-used techniques are chemical etching, mechanical
sandblasting, sputtering, laser ablation and structuring and functionalisation during the
manufacturing of implants.
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In the experimental section, the syntheses performed are presented in detail. This
contains the synthesis of mesoporous organosilica coatings and their modifications as
well as the synthesis of mesoporous organosilica nanoparticles. The preparation of
titania films as well as the dip-coating procedure of PEEK substrates are also described
in the following. Furthermore, the loading procedure and release experiments with
different drugs, the cell compatibility tests and the antibacterial procedures are
presented. All chemicals were used without further purification.

3.1 Cleaning of the Substrates
Cleaning of the Glass Slides
As substrate material for the PMO, coatings glass slides (Glasbearbeitung Henneberg &
Co., Martinroda, Germany) with dimensions of 9 mm x 10 mm x 0.95 mm and
9 mm x 20 mm x 0.95 mm, respectively, were used. The larger ones were scored as
shown in Figure 30. This procedure was undertaken to prevent inhomogeneous dipping
effects due to the mounting of the dipping device and edge effects on the lower end of
the substrate. After the dipping and further production process, the small edges were
broken off to maintain the homogeneous part of the coating. Prior to dip-coating, the
glass slides were initially treated with acetone by ultrasonication for 15 min.
Subsequently, they were cleaned in piranha acid (H2SO4 : H2O2 in a volume ratio of
3 : 2) for 2 hours, rinsed with water and ethanol and dried in air.

Figure 30: Scheme of scored glass slide.

Cleaning of PEEK Substrates
The cleaning procedure of the PEEK substrates was performed before coating with
titania. As substrates, PEEK discs with a diameter of 1.1 cm were cut out from a
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15 x 15 x 0.1 cm PEEK sheet (Goodfellow GmbH, Bad Nauheim, Germany). Before
coating, the PEEK discs were cleaned in an ultrasonic bath in absolute ethanol (Merck,
Darmstadt, Germany) for 15 min, before being rinsed with absolute ethanol and dried in
ambient air. This step was performed three times.

3.2 Preparation of Titania Thin Films on PEEK Substrates
Preparation of Plain Titania Film
The dip-coating solution for dense titania thin films was prepared in two steps: first,
3.33 mL titanium isopropoxide (TIP) was mixed with 20 mL n-butanol (solution A);
and second, 2.58 mL acetic acid (HOAc) with 20 mL n-butanol (n-BuOH) (solution B).
The molar ratio of the educts was TIP : HOAc : n-BuOH = 1 : 4 : 40. After stirring of
both solutions for 15 min, solution B was slowly added to solution A. The resulting
mixture was stirred at 40 °C for another 2 hours before dip-coating.[192]

Preparation of Titania Thin Film with Added Titania Nanoparticles
The same dip-coating solution used for the dense titania films was prepared as described
above. To 15 mL of this solution, 0.2 g commercially-available TiO2 nanoparticles were
added at a v/w ratio of solution : nanoparticles = 225 : 1 (15 mL : 0.2 g) and suspended
in an ultrasonic bath for 15 min. Subsequently, 30 mL of the residual dip-coating
solution was added to the suspension and stirred for 2 hours.[193]

Preparation of Titania Film with Nanoparticles Formed In Situ
The dipping solution for porous titania films was synthesised in two steps, according to
the synthesis presented by HUANG and co-workers.[194] The first solution A was made
by mixing 5 mL tetrabutyl titanate (TBT), 1 mL acetylacetone (acac) and 1.5 mL
diethanolamine (DEA) with 45 mL of absolute ethanol (EtOH). For the second solution
B, 0.5 mL 65% nitric acid (HNO3) and 5 mL of ultrapure water were mixed with 5 mL
absolute

ethanol.

The

molar

ratio

of

the

TBT : acac : DEA : HNO3 : H2O : EtOH = 1 : 0.7 : 1.1 : 0.8 : 19 : 59.

educts
Both

was
solutions

were stirred for 30 min, before solution B was slowly added to solution A. This mixture
was stirred for 3 hours before dip-coating.[194]
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Dip-Coating of PEEK Substrates with Titania
The dip-coating procedure was performed using a Dip-Robot DR3 (Riegler & Kirstein
GmbH, Berlin, Germany). The PEEK substrates were immersed into the dipping
solution with a constant speed of 1 cm ∙ s−1, stored in the solution for 60 s and then
withdrawn with a constant speed of 0.02 cm ∙ s−1 perpendicular to the surface of the
solution. The substrates were dip-coated three times with intermittent drying step of
600 s in air before each immersion step. After coating, the samples with dense titania
films and films containing nanoparticles were dried at 60 °C overnight. The porous
titania films were dried at 90 °C overnight.

Mechanical and Chemical Stability of Titania Coatings
The interfacial adhesion of the films on the PEEK substrates was tested qualitatively
with an adhesive tape test, using a standard Tesa® tape (Tesa Werk Hamburg GmbH,
Hamburg, Germany). The tape was pressed onto the substrates by loading the titania
coatings for 2 hours with a weight of one kilo.[195,196] After pulling the tape off, the
surface morphology of the remaining film was characterised by SEM measurements.
The stability of titania coatings in a simulated body environment and during the
sterilisation process was tested with phosphate buffered saline solution (PBS) and
ethanol. Therefore, titania-coated substrates were stored in 8 mL of PBS or 8 mL of
ethanol, respectively, for 24 h, 48 h and one week at 37 °C. Subsequently, 100 µL of
hydrochloric acid (2 M) was added to 3 mL of the recovered testing liquids.[108,197]
0.5 mL chromotropic acid solution (0.11 g chromotropic acid dissolved in 20 mL of
water, 0.013 mol · L1) was added to the mixtures to form a red-violet Ti4+chromotropic complex. The extinction of the resulting solutions was measured at
470 nm by using an Eon Microplate Spectrophotometer (BioTek, Bad Friedrichshall,
Germany).[198] In order to determine the amount of dissolved titanium ions, a multipoint calibration was recorded. Therefore, a stock solution of titania (5 µL TIP, 5 mL
EtOH and 50 µL HCl) was prepared. This mixture was diluted with PBS in a volume
ratio of 1 : 4 (stock solution 1 mL : PBS 4 mL) to record the calibration. Five drops of
the chromotropic acid solution were added to every dilution to form the complex, which
was determined by the UV-Vis measurement. At a concentration of 4 · 107 mol · L1,
no signal for Ti4+ was detectable. The same procedure was performed to test the
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stability of the coatings in ethanol. Here, the lowest detectable concentration was
5 · 106 mol · L1.

3.3 Preparation of Silica-Based Mesoporous Organic-Inorganic Coatings
Preparation of the PMO Layers with Phenylene Units on Glass Slides
Absolute ethanol was obtained from Merck (Darmstadt, Germany), while other
chemicals were purchased from Sigma-Aldrich Chemie GmbH (Munich, Germany) and
were used without further purification.
The synthesis was performed with some changes according to HAO et al.[199] In general,
periodic mesoporous organosilica layers were prepared by first dissolving 2.7 g of
Pluronic® F-127 completely in 17 mL ethanol and 0.5 mL 2 M HCl at 40 °C for about
60 min. Subsequently, 2 mL of the siloxane precursor 1,4-bis(triethoxysilyl)benzene
(BTEB) was added. The molar ratios of the dip-coating solution BTEB : Pluronic® F127 : HCl : ethanol : H2O were 1 : 0.04 : 0.20 : 57.79 : 5.11. The solution was stirred at
40 °C for about 2 hours before coating the specimens. The dip-coating procedure of the
glass slides was performed by the layer-by-layer deposition robots DR3 (Riegler &
Kirstein GmbH, Berlin, Germany). The substrates were immersed into the dipping
solution at a constant speed of 1 cm ∙ s, and then withdrawn at a constant speed of
0.1 cm ∙ s1 perpendicular to the surface of the solution. After coating, the samples were
dried at 60 °C and subsequently at 120 °C overnight, followed by calcination at 350 °C
in air for four hours with a heating rate of 1 °C · min1. Some of the calcined coatings
were additionally extracted in ethanol at 100 °C overnight to remove calcination
residues – like carbon compounds – generated by the decomposition of Pluronic®
F-127. Subsequently, each specimen was rinsed with ethanol and dried in air.

Preparation of the PMO Layers with Biphenylene Units on Glass Slides
The PMO layers with the biphenylene group were prepared in a similar manner. First,
2.21 g of Pluronic® F-127 was dissolved in 30 mL of ethanol and 0.5 mL 2 M HCl at
40 °C and stirred for about 60 min. Subsequently, the reaction mixture was cooled down
to room temperature and 2 mL of 4,4-bis(triethoxysilyl)biphenyl (BTEBp) was added.
Afterwards, the solution was stirred for a further 60 min before coating of the glass
substrates.
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BTEBp : Pluronic® F-127 : HCl : ethanol : H2O was 1 : 0.04 : 0.23 : 117.61 : 5.89. The
dip-coating and further procedures were performed in the same manner as described for
the phenyl-PMO layers.

Preparation of Silica Coatings on Glass Slides
The synthesis of the silica coatings was first published by EHLERT et al.[200] Silica
coatings were prepared using two different SDAs, namely Pluronic® F-127 and
Pluronic® P-123. The synthesis procedures for both coatings were equal. First, the
respective SDA was dissolved in ethanol and distilled water, followed by the addition of
HCl. After the SDA was completely dissolved, which took about 45 min,
tetraethylorthosilicate (TEOS) was added to the mixture. Subsequently, the solution was
stirred for 15 min to enable the hydrolisation of TEOS. The substrates were immersed
into the dipping solution at a constant speed of 1 cm ∙ s, and then withdrawn at a
constant speed of 0.1 cm ∙ s perpendicular to the surface of the solution. After the
coating procedure, the samples were dried at 60 °C overnight followed by calcination at
350 °C in air for 4 hours with a heating rate of 1 °C · min1. The molar ratio of the
dipping

solution

with

TEOS : Pluronic® F-127 : HCl : ethanol : H2O

was

1 : 0.0066 : 0.0067 : 22.62 : 4.65. For the other solution, the molar ratio of
TEOS : Pluronic® P-123 : HCl : ethanol : H2O was 1 : 0.013 : 0.06 : 48.79 : 26.53.

Preparation of PMO Particles
PMO particles were prepared by a simple evaporation process of the dipping solutions
for the PMO coatings. Therefore, the dipping solutions were stored in a laboratory hood
at room temperature to evaporate the solvents overnight. Subsequently, the resulting
xerogels were dried at 120 °C for 24 h and calcined at 350 °C in air for 4 hours with a
heating rate of 1 °C min1. The resulting powders were ground in a mortar and extracted
in ethanol at 100 °C overnight to reduce residual decomposition products after the
calcination.

3.4 Modification of Phenyl-PMO with Sulfonate Groups
The sulfonic acid modification was carried out according to de CANCK et al.[132] To
130 mL of dichloromethane, 1.56 mL of chlorosulfonic acid was added and the mixture
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was cooled down to 0 °C before immersing the phenyl-PMO-coated glass slides. The
solution was gently stirred for 24 h without renewing the ice bath. Subsequently, the
glass slides were rinsed properly with water and dried at 110 °C for 6 h.

Quantification of Sulfonate Groups on Sulfonated Phenyl-PMO
The quantification of the sulfonate groups was carried out by staining the unmodified
and sulfonated phenyl-PMO samples with methylene blue according to GHOSH et al.[201]
Figure 31 shows the reaction between the positively-charged amid group and the
negatively-charged sulfonate group staining the material blue.
The methylene blue solution was prepared by dissolving 0.015 g of methylene blue
chloride trihydrid in 0.5 L water (c = 0.08 mmol · L1). 50 mL of this deep blue solution
was diluted with a further 50 mL of water (c = 0.04 mmol · L1). In this solution
(0.04 M), five unmodified and five sulfonated phenyl-PMO-coated glass slides were
immersed in separated vessels. After 12 h, the glass slides were removed and the
absorption of the remained methylene blue solution was measured at 660 nm in the UVVis.

Figure 31: Electrostatic interaction between methylene blue and a sulfonated phenyl-PMO.

In order to determine the correct amount of attached methylene groups, a calibration
was performed with various concentrations (see Table 2 and Figure 32). 300 µL of each
solution was measured in a plate reader at the same wavelength. The number of the
sulfonate groups attached to the phenyl-PMO was calculated by the difference of the
absorbed methylene blue on sulfonate-modified PMO and the unmodified phenyl-PMO.
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Table 2 and Figure 32: Calibration of the methylene blue solution in dependence of the concentration.

cmethylene blue / mol · L1 absorption
4.012 · 108

1.462

2.006 · 108

0.879

1.003 · 108

0.427

5.015 · 109

0.217

2.508 · 109

0.043

3.5 Drug Loading and Release Procedures
3.5.1 Drug Loading and Release of Ciprofloxacin
Loading of Ciprofloxacin
The drug-loading procedure with ciprofloxacin (CFX) of the PMO-coated substrates
was carried out by storing the phenyl-PMO-coated glass slides, the additional sulfonate
modified ones as well as the biphenyl-PMO-coated substrates in a 60 mM CFX
solution. The CFX solution was prepared by dissolving 10 g (0.03 mol) of CFX in
300 mL of water, followed by reducing the pH value using a 2 M HCl until the solution
turned yellow (pH  2). Subsequently, the pH value was adjusted to pH 4 with a 1 M
sodium hydroxide solution, whereby at this pH value the CFX solution proved most
stable. The substrates were stored at pH 4 at 37 °C in this solution for four days.
After the drug-loading procedure, the slides were rinsed with water several times to
wash off the highly concentrated CFX from the outer surface of the slides.
Subsequently, the substrates were dried at 60 °C before being employed in further
experiments.

Release of Ciprofloxacin
The drug release experiments were performed by storing one drug-loaded substrate in
0.5 mL pre-warmed (37 °C) 0.01 M PBS solution (phosphate buffered saline) at 37 °C
for 24 h. The substrates were transferred into fresh PBS solution once a day. On this
occasion, the PBS solution was refreshed after every UV-Vis measurement to simulate
the dynamic fluid conditions in the body. For statistical purposes, the experiments were
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performed with four glass slides simultaneously. The quantitative determination of the
CFX in the solution was carried out on the Eon Microplate Spectrophotometer (BioTek
Instruments, Winooski, US) measuring the supernatants at a wavelength of 275 nm. A
calibration with different CFX concentrations was performed every time prior to the
release experiments for a precise determination of the released amount of ciprofloxacin.
An exemplary calibration is shown in Table 3 and Figure 33.
Table 3 and Figure 33: Exemplary calibration for the release of ciprofloxacin from the PMO coatings.
The values are adjusted referring to the blank value of phenyl-PMO coating treated in PBS identically to
the CFX-loaded samples.

2.100

mCFX · Afilm–1
/ µg · cm–2
6.250

1.084

3.125

0.540

1.563

0.269

0.781

0.132

0.391

0.066

0.195

0.031

0.098

Extinction

The values for the extinction at the wavelength of 275 nm were always corrected by the
blank value of parallel-measured pure PMO coatings. Pure PMO coatings – phenylPMO as well as biphenyl-PMO – were treated identically to the CFX-loaded samples.
As the PMO coatings themselves, had a slight auto-fluorescence and were dissolving
over time, the extinction values of these supernatants were chosen as blank values and
were subtracted from the supernatants bearing CFX.

Determination of Stored Ciprofloxacin
The maximal amount of ciprofloxacin stored in the phenyl-PMO coatings was
determined by dissolving the PMO coatings in 0.1 M sodium hydroxide solution.
Phenyl-PMO-coated slides, sulfonated phenyl-PMO coating, CFX-loaded coating and
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glass slides (reference) as well as solid CFX were stirred, respectively, in 0.1 M NaOH
solution for 15 min. Subsequently, 100 µL of the samples was measured on the Eon
Microplate Spectrophotometer (BioTek Instruments, Winooski, US) at the wavelength
of 200 – 800 nm to determine whether the NaOH solution itself or the phenyl- PMO
coating have an impact on the fluorescence and can overlay the CFX signal.
In Table 4 and Figure 34, the calibration curve and values used for the CFX
determination are shown.
Table 4 and Figure 34: Calibration for determination of CFX amount stored in different phenyl-PMO
coatings.

Extinction mCFX / µg
2.06

25

1.053

12.5

0.526

6.25

0.278

3.125

0.141

1.5625

0.085

0.78125

0.052

0.39063

0.033

0.19531

0.025

0.09766

The calibration for the determination of the stored CFX amount was performed by
dissolving 0.003 g of CFX in 60 mL 0.1 M NaOH. The concentration series was
recorded by diluting the stock solution 1:1 with 0.1 M NaOH.

3.5.2 Drug Loading and Release of Rolipram
Loading of Rolipram
Both coating types – the one with the phenylene unit and the one with the biphenylene
unit – were loaded with rolipram. Therefore, 0.014 g (0.051 mmol) of rolipram was
dissolved in 50 mL ethanol. In this 1 mM rolipram solution, eight substrates coated with
phenyl- or biphenyl-PMO, respectively, were immersed (3.125 mL of rolipram solution
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per substrate). The solution with one substrate was covered with parafilm and stored at
37 °C for three days. After the loading procedure, the substrates were rinsed several
times with water and dried at 37 °C overnight.
In addition, the PMO particles were also loaded with the drug rolipram. Therefore,
0.022 g (0.08 mmol) of rolipram was dissolved in 40 mL of ethanol, yielding a 2 mM
solution of rolipram. In 10 mL of this rolipram solution, 0.4 g of PMO particles was
dispersed. PMO particles were stirred in the rolipram solutions at 37 °C for 2 h before
being transferred into centrifuge tubes and stored at 37 °C for two days. Subsequently,
the particles were separated by centrifugation at 6000 rpm for 60 min, re-dispersed in
10 mL of water as a washing step, centrifuged again at 6000 rpm for 60 min and finally
dried at 37 °C.

Release of Rolipram
The rolipram release experiments were performed similar to those with ciprofloxacin.
The coated glass substrates were stored at 37 °C in 0.5 mL of pre-warmed 0.01 M PBS
solution. For statistical reasons, the experiments were performed with four glass slides
simultaneously.
The release of rolipram from PMO powders was performed by dispersing 0.001 g of the
PMO powder in 1 mL of pre-warmed 0.01 M PBS solution. After the release time of
24 h at 37 °C, the powders were centrifuged at 10300 rpm at 37 °C for 20 min, the
supernatants were removed by decantation and replaced by fresh PBS. The PBS
solutions in each release experiments were renewed every 24 h. The PBS solutions
containing the released rolipram were measured at the wavelength of 280 nm on the
Eon Microplate Spectrophotometer (BioTek Instruments, Winooski, US).
The amount of released rolipram was determined by a previously recorded calibration
with different rolipram concentrations (see Table 5 and Figure 35). As already described
in the previous chapter, the extinction values were also corrected by the blank values of
the PMO coatings stored in PBS, as both PMO coatings were auto-fluorescent and
dissolved over time.
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Table 5 and Figure 35: Exemplary calibration for the release of rolipram from the PMO coatings. The
values are adjusted referring to the blank value of phenyl-PMO coating treated in PBS identically to the
rolipram-loaded samples.
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4.1 Physisorption Measurements
It is possible to analyse the specific BET (BRUNAUER, EMMETT and TELLER) surface
area, pore volume and pore size distribution of porous materials by physisorption
measurements. Prior to the actual measurement, it is necessary to outgaze the sample at
high temperature and reduced pressure. Thus, it is important to ensure that the sample is
stable under these conditions. The adsorptive adsorbs on the surface and in the pores of
a sample and subsequently desorbs. The adsorbed gas volume is measured at predefined
equilibrium points p/p0 at isothermal conditions. The adsorption and desorption branch
of an isotherm result from these points.
The isotherms can be classified in six different types, as shown in Figure 36 (left). Type
I isotherms represent physisorption in microporous (pore size < 2.5 nm) solids with
small external surfaces. Type II is typical for non-porous or macroporous substances
and an unlimited monolayer-multilayer adsorption at p/p0 near one. Point B represents
the completion of the monolayer covering the surface, after which the multilayer
adsorption starts. Type III is also valid for non-porous or macroporous substances, but
there is no formation of monolayer visible. Gas molecules adsorb at active sites on the
surface. For mesoporous adsorbents (2 – 50 nm), type IV isotherms are typical. An
initial monolayer on the surface of the pore walls – comparable to type II isotherm – is
followed by pore condensation behaviour. A liquid-like phase is formed at high p/p0
during pore condensation. A plateau at the end of the isotherm with a variable length is
characteristic for type IV isotherms. Sometimes capillary condensation is attended by a
hysteresis, which is common for cylindrical pores with a pore width above 4 nm,
assigned to type IV (a) isotherm. Adsorbents with smaller pores often show type IV (b)
isotherms. When the adsorbent-adsorbate interactions are weak, type V isotherms are
often seen. The stepwise type VI isotherm is measured for non-porous uniform surfaces
with a layer-by-layer adsorption.[202]
The type IV isotherm sometimes shows a hysteresis, depending on the adsorbate,
adsorbent and the pore size. Six different hysteresis types can be differed, as shown in
Figure 36 (right). Type H1 hysteresis is characteristic for materials with narrow pore
sizes of uniform mesopores. Ink bottle pores with pore necks smaller than the pore
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bodies also show a similar type H1 loop. Type H2 hysteresis describes the impact of the
adsorbent in the porous network. H2 (a) hysteresis can be assigned to pore-blocking
effects or cavitation-induced evaporation in narrow pore necks. By contrast, H2 (b) is
common for pore-blocking with wider pore necks. Type H3 loops are sometimes
measured for non-rigid porous systems of solids or macropores that are not fully filled
with adsorbate. Type H4 hysteresis is similar to H3, but is often assigned to adsorption
in microporous materials. Type H5 hysteresis is seldom found. Here, open and partially
blocked pores are present.[202]

Figure 36: Left: Classification of physisorption isotherms. Right: Types of hysteresis loops. From [202].

The BET theory is used to determine the specific area of a porous system. It refers to
multilayer adsorption with the assumption that gas molecules adsorb physically on a
solid layer without limit. There is no interaction between the adsorbed layers and every
position on the sample surface is equal, disregarding active sites. The scope for
application of the BET analysis is given at the relative pressure values p/p0 between
0.05 and 0.3 for mesopores (2 – 50 nm) and between 0.001 and 0.1 for micropores
(< 2 nm).[203]
The pore size distribution can be defined by using the BJH (BARRETT, JOYNER and
HALENDA) method, where the KELVIN equation is modified. The KELVIN equation
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predicts the pressures at which an adsorptive spontaneously condenses in a cylindrical
pore. The theory describes capillary condensation in the pores with a hemispherical
liquid-vapor meniscus and defined surface tension. The BJH theory approximates that
the ratio of the core fluid radius and the pore radius is constant.[204] However, given that
this method is only valid for mesopores larger than 3 nm, only the data for p/p0 ≥ 0.3
can be considered.
Better and more accurate results are provided by the NLDFT (non-local density
functional theory). It allows calculating sorption isotherms for pores with defined
geometry based on intermolecular interactions. The so-called kernels give a calculated
isotherm for a defined temperature, gas, adsorptive and pore geometry (e.g. N2 at 77 K
on silica, cylindrical/spherical pores, NLDFT adsorption model). This model isotherm is
fitted to the experimental one and provides results not only for the pore size distribution
but also for the pore volume and the specific area of a sample. However, the BJH
method can underestimate the true pore size by up to 20 – 30%.
The choice of a gas depends on the sample and the desired information. Inert gases like
nitrogen, argon or krypton are often used, because they show only little interactions
with the most materials. Nitrogen is cheap and easily available, whereby it is used in
most cases. However, a major disadvantage is the quadrupole moment of the diatomic
nitrogen. It is possible that the diatomic nitrogen molecule adsorbs tilted to a surface
covered, e.g. with hydroxyl groups. Accordingly, the possibility for misinterpretation of
the BET results is very high and mistakes of up to 30% can occur. This problem does
not emerge when argon is utilised, because it is a monoatomic gas and does not have a
quadrupole moment. The specific interactions between the adsorbate and adsorbent are
different in this case. In addition, argon has a smaller

VAN DER

WAALS radius and can

resolve pore sizes up to 0.41 nm, while nitrogen is only able to determine pore
diameters up to 0.5 nm. Rarely-used gases are CO2 or H2O, whereby CO2 is utilised to
determine ultra-micropores and H2O to determine the wettability inside the pores of a
material.
The characterisation of thin porous films is very difficult with the gases described above
– argon or nitrogen – due to their high saturation pressure. Thin films are often only a
few hundred nanometers thick. Hence, the device is unable to detect small pressure
changes when only few gas atoms of argon or nitrogen adsorb to the very low surface
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area of these films. As an alternative, krypton can be used at 77 K or 87 K as adsorptive.
The saturation pressure of supercooled Kr with a value of 1.6 Torr at 77 K is much
lower than that of nitrogen with 760 Torr at 77 K.[205] Hence, Kr adsorption is much
more sensitive as there are fewer Kr molecules in the measuring cell. Thus, the
adsorption of few Kr molecules on the thin film surface can be recognised by the
instrument much more precisely. Nowadays, this method is the most reliable for
analysing surface areas down to 0.05 m2.[206] In order to determine surface areas by Kr,
a temperature of 77 K and a saturation pressure of 1.6 Torr is recommended. However,
for precise pore size distribution, a measurement at 87 K and a saturation pressure of
13 Torr is required. Pore sizes in a range of 1 – 9 nm can be resolved by this method. A
vapour-to-liquid phase transition occurs close at the sublimation pressure of the bulk
fluid at 87 K giving a direct relationship between the pore filling pressure and pore
size.[205,207] A typical isotherm course as well as the type of hysteresis obtained during
Kr sorption measurement can provide important information about the porosity of the
material, compared to Ar and N2 sorption measurements. The pore size distribution
received with Kr is calculated by a method developed by Quantachrome especially for
this issue.
The krypton sorption measurements were performed with 10 to 20 PMO-coated glass
samples with sizes of 0.9 x 1 x 0.1 cm at 87 K (supercooled Ar) with a saturation
pressure of 13 Torr. The instrument used was Autosorb 1 from Quantachrome
(Odelzhausen, Germany), while the evaluation software was ASiQwin. Since the mass
of the coatings could not be weighed out, the values always referred to the outer film
surface area. PMO powders were measured with nitrogen at 77 K and argon at 87 K
with an Autosorb 3 from Quantachrome. All samples were outgassed at 100 °C for 24 h
before measurements.

4.2 Ellipsometry
Ellipsometry is an analytical method for characterising thin films and material surfaces
which was first utilised by PAUL DRUDE at the end of the 19th century. It is a spectral
measurement method for determining dielectric material properties like the refractive
index and permittivity as well as the film thickness.
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During the ellipsometric measurements, a linear or circular polarised light beam is
radiated onto the surface of a material. Due this interaction, the polarisation of this light
beam changes depending on the characteristic material properties. The focused
reflection of the light beam is polarised elliptically, as predicted by FRESNEL’s and
MAXWELL’s equations (Figure 37).[208] The polarisation state is described by the
coefficients Δ and Ψ, whereby Δ stands for the polarisation-depending phase shift and Ψ
represents the change of the amplitude of the incident electromagnetic wave.

Figure 37: Schematic representation of the theory for ellipsometry and presentation of the p- and svectors. Taken from ref. [209].

The incident and the reflected beam form a common plane where both electromagnetic
waves are described in one coordination system by two basis vectors s and p, which are
perpendicular to each other. S-vector is the perpendicular one in the plane of incidence,
whereas p-vector is the parallel one. In case of elliptic polarised light that is described
by the two polarised waves, the amplitude in s and p direction and the phase δ between
these waves is different.[210]
Ellipsometry measures the phase δ of the incident (δi) and the reflected light beam δr.
The difference between both δ is described by the phase shift Δ:
Δ = δi – δr
In addition to the phase shift Δ, the amplitude Ψ can change between the incoming and
outgoing electromagnetic wave. The change of the amplitude is given by the relation
between the FRESNEL reflection coefficients rp and rs, which arise from linear polarised
waves perpendicular to each other.
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The advantage of ellipsometry is that it is a self-gauging method, where no reference is
needed. It measures only relative and not absolute values. This method is less
susceptible against ambient influences by determining two measuring parameters.[210]
Both ellipsometric parameters Ψ and Δ are connected by the fundamental equation of
ellipsometry:
= tan
Both parameters – the amplitude Ψ and the phase shift Δ – are recorded during an
ellipsometric measurement. The experimental data of the phase shift and amplitude can
be fitted using parametrised models with specific fitting algorithms. The better the
experimental curves and the calculated ones fit together, the higher the accuracy of the
measurement. The calculated values provide data like refractive index, absorption
coefficient and film thickness.
Depending on the film thickness, the Ψ and Δ curves show different numbers of peaks
(Figure 38). The higher the thickness, the more peaks are visible in the curves. Thus, it
is possible to estimate the thickness after regarding the curve progression.

521 nm
1

vup = 0.2 cm · s

367 nm
1

vup = 0.1 cm · s

236 nm
1

vup = 0.05 cm · s

144 nm
1

vup = 0.01 cm · s

Figure 38: Ψ and Δ curves depending on the film thickness and withdrawal speed.

The measurements were performed with an ellipsometer SE 800 from Sentech (Berlin,
Germany) and evaluated with the software SpectraRay 3 from Sentech. The PMO67
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coated silicon wafers as well as titania-coated PEEK slides were measured without
further sample preparation. The spectral range was set to 1.459 – 4.137 eV, the angle of
incidence was 70.0° and the refractive index of the sample was defined at a wavelength
of 632.8 nm. The following model (Table 6) was used for evaluation:
Table 6: Model used for evaluating the ellipsometric measurements.

Layer name

Dispersion formula Fitted values

Air

Constant dispersion

No

Roughness

Effective medium
approximation

Yes

PMO layer

Tauc-Lorentz

Yes

SiO2

Cauchy

No

Si

File layer

No

The Cauchy dispersion is mainly used for transparent materials like dielectrics, e.g.
SiO2. The Tauc-Lorentz oscillator is often used to describe transparent dielectric
materials with absorption in the short wavelength range. It comprises four parameters
that must be set to calculate the refractive index. The values and data used are attached
in the appendix.

4.3 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is an analysis method where the sample surface is
scanned under high vacuum using a high energetic electron beam. A map of the scanned
area is received detecting either reflected electrons – so-called backscattered electrons –
or weak bonded electrons detached from the sample surface, so-called secondary
electrons. The number of secondary electrons depends on the sample composition, the
topography of the sample and the orientation of the detector. The images provide
information about surface structure, porosity and homogeneity of coatings or the
morphology of crystals. The samples should be stable under reduced pressure and
should preferably exhibit a certain level of electric conductivity. Especially samples
with a high number of organic compounds can display charging effects resulting, in
poor information. A scanning electron microscope can resolve structures down to a few
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nanometers. In addition, many SEM feature an energy dispersive X-ray analysis (EDX)
unit. Here, the sample is irradiated by a focused electron beam, which causes an X-ray
radiation with an element specific wavelength. This method can be used to determine
the chemical composition of a sample.
The SEM measurements were performed by KATHARINA NOLTE and DENNES
NETHELROTH with a JOEL JSM-6700F (JOEL ltd., Tokyo, Japan). The surface
morphology was characterised by SEM using a field emission scanning microscope
with an acceleration voltage of 2 kV and a working distance of 8 mm. Further SEM
investigations and EDX analyses were carried out by BASTIAN HOPPE with a JOEL
JSM-6610 (JOEL ltd., Tokyo, Japan). Therefore, PMO-coated silicon wafers were
attached on graphite adhesive pads and placed on a brass carrier. PMO powders were
thoroughly ground and sprinkle on a graphite pad. The images were evaluated by the
software ImageJ 1.47v (National Institutes of Health, USA).

4.4 Transmission Electron Microscopy
Transmission electron microscopy (TEM) can resolve nanostructures much more
accurately with a higher resolution of down to 0.1 nm compared to SEM. The
requirement is a sample thickness of about 100 nm as the electron beam must transmit
this sample. An image is obtained by the interactions of the transmitted electrons with
the specimen that are detected by a sensor like a CCD camera. This method effort also
reduced pressure, an electron gun and electron lenses.
The phenyl-PMO coating on a glass slide was agglutinated with an epoxide resin, cut in
thin slices and polished. The final thinning was performed with an argon ion beam to
obtain electron transparent samples (30  70 nm) for investigating the phenyl-PMO
layer in a cross-section manner. The subsequent TEM analysis was carried out by a field
emission transmission electron microscope (FE-TEM) of the type JOEL JEM-2100F
(JOEL ltd., Tokyo, Japan), whereby this microspore was also used to record the
scanning microscope (STEM) images. The measurements were performed by FRANK
STEINBACH and evaluated by Prof. Dr. ARMIN FELDHOFF from the Institute for Physical
Chemistry and Electrochemistry, LUH.
In order to gather more information about the porosity of the PMO coatings, they were
scratched off the glass slides with a scalpel. The samples were dispersed in ethanol and
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dropped on a copper grid, which was coated with a thin graphite film. The same
procedure was carried out to examine PMO powders. The measurements were
performed by Dr. ALEXANDRA SATALOV with a TEM Tecnai F20 S-Twin TEM from
FEI (Hillsboro, USA). The images were evaluated by the software ImageJ.

4.5 Nanoindenter Analysis
It is possible to determine mechanical properties like hardness and elastic modulus
(YOUNG’s modulus) of thin coatings on the nanoscale by a nanoindenter. A diamond tip
formed like a triangular pyramid with BERKOVICH geometry (Figure 39) is pressed into
the sample surface with a define pressure and the mechanical parameters are recorded
against the displacement into surface. Using the continuous stiffness measurement
(CSM) technique, it is possible to measure the stiffness depending on the penetration
depth for only a few nanometers. Due to this technique, the mechanical parameters of
the substrate underneath do not influence the measurement results.

Figure 39: BERKOVICH tip of a nanoindenter pressed into a glass sample.

The diamond tip is pressed with an increasing force in a range of several mN · s1 into
the sample surface until the preset penetration depth is reached. The first contact of the
indenter and the surface is only kind of elastic, so that the first values up to the first 10
nm are discarded. With increased force, the material undergoes a plastic deformation.
The force is kept constant for 30 s to 240 s after reaching the preset penetration depth.
During this phase, a viscous solidification is formed. The force, the penetration depth
and the time are recorded during the measurement. From these parameters, the hardness
and the elastic modulus can be calculated.[211,212]
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The nanoindentation tests were performed with an Agilent Nano Indenter G200 with the
following extensions: CSM, Highload, LFM (Agilent Technologies, Santa Clara, USA).
The maximal displacement into surface was 2000 nm. Prior to the measurements, no
surface preparation was carried out and as reference cleaned glass slides were used. The
results are an average of 25 measurement points from the film surface. The
measurements were performed by DANIEL GOTTSCHALK from the Institute of
Continuum Mechanics, Leibniz Universität Hannover.

4.6 Water Contact Angle Measurements
Contact angle measurements provide information about the interactions – like surface
energy or the wettability – between a solid surface and a liquid, e.g. water. The contact
angle characterisation was used to determine the hydrophily of the different PMO
coatings regarding the different organic units within the structure, porosities and
modifications.
The wettability of a surface can be described by the contact angle θ, which occurs at the
three-phase point (solid/liquid/gaseous) when a droplet is settled on a solid surface.
YOUNG’s equation describes the relationship between the contact angle and the
interfacial tension:
σs = σl cosθ + γsl
θ = contact angle

σl = liquid surface tension

σs = solid surface tension

γsl = interfacial tension between solid and liquid

If water is used to determine the contact angle, there are three main types of wettability:
if the contact angle is below 5°, the surface is strongly hydrophilic, whereas samples
with a contact angle above 90° are hydrophobic and above 120° they are super
hydrophobic. For interactions with cells, hydrophilic surfaces are desired.
The contact angles were measured with the instrument Surftens Universal from OEG
(Frankfurt/Oder, Germany) in a shadow projection. The medium was water. For the
value of each layer, five to ten films were measured and averaged. Cleaned glass
substrates were used as a reference.
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4.7 Förster Resonance Electron Transfer
Förster resonance electron transfer (FRET) or fluorescence resonance transfer is a
mechanism that describes the radiation-less energy transfer between two light-sensitive
molecules. Through non-radiative dipole-dipole coupling, a donor fluorophore
(chromophore) – in its exited state – transfers energy to an acceptor chromophore in
dependence of the distance between them.
There are several preconditions for this effect.[213,214] First, both coupling partners must
match each other, which means that the emission band of the donor and the excitation
band of the acceptor should overlap (Figure 40 a). To obtain a more effective energy
transfer, it is necessary that the overlap of both curves is high. This has to be regarded
when the fluorophores are chosen. The next precondition is the distance between the
fluorophores (Figure 40 b).

Figure 40: Preconditions for FRET: (a) Emission spectrum of the donor must overlap with the excitation
spectrum of the acceptor. The higher the overlap, the more effective the FRET effect. (b) The distance
between the donor (CFP) and the acceptor (Venus) must be less than 10 nm to observe the FRET
effect.[213]. Image from ref. [215].

The distance is a crucial factor of the efficiency of the energy transfer and is inversely
proportionally to the sixth power of the distance between the donor and acceptor. For
the FRET effect, the near-field zone around the donor must have a value of
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1  10 nm.[214] This is why FRET analysis is often used in chemistry or biology to
determine the distance between two molecules by measuring the FRET efficiency
(spectroscopic ruler).[216] Furthermore, the FRET donor should exhibit a high quantum
yield and a high orientation factor, whereby the orientation factor describes the relative
orientation of the transition dipole moments of the donor and acceptor.
FRET analysis is performed by measuring the fluorescence of the samples – whether
solid or liquid – in a fluorescence spectrometer. The measured data are then summarised
in an emission spectrum, where the fluorescence intensity is applied versus the
wavelength. Depending on the chemical composition of the samples, the curves show
various maxima, which is a hint for the FRET effect. The intensity of the fluorescence
depends on the chemical structure of the sample and the solvent in the solutions.
PMO-coated glass substrates as well as ethanolic and aqueous solutions were analysed.
The samples were fixed in a holder, the angle of the detector towards the sample could
be adjusted. The coated glass slides were measured at an angle of 60°, the solutions at
an angle of 90°. For phenyl-PMO-coated samples, the excitation wavelength was
272 nm and the emission was measured in a range of 290 − 550 nm. For the biphenylPMO samples, the excitation wavelength was 321 nm and the emission spectrum was
recorded from 340 − 600 nm. The gap width of the beam was set to 5 nm, the signals
were corrected regarding the wavelength of the spectrofluorometer and the dark current.
Measurements were performed using a spectrofluorometer Fluoromax-4 from Horiba
Ltd. (Kyoto, Japan). The evaluation was carried out using the software Origin 8.1
(OriginLab Corporation, Northampton, USA).

4.8 Thermogravimetric Analysis
During a thermogravimetric analysis, the change in sample mass depending on time or
temperature is measured. The sample is placed on a micro balance and heated up with a
certain heating rate dT/dt. The heating rate is a crucial factor for the accuracy of the
analysis. The lower the heating rate, the better the resolution in the change of the sample
mass and thus the quantification of the sample. A thermogram is typically measured
between 25 °C and 1000 °C. During heating, several chemical and physical processes
occur, like oxidation, reduction and decomposition as well as vaporisation and
sublimation. A thermogram shows a stepped curve in which the turning point of each
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step – extrapolated to the temperature axis – can be assigned to the decomposition
temperature for each component of the material. The organic compounds are in general
completely burned, whereby the inorganic compounds are left as residues.
The TG analysis was performed by a Simultaneous Thermal Analysator 429 from
Netzsch (Selb, Germany) and evaluated with the software Proteus Thermal Analyis. The
PMO powders were ground well and heated up to 1000 °C with a heating rate of 5 °C
per minute. The measurements were performed by KATHARINA NOLTE and Dr. SERGEJ
SPRINGER.

4.9 Ultraviolet/Visible Light (UV-Vis) Photometry
Photometric analysis is used to determine the quantitative concentration of dissolved
substances as well as the absorption maxima. The sample is irradiated with
electromagnetic waves in the range of ultraviolet and visible light, whereby the decrease
of the intensity is measured. The concentration c of the absorbing substance is
proportional to the measured extinction Eλ as described by the LAMBERT-BEER
equation:
= lg

=

Eλ = extinction at the wavelength λ

ε = absorption coefficient

I0 = intensity of the irradiated light

c = concentration

I = intensity of the attenuated light

d = path length of the light through the sample

The concentrations of the released substances previous loaded in PMO coatings were
determined by measuring the supernatants. Therefore, the supernatants were transferred
into 96-well plates, which were transparent for UV light and measured at the absorption
maxima of the drugs. The absorption wavelength for ciprofloxacin was 275 nm and for
rolipram it was 280 nm. 0.01 M PBS as well as unloaded pure PMO coatings and
powders stored in PBS served as references. The measurements were carried out on an
EON microplate spectrophotometer from BioTek (Winooski, USA). The evaluation was
performed with the software GEN5 (BioTek, Winooski, USA).
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4.10 Infrared Spectroscopy
Infrared (IR) spectroscopy can be used to characterise organic and inorganic solids,
liquids and gases. Molecular vibrations and rotations in the sample are activated by the
absorption of infrared light. Different functional groups show vibrations at characteristic
energies at different wavelength and absorb the IR radiation only in a specific range.
The whole measuring scale is between 200 cm1 and 4000 cm1.
The infrared light is only absorbed when the electric dipole moment in a molecule can
be changed and no centre of symmetry exists. These substances are called IR active:
they are associated with a changing dipole. Symmetrical molecules with vibrations
symmetrical to the centre of symmetry have a permanent dipole and are IR inactive.
The measurements of the PMO layers were performed via the ATR (attenuated total
reflection) IR spectroscopy. Hereby, PMO-coated Si-Wafers were measured in a
spectral range of 600  4000 cm1. The ATR crystal of the instrument was used as a
reference. The sample is pressed on the ATR crystal, typically a material with a high
refractive index (e.g. silicon). The IR light passes through the ATR crystal and is
partially absorbed by the sample. A typical penetration depth is between 0.5 and 2 µm.
The intensity of the reflected light is measured.
The PMO powders were measured in transmission mode, where a small amount of the
sample is thoroughly ground with dry potassium bromide (KBr) and pressed with a
hydraulic press to form KBr pellets. The reference for these measurements was a pure
KBr pellet. The measuring range for the KBr mode was 400 – 4000 cm1.
The IR samples were characterised by using a Fourier transformation IR spectrometer
type Tensor 27 from Bruker (Billerica, USA). The spectra were evaluated with the
instrument software OPUS 5.0 (Bruker) and the program Origin 8.1 (OriginLab
Corporation, Northampton, USA).

4.11 X-ray Diffraction
X-ray diffraction can help to evaluate the structure of solid materials. With this method,
the periodic structure of crystals or porous systems can be examined. The periodic
texture of materials serves as a diffraction grating, where the X-ray beam is reflected
and interferences occur. The resulting diffraction pattern can be described by BRAGG’s
equation, when the parameters of the crystal lattice satisfy the equation:
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n λ = 2 d sinθ
n = positive integer d = interplanar distance
λ = wavelength

θ = scattering angle

The measurements are performed at constant wavelength. For this purpose, the sample
is irradiated with Kα radiation, which can be monochromised by e.g. selective filtering
metals. The diffracted radiation is then detected by a scintillation counter. Measured
intensities are plotted against the scattering angle 2θ attaining typical X-ray diffraction
pattern. The material is classified as amorphous or crystalline based on the resulting
pattern. By indexing the reflections, information about the crystal lattice (hexagonal,
cubic and other) is collected.[217]
The PMO layers and titania-coated PEEK samples were measured on a θ-θdiffractometer (STOE, Darmstadt, Germany) in reflection geometry. A sample was
fixed in its position, the X-ray tube as well as the detector were moving around the
sample. The reflected radiation was collected by a graphite secondary monochromator.
The measuring range was 0.7 – 5.0° 2θ, the step width was 0.01° and the step time was
2 s.
The PMO powders were characterised in transmission geometry by a StadiPdiffractometer (STOE, Darmstadt, Germany). Prior to the measurements, the samples
were ground and placed in a StadiP sample holder between two X-ray foils. The 2θ
measuring range was 0.5 – 5.0° with a step width of 0.01° and a step time of 10 s. The
evaluation was performed by the software WinXPow 1.1 (STOE, Darmstadt, Germany)
and Origin 8.1 (OriginLab Corporation, Northampton, USA).

4.12 Cell Culture Tests
The evaluation of the cell compatibility on different un- and modified PMO coatings
was performed by three different cooperation partners, namely Laser Zentrum Hannover
(LZH), Hannover Medical School (MHH) and Helmholtz Centre for Infection Research
in Braunschweig. It was crucial to investigate whether and how cells adhere and
proliferate on PMO and titania surfaces. Furthermore, the antibacterial activity of
ciprofloxacin-loaded PMO coatings was examined.
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4.12.1 Cell Culture Tests on PMO Coatings
Cell Culture Tests on Phenyl-PMO Coatings with Fibroblasts and HUVEC
These cell culture tests were performed by Dr. SABRINA SCHLIE-WOLTER from the
Laser Zentrum Hannover e. V., Hannover, Germany.
In order to test the biocompatibility of the prepared samples, cell culture tests with
human fibroblasts and HUVEC (human umbilical vein endothelial cells) were
performed. The fibroblasts were cultivated in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal calf serum (FCS) and 1% antibiotics
(Penicillin), while HUVEC were cultivated in endothelial growth basal medium
(EBM-2). All media were purchased from Lonza (Basel, Switzerland). Prior to use, the
samples were shortly washed with PBS and then sterilised under UV light for about
30 min. Glass slides served as a control and were treated in the same way. All samples
were placed into a 24 well plate, which was then filled with 2 mL cell culture medium.
Both cell lines were seeded onto the samples with a seeding cell density of
2.75  104 cells · mL

for

fibroblasts

and

2.73  105 cells · mL

for

HUVEC,

respectively. The cell density was determined by using a Fuchs-Rosenthal chamber.

Proliferation and Vitality of Fibroblasts and HUVEC
After 48 and 96 h cultivation time, the cells were trypsizined, collected and centrifuged.
Trypsin was used to detach the cells from the cell culture dish. Trypsin is a serine
protease that cleaves peptide chains at the carboxyl side of the amino acids lysin and
argenin. Thus, only specific proteins are dissolved that hold the cells together. The
chelating agent EDTA (ethylenediamin triacetate) complexes cations like Ca2+, which
stabilise the membrane proteins. This leads to a dissociation of the cell adhesion
structures and separation of the cell layer to singular cells.[218]
Subsequently, the cell density was determined to quantify the cell growth. Additionally,
the cell suspension was stained using trypan blue to estimate the cell vitality. Vital cells
do not take up trypanblue; rather, they appear white in front of a blue background. Only
dead cells and those with a damaged cell membrane are stained deep blue by this dye.
For a better comparison between the experiments, the quantified cell numbers
(cells · mL1) of vital and dead cells were normalised to the corresponding starting cell
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density. Three independent measurements were performed. The results were given as
average ± standard error of mean.

Cell Morphology of Fibroblasts and HUVEC
After 24 h of cultivation time, the samples were fixed for 10 min with 4%
formaldehyde. Staining with phalloidin-Atto for actin filaments and Hoechst 33342 for
nuclei was performed at 37 °C for 1 h. Finally, the samples were washed with PBS and
conserved for further analysis. Images of the stained cells were recorded with a Zeiss
fluorescence microscope. The cell elongation – given as the ratio of cell length and cell
width – was quantified using the ImageJ software. The results were obtained from 50
cells per treatment and presented as average ± standard error of mean.

Cell Culture Tests with Fibroblasts on Phenyl- and Biphenyl-PMO Coatings
These cell culture tests were performed by JENNIFER SCHULZE at the Hannover Medical
School (MHH, Hannover, Germany), Department of Otorhinolaryngology.
The cell type used was murine fibroblasts NIH3T3. The samples – glass as reference,
phenyl-PMO and biphenyl-PMO coatings – were sterilised by UV light and transferred
into a 24-well plate. Subsequently, 10,000 cells were added per well. The cell growth
was monitored every day taking microscopic pictures. After 96 h, the samples were
transferred into a new well plate to perform the neutral red uptake (NRU) test. This test
is used to distinguish viable cells from the dead ones. Viable cells are able to
incorporate and bind the dye neutral red in their lysosomes. After incubation with the
neutral red-containing medium, the cells are washed and the acidified-extracted dye is
measured by a spectrophotometer.[219]
The NRU test was performed according to the following steps. First, neutral red stock
solution was diluted 1 : 50 with Dulbecco's modified Eagle's medium (DMEM). From
this dilution, 100 µL was given to each well and incubated for 3 h at 37 °C. Afterwards,
the dye solution was poured away, the cells were washed and fixed and treated with an
acidified solution to extract the incorporated dye from the cells. Finally, the acidified
solution with the released dye was measured in a spectrophotometer at 570 nm. The
vitality of the cells was determined by the absorption at 570 nm with glass slides as a
reference.
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Influence of PMO and Mesoporous Silica Coatings on BDNF Production of GeneModified Fibroblasts
One goal was the usage of the PMO coatings on cochlea implants. Therefore, it was
favourable to adhere brain-derived neurotrophic factor (BDNF)-producing cells on the
surface of these coatings. BDNF improves the attachment of spiral ganglion cells to
surfaces and thus provides a better interaction of the implant with the cochlea. These
cell culture tests were performed by JENNIFER SCHULZE at the Hannover Medical School
(MHH, Hannover, Germany), Department of Otorhinolaryngology.
First, the samples were sterilised by UV light for 20 min. Afterwards, native NIH3T3
murine fibroblasts (used as negative control) as well as gene-modified BDNF-producing
NIH3T3 murine fibroblasts were seeded on the samples in a 24-well plate. Cell culture
plastic was used as a positive control. 104 cells suspended in 100 µL medium were
placed in the middle of the each specimen. After 10 min, for the first adherence of the
cells to the substrate, 400 µL Dulbecco's modified Eagle's medium (DMEM) was added
and the test setup was placed in an incubator at 37 °C and 5% CO2 for 96 h. The cell
growth was monitored every day by a fluorescence microscope.
The cells were counted in a hemocytometer (Neubauer Kammer) after 96 h to determine
the cell number. Therefore, the cells were detached by 200 µL of a trypsin/EDTA
solution and incubated for 4 min at 37 °C. Subsequently, the cell suspension was diluted
1 : 2 with trypan blue and transferred into a hemocytometer for cell counting. The
formula used for determining the cell number in one millilitre was:
(counted cells / number of squares) x 10,000.
The supernatants from the cell culture test were frozen at 20 °C and subsequently
applied to a murine BDNF ELISA kit (Boster biological technology Co., Ltd, Fremont)
to determine the BDNF concentration. The BDNF ELISA kit was used according to
recommendations of the manufacturer. This procedure was described by KATHARINA
KRANZ et al.[56]
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Protective Effect of PMO Coatings Loaded with Rolipram on Spiral Ganglion
Neurons
These cell culture tests were performed by JENNIFER SCHULZE at the Hannover Medical
School (MHH, Hannover, Germany), Department of Otorhinolaryngology.
Spiral ganglion neurons (SGN) were attained from 30 cochleas of 15 Sprague Dawley
rats. The cells were separated by a digestion solution with fetal calf serum and
centrifuged at 6000  7000 rpm. Afterwards, the cells were washed with serum-free
medium three times, and 1 mL of this medium was added to the cell suspension before
cell counting. The serum-free medium contained 15 mL Panserin, 375 µL Hepes buffer,
275 µL PBS, 225 µL penicillin, 82.5 µL glucose-PBS solution, 35 µL insulin
(4 mg · mL) and 15 µL N2 supplement. 10 µL of cell suspension and 10 µL of
trypanblue solution were mixed and filled into a hemocytometer. The total number of
cells was determined by the mean of cell number in four squares of the counting
chamber x dilution factor x volume (mL). 50 µL of the cell suspension and 50 µL of
medium – with and without BDNF – were added to each well. The seeding control was
fixed after 4 h, the remaining cells after 48 h. The cell fixation was performed by
replacing the medium in the wells by a mixture of 100 µL methanol/acetone solution.
The cells were fixed for 10 min, after which the methanol/acetone mixture was removed
and the cells were washed with 150 µL PBS three times. Finally, a NRU staining was
performed as described above to evaluate how many living SGN remained.

4.12.2 Cytocompatibility Tests of Titania-Coated PEEK
DR. BUSHRA RAIS from the Helmholtz Centre for Infection Research Braunschweig
performed the cytocompatibility tests for titania-coated PEEK samples. Cell culture
assays were performed using NIH3T3 (mouse fibroblasts) and MG63 (human
osteosarcoma) cell lines. Prior to testing, all PEEK samples were washed with 70%
ethanol and dried under laminar air flow. For every measurement, three samples per
type were put in a 12-well plate and washed twice using Dulbecco’s phosphate buffered
saline (PBS) with a pH of 7.0. Polystyrene cell culture plates were used as a reference.
After washing, the samples were pre-incubated in Dulbecco’s Modified Eagle Medium
(DMEM, Sigma, Germany) supplemented with 5% fetal calf serum (FCS, Biovest), 1%
penicillin/streptomycin (Gibco, Germany) and 1% glutamine (Gibco, Germany) for two
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days. Subsequently, MG63 and NIH3T3 cells were seeded at densities of
7.0 · 104 cells · mL−1 and 3.3 · 104 cells · mL−1, respectively. Cell cultures were
incubated in a humidified atmosphere with 5% CO2 in air at 37 °C (Labotect, C200).
The density and morphology of the cells were examined daily by visible light
microscopy. When it reached an estimated cell density of 80% confluency, the cell
supernatant was removed and cells were stained as follows. 8 µM of 5-(and 6)carboxyfluorescein diacetate succinimidyl ester (CFSE, eBiosciences, Germany) were
dissolved in PBS. Afterwards, the samples were incubated in 2 mL of CFSE solution for
15 minutes. Subsequently, this solution was removed and 2 mL DMEM without FCS
was added. Finally, images were taken using a fluorescence detection microscope (Carl
Zeiss, AX10). The images taken were electronically sharpened and cells were manually
counted using the Image J software, version 1.47 (National Institutes of Health, USA).

4.12.3 Antibacterial Activity Tests for Phenyl-PMO Coatings
The antibacterial testing was performed by Dr. MUHAMMAD IMRAN RAHIM, Helmholtz
Centre for Infection Research, Braunschweig, Germany.
Phenyl-PMO, sulfonated, CFX-loaded as well as sulfonated and CFX-loaded phenylPMO-coated samples and glass as a reference in triplicates were placed into a 24-well
plate (Nunc, Denmark). 200 µL of PBS was added per well. The whole plate was placed
at 37 °C in the presence of 5% CO2 in a humidified cell culture incubator. 200 µL of
PBS was collected from each well daily and replaced with fresh PBS for the time period
of 15 days. The collected supernatants were stored at 4 °C.
A bioluminescent laboratory strain of Pseudomonas aeruginosa (PA01 CTX::lux) was
used to investigate in vitro antibacterial activity of supernatants collected from discs.
These bacteria are genetically transformed with lux operon, which makes them
luminescent.[220,221] The bacteria were spread on LB agar plates and incubated
overnight. Later, to obtain fresh culture, they were grown as a suspension culture in LB
until an OD600 of 0.1 was obtained. 100 µL of supernatant collected from discs – each in
triplicate – was placed into wells of 96-well plates with black background (100 µL of
supernatant per well). Subsequently, 100 µL of bacterial culture suspension with an OD
of 0.1 was poured directly into each well containing 100 µL of PBS. Plates containing
supernatants and bacteria were incubated at 37 °C for 6 hours. The luminescence of the
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bacteria was measured after 0, 4 and 6 hours with an IVIS®-200 in-vivo imaging system
(Xenogen, USA). In order to assess the bacterial viability/survival, bacterial
luminescence was measured with Living Image Software ® Version 2.6 (Xenogen). The
luminescent intensity of each sample was measured as average radiation (p s1 cm2 r1).
Bacterial luminescence can be used as an indicator to assess the bacterial growth and
viability. All samples were analysed in triplicates. The data shown corresponds to the
mean values ± standard deviation.
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Evaluation of Periodic Mesoporous Organosilica (PMO) Coatings as a
Novel Biomaterial
In this part, the obtained results are presented and discussed. First, the characteristics of
the periodic mesoporous organosilica (PMO) coatings are introduced. Subsequently, the
results of modification followed by drug loading with ciprofloxacin and rolipram are
presented. Förster resonance energy transfer (FRET) as observation technique for
release experiments is introduced and discussed in comparison with classic drug release
experiments, after which the antibacterial tests are presented. Cell compatibility was one
of the relevant factors for the usage of PMO coatings in biological systems and thus a
special emphasis was set on cell culture tests.

5.1 Characterisation of PMO Particles
In the following, the analysis of phenyl- as well as biphenyl-PMO particles is presented
and discussed. The particles were obtained by drying the dipping solution, calcination
and finally grounding the xerogel. TGA measurements and IR analysis was performed
employing PMO powders of phenyl- as well as biphenyl-PMO since the results
obtained with PMO coatings (following in the chapters from 4.2) were difficult to
analyse. Hence, the measurements with PMO powders provided more information.

Thermogravimetric Analysis of PMO Particles
Thermogravimetric analysis of the PMO particles was performed to characterise the
different organic compounds and the inorganic residue of the PMOs. First, the
decomposition temperature of the used structure-directing agent (SDA) Pluronic®
F-127 was determined. Pluronic® F-127 decomposed completely at 305 °C, whereby
the thermogram is shown in Figure 41. A mass loss of 100% was detected between
210 °C and 400 °C. Consequently, a calcination temperature of 350 °C was chosen to
remove the SDA completely.
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Figure 41: TG and DTG curves of Pluronic® F-127, the structure-directing agent used to obtain the
porous PMO network.

It was important to ascertain whether the PMOs were stable at this temperature or the
organic part in the framework decomposed like the SDA Pluronic® F-127. The
thermogravimetric curves of the PMO particles (Figure 42) showed different
decomposition behaviour depending on the organic unit. In all thermograms, the first
range up to 125 °C was assigned to desorption of adsorbed solvent on the surface and in
the pores of PMO particles. The second range indicated the decomposition of the
organic unit. The phenylene group decomposed at 550 °C to 750 °C (Figure 42, top).
The biphenylene group decomposed at temperatures from 455 °C to 745 °C (Figure 42,
bottom). Hence, the decomposition temperature of the biphenylene units is slightly
lower compared to the phenylene units. The phenylene and biphenylene units were
burned to gaseous carbohydrates and vanished from the material. Since the
decomposition temperatures of the regarded PMOs were above 400 °C, the calcination
temperature of 350 °C was sufficiently high to remove the SDA and sufficiently low to
maintain the organic groups intact in the framework.
The theoretically calculated inorganic residue of the phenyl-PMO was 66.7%. This
implies that 33.3% of the material can be assigned to the organic part. Considering the
organic part, the calculated values fitted very well to the measured ones. The value of
the first step – depicting the amount of the absorbed solvent – was subtracted from the
total mass of the sample. Subsequently, the measured data for the decomposition of the
PMOs was recalculated, adjusted to the solvent-free values.
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Looking at the phenyl-PMO, the measured percentage of the organic part fits perfectly
to the calculated ones (Figure 42, top). In the TG measurement, 35.1% of the material
was decomposed between 550 °C and 750 °C, which can clearly be assigned to the
phenylene units. The silica part remained with a mass referring to 64.9%. The residual
powder comprised silicon oxycarbides, which were coloured black due to the remaining
carbon.

Figure 42: TG and DTG curves of calcined (top) phenyl- and (bottom) biphenyl-PMO powder prepared
from the dip-coating solution.

Regarding the biphenyl-PMO, the measured values for the remaining silicon
oxycarbides and decomposed biphenylene units correlate well with the calculated ones.
The latter obtained for the decomposed biphenylene unit was 53.1%. The value for the

85

5. Results and Discussion I
residue was 46.9%. These amounts also fitted well to the measured ones, with 55.7%
for the biphenylene part and 44.3% for the black-coloured residue of silicon
oxycarbides. The materials had a high thermal stability. The measured and calculated
composition of the particles was consistent. On this basis, it was assumed that the
desired phenyl- and biphenyl-PMO were synthesised without a decomposition of the
organic units during calcination.

Infrared Spectra of PMO Particles
In addition to the thermogravimetric analysis, the PMO powders were also characterised
by IR spectroscopic measurements. Therefore, the powders were mixed with KBr,
pressed in a pellet form and measured in the transmission mode. The collected spectra
are compared regarding the organic groups in the network. The results are summarised
in Table 7. In Figure 43, the spectra of phenyl-PMO and biphenyl-PMO particles
obtained by drying the dipping solution are compared.

Figure 43: IR spectra of PMO powders synthesised from dipping solution.
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Table 7: Summary of vibrations for phenyl-PMO and biphenyl-PMO powders and their assignment. The
listed wavenumbers are given in the cm1 unit.

biphenylene
gel

phenylene
gel

assignment

reference

3621

3636

ν(SiOH)

[222]

3431

3433

ν(SiOH)

[223]

3071

3064

ν(ringH)

[224]

3026

3011

ν(ringH)

[224]

1931

1939

ν(ring)

[224]

1706

1705

ν(ring)

[224]

1630

asymm. ν(ring)

[224]

1605

1600

ν(C=C)

[225,226]

1523

1506

ν(C=C)

[225]

ν(CC)

[224]

1493
1446

1434

ν(C=C)

[224,226]

1389

1385

δ(CH)

[225]

1265

1280

symm. δ(CH)

[223]

1140

1158

ν(SiO) or ν(SiPhSi)

[225,226]

1030

1050

ν(SiO)

[222]

845

835

δ(1,4-substituted CH)

[224,225]

811

810

δ(SiOSi)

[222,225]

763

783

δ(ring), SiPh

[226]

biphenylSi

[225]

696

symm. ν(SiC), SiPh

[225,226]

663

δ(SiOSi)

[222]

biphenyl

[225]

δ(SiC)

[225]

SiO

[222,226]

718
698
560
513
433

525

The wide IR band between 3750 and 3100 cm1 in all spectra could be assigned to the
stretching vibrations of the silanol groups [Si‒OH]. These bands were very prominent
due to the enhanced hydrophilicity of the particles and the generation of hydroxyl
groups by hydroxylation of the materials. Both small bands at 3064 cm1 and 3012 cm1
were characteristic for stretching vibrations between an aromatic ring and the bound
87

5. Results and Discussion I
hydrogen.[224] The signals around 1930 cm1 and 1705 cm1 in all spectra indicate an
aromatic ring stretching vibrations and an asymmetric ring vibration found only in the
phenyl-PMO spectra at 1630 cm1. These weak bands are overtone and combination
vibrations, which are characteristic for aromatic molecules but also difficult to find in
spectra. They can be overlapped by carbonyl bands.[223] Further evidence for aromatic
stretching vibration is a double bond between two carbons [C=C], which was found at
1600 cm1, 1512 cm1 and 1434 cm1. A clear hint for the biphenylene group is given by
the signal at a wavenumber of 1490 cm1. The symmetric stretching vibration between
two carbon atoms is responsible for this signal. The absorption bands around 1380 cm1
and 1270 cm1 are assigned to the deformation vibration of a [CH] bond. This is
obvious for the hydrogen atoms bound to aromatic compounds. The band around
1150 cm1 is difficult to associate. On the one hand, it is a possible [SiO] stretching
vibration, which is very typical at this wavenumber.[225] On the other hand, in this
region SiphenylSi stretching vibrations can also occur.[226] Both interpretations are
possible for the analysed powders. The most prominent absorption band of all spectra is
at 1150 cm1 and can be assigned to the stretching vibration of the [SiO] bonds.
Around 840 cm1, an absorption band is located, caused by a deformation vibration of a
1,4-disubstituted [CH] bond. This is obvious due to the binding of the phenylene ring
with the first and the fourth carbon atom to the silicon atoms. The deformation vibration
of the [SiOSi] bonds was found at 810 cm1. The band around 770 cm1 is assigned
to the framework vibration of the aromatic groups and the bond between a phenylene
ring and a silicon atom,[226] whereas the band at 717 cm1 can only be found in the
biphenyl-PMO spectrum and is assigned to the biphenylSi bond.[225] The absorption
band at 696 cm1 was found again in all spectra and was caused by a symmetric
stretching vibration between [SiC]. The biphenylene group causes the small band at
560 cm1. Around 520 cm1, a very prominent band is shown, belonging to the
deformation vibration of the [SiC] bond.
The results of the IR measurements indicated a successful synthesis of both PMOs. The
bands could be completely assigned to all important structural characteristics of these
compounds. No band was found indicating a cleavage between the silicon atom and the
organic group occurred during calcination. Moreover, the vibrations in the short
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wavenumber region provided evidence of intact phenylene and biphenylene groups in
the networks. Furthermore, it was conspicuous that the absorption bands of the aromatic
rings and the bound hydrogen atoms obtained for the biphenyl-PMOs slightly shifted –
by about 15 cm1 – to lower values. By contrast, for the phenyl-PMO the wavenumbers
of the bond between the aromatic ring and the silicon were higher.
Regarding the thermal analysis and the infrared spectroscopic measurements, it was
obvious that the synthesised PMO particles and coatings were stable under thermal
treatment up to 450 °C. Hence, the calcination temperature of 350 °C affected the
decomposition of the structure-directing agent Pluronic® F-127 but kept an intact
[SiC] bond. In conclusion, the calcination method is sufficient to remove the SDA and
obtain the porous PMO network with organic bridges. In the literature, this evidence is
also confirmed in other studies, showed by 29Si NMR analysis.[227,228] As is assumed, a
few [SiC] bonds were cleaved under the calcination treatment. Most remained intact,
which was shown by the detection of signals in the IR spectra at 696 cm1 ([SiC]
bond) and 840 cm1 (1,4-disubstituted [CH] bond).[229]
However, ESQUIVEL et al. could show that some bonds between the phenylene group
and the silicone atom were cleaved when the phenyl-PMO was calcined on air at
temperatures above 400 °C.[230] In nitrogen atmosphere fewer cleavages occurred,
whereas in humidity the cleavages were promoted. This process leads to a terminal
phenylene moiety and silanol group (compare Figure 44). A similar effect of annealing
also observed ASEFA and co-workers for methylene-PMOs.[231]

Figure 44: Cleavage of phenylene─Si bond at temperatures above 400 °C.[230]

5.2 Characterisation of PMO Coatings
Periodic mesoporous organosilica coatings are an attractive alternative to the wellcharacterised and already widely-employed mesoporous silica coatings. PMOs offer
wide application areas due to the organic units even without further functionalisation.
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The characteristics of the PMO coatings containing phenylene and biphenylene groups
are examined by various analytical methods and are discussed in the following.

5.2.1 Spectroscopic, Diffractometric and Microscopic Analysis of PMO Coatings
Infrared Spectrum of Phenyl-PMO Coating
As already discussed above, IR spectroscopy measurements were performed to
investigate whether the SDA was successfully removed and the organic units remained
unaffected after the calcination step. Possible by-products after calcination could be
quinones due to the oxidation of the phenylene rings or the cleavage between silicon
and carbon atoms in the oxidising atmosphere of air.
Due to the low film thickness and the deep penetration of IR radiation, only the signals
of the substrate could be measured often. Most absorption bands in the fingerprint
region could not be detected due to the measurement noise. A successful ATR-IR
measurement of a phenyl-PMO coating is shown in Figure 45.

Figure 45: IR spectrum of the unmodified phenyl-PMO coating on silicon wafer measured in ATR-IR
mode.

The full data of the spectrum is reported in Table 8. The most intensive bands in the
spectrum were the [SiO] and [SiOSi] stretching vibrations between 1250 cm‒1 and
850 cm‒1, which belonged to the [SiO] network of the PMO. The bending vibrations of
the [SiOSi] units could be assigned to the IR bands at 806 cm‒1. Furthermore, the
broad band between 3700 cm‒1 and 3100 cm‒1 refers to stretching vibrations of
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[SiOH], silanol groups.[222] [SiOH] bending vibrations are only visible as a shoulder
and could be found at the wavenumber of 932 cm‒1 overlapping with the [SiO]
band.[225]
Table 8: Summery of vibrations for the phenyl-PMO film on silicon wafer and their assignment.

wavenumber / cm‒1

assignment

reference

3635

ν(SiOH)

[222]

3058

ν(ringH)

[224]

2929

ν(CH)

[223]

1666

ν(ring)

[224]

1630

asymm. ν(ring)

[224]

1597

ν(C=C)

[224,225]

1510

ν(C=C)

[224,225]

1433

ν(C=C)

[224]

1380

δ(CH)

[225]

1272

symm. δ(CH)

[223]

1132

ν(SiO)

[225]

1017

asymm. ν(SiO)

[222]

932

δ(SiOH)

[222,225]

831

δ(1,4-substituted CH)

[224,225]

806

δ(SiOSi)

[222,225]

737

δ(ring)

[224,225]

696

symm. ν(SiC)

[225]

There are typical bands in an IR spectrum, which can be clearly assigned to aromatic
units found in a material. Regarding the IR analysis illustrated in Figure 45, the weak
band at 3058 cm‒1 is a hint for an aryl ringH stretching vibration that could refer to the
phenylene units in the PMO film. Between 2000 cm‒1 and 1600 cm‒1, there are several
overtone and combination vibrations, which are typical for aromatic compounds. These
bands are located at 1666 cm‒1 and 1630 cm‒1 as well as the characteristic [C=C]
stretching vibrations at 1597 cm‒1, 1510 cm‒1 and 1433 cm‒1.[224] A bending vibration of
the ring is visible at 737 cm‒1. A characteristic band for 1,4-subsituted phenyleneH
groups is found at 831 cm‒1. Here, the [CH] vibrations bend out of the plane and
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influence each other. The coupling of the neighboured hydrogen atoms is responsible
for these signals.[224] A relatively prominent band can be found at 696 cm‒1. This signal
is assigned to a stretching vibration between [SiC] bonds. Due to the movement of all
other molecules at the wavelength in the fingerprint region, the evidence for the [SiC]
coupling is vague. The identification of a [SiC] bond by IR analysis is not easy and the
results are often unconvincing.[225]
Regarding the IR spectrum of the phenyl-PMO coating shown in Figure 45, it was
concluded that the desired coating was successfully prepared. All signals were assigned
to phenyl-PMO components. No by-products of the calcination like quinones were
found. Typical IR bands for quinones are located at 1690 – 1660 cm‒1 for [C=O] and at
1600 cm‒1 for [C=C].[223] As was difficult to prove that the bond between Si and C was
not affected after the calcination, the signal monitored at 700 cm‒1 could only be grade
as a hint for its stability.
It was not possible to measure an IR spectrum of the biphenyl-PMO coatings. The
intensities of the measured spectra were very low and difficult to analyse. Therefore,
only the IR spectrum of the biphenyl-PMO powder is illustrated in the previous chapter.

Structural Analysis of PMO Coatings by X-Ray Diffraction
In addition to the chemical composition, the structural arrangement of the PMO
coatings was investigated by X-ray diffraction (XRD). The periodic and repetitive
arrangement of the pores in the nanometer range in the PMO coatings should lead to
reflections in XRD pattern. The uncoated glass slides did not show any X-ray
reflections due to the absence of any periodic arrangement in the glass. The phenylPMO film exhibits two reflections at 2θ values of 0.8° and 1.5° (Figure 46 left). The
reason for the reflections is the electron density contrast between the empty cavities in
the organosilica material after removing the organic structure-directing agent.[232–234]
These reflections are difficult to assign to certain pore geometry like hexagonal or
cubic. It is possible that the mesoporous films have a comparable structure like the
mesoporous bulk material LMU-1.[235] The most intensive reflection appears at 0.8° 2θ,
corresponding to a d-spacing of 11 nm. Such pore widths are supported by the TEM
results shown in Figure 49.
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Figure 46: XRD pattern of left) phenyl-PMO and right) biphenyl-PMO film on a glass slide.

Contrary to the phenyl-PMO film, the biphenyl-PMO showed no reflections at all
(Figure 46 right). One reason can be that there are no pores at all, although this
contradicts the sorption and TEM measurements shown below. The missing reflections
in the XRD pattern can be explained by the missing periodical structure. The disordered
pore structure can have various reasons. On the one hand, it is possible that the solvent
evaporated too quickly and the structure could not be formed so quickly. On the other
hand, the rigidity of the biphenylene unit is high, which can lead to a disordered porous
structure. The biphenylene unit with two aromatic rings is longer than the phenylene
unit with one aromatic ring. The former is flexible along the longitudinal direction, e.g.
rotations or changes of the bond angle between the aromatic rings can result.

Structural Investigations of PMOs by Scanning and Transmission Electron
Microscopy
Scanning and transmission electron microscopy pictures were taken to characterise the
surface and the pore structure of both PMOs films. The SEM pictures were taken
without sputtering of the PMOs surface to avoid losing structural information.
Admittedly, due to the high amount of organic material, charging effects in the samples
occurred and led to a poor resolution at high magnification. On the one hand, the TEM
pictures were taken in a cross-section manner to examine the overall porosity of the
films over the whole film thickness. On the other hand, the films were scratched from
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the substrate to also observe the overall porosity and periodicity of the pores in the
coatings.

SEM and EDX Characterisation of Phenyl-PMO and Biphenyl-PMO Coatings
The SEM pictures of the phenyl-PMO coatings showed a smooth film on the
macroscopic scale without any cracks and inhomogeneities (compare Figure 47 left).
On the microscopic scale, the coating showed an open-porous outer surface of the PMO
film (Figure 47 right). Pore openings were up to 10 nm large and were aligned parallel
to each other, forming a pattern. The SEM pictures confirmed the existence of an openporous phenyl-PMO film.

Figure 47: Scanning electron microscope images showing the surface of a native phenyl-PMO film. The
right image reveals the open-porous structure of this coating.

Figure 48: left: Scanning electron microscope image of the outer surface of a native biphenyl-PMO film.
right: Strong charging effects of the biphenyl-PMO sample while SEM measurements. It was not
possible to obtain high magnification pictures of the biphenyl-PMO coatings.
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It was only possible to take a SEM image of the biphenyl-PMO in a low magnification
(Figure 48 left) due to the high charging effects during SEM measurements (Figure 48
right). In this low magnification, a smooth and crack-free PMO film is visible, albeit
without any evidence of pores.

TEM and EDX Characterisation of Phenyl-PMO and Biphenyl-PMO Coatings
TEM measurements were performed for better characterisation of the PMO coatings.
They displayed the inner porous system of the phenyl-PMO and proved the porosity of
the biphenyl-PMO.
The TEM pictures in a cross-section manner – recorded for the phenyl-PMO coating –
clearly displayed the well-structured pore system (see Figure 49). These results
confirmed the XRD measurements of the phenyl-PMO film shown in the section above.
The XRD pattern (Figure 46 left) indicated an ordered porous system with a repeating
distance of 11 nm. This could be validated by the TEM analysis. The ellipsometric
measurements revealed a film thickness of about 360 nm, which was confirmed by the
TEM measurements (Figure 49, left). The films have a regular porous structure with
pore widths of about 9 nm and pores that are oriented nearly perpendicular to the
substrate surface (Figure 49, right). However, these observations can only be made in
inner areas of the coating. In the area directly connected to the substrate and at the top
part of the coating, different structures can be found in the cross-section view. It is
possible that these parallel-oriented pore channels proceed in other directions; for
instance, parallel to the surface. Indeed, this could not be examined in a cross section as
the pores vanished backwards in the image plane. Additionally, it is also possible that
these areas at the top and bottom of the coating have an unstructured character, showing
no aligned pore channels. Regarding the SEM and TEM examinations, it was concluded
that the pores were open and accessible from the outer surface of the coatings. This is
favourable for the loading and release of active agents like drugs or growth factors.
Admittedly, the pores also showed a bottle-neck effect, which meant that the pore
interior was larger compared to the pore exit. As shown in Figure 49 on the right, the
external 50 nm of the coating had a disordered structure with narrow pore outcomes.
This characteristic can be a disadvantage for loading the material with substances. Due
to the narrow pore openings, a block can occur during the loading process. Hence, the
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pore interior is only poorly available for substances since the drug molecules block the
pores at the narrow pore neck. The exact values for the sizes of the pore necks and pore
bodies were determined by krypton sorption measurements (section 5.2.2).

Figure 49: Transmission electron microscopy images in a cross section of a phenyl-PMO coating
showing periodically-oriented mesopores with a size of approximately 9 nm. The pores were oriented
perpendicularly to the substrate with pores open to the coating surface.

By means of EDX analysis of the TEM measurements, a homogeneous element
distribution of carbon, oxygen and silicon in the phenyl-PMO layer could be detected.
According to Figure 50, the red top layer is the epoxy resin for embedding the PMO
sample, followed by a green layer in the middle comprising the phenyl-PMO with small
red speckles of the carbon in the layer. The white layer below is the glass substrate.

epoxy resin

phenyl-PMO

glass substrate
Figure 50: Coloured picture of the element distribution in the resin embedded phenyl-PMO coating on a
glass substrate. The red layer was the resin, the green layer was phenyl-PMO and the white one was the
epoxy resin.
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Figure 51 supports determining the homogeneously-distributed elements such as
carbon, oxygen and silicon in the phenyl-PMO coatings. Through a STEM dark field
analysis, it was possible to visualise the element distributions of individual elements
using Cu Kα radiation. The left picture of Figure 51 shows the carbon distribution in the
examined area, the middle one shows the oxygen distribution and the right one the
silicon distribution, all elementary compounds of the phenyl-PMO coatings. It shows
that all three elements are well spread in the middle layer in all three images.

Si

O

C

Figure 51: STEM dark field of the analysed sample area showing the individual element distribution of
carbon, oxygen and silicon. Moreover, in these pictures the homogeneous distribution of the elements in
the phenyl-PMO layer could be confirmed.

The EDX spectrum (attached in supporting information) of the investigated sample area
approved the TEM pictures. The peaks of the elements silicon, oxygen and carbon had
the highest intensity, indicating that these elements were the most common in the
sample. Further determined elements were calcium, potassium, sodium, manganese,
phosphor and chlorine, which are more a hint for a contamination during the sample
preparation like embedding and polishing prior to the TEM measurement.
In order to determine the overall porosity of the PMO coatings, the films were scratched
off. The scratched-off phenyl-PMO film show several hundred nanometer large
domains of linearly-ordered pores (Figure 52 left). The domains are 50 to 100 nm large
and indicate different orientations of the pores. Due to the scraped-off samples, the
porosity of the whole PMO coating was approved, as pores could be found throughout
the whole sample. Furthermore, a periodicity of the aligned phenylene-siloxane units
can be observed (Figure 52 right) at certain spots. The distance between the singular
lines is 0.24 nm, which corresponds to the diameter of a benzene ring. Nonetheless, the
coatings showed more of an amorphous character, which was no disadvantage for the
intended application.
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Figure 52: Transmission electron microscopy images of a scratched-off phenyl-PMO film that (left)
indicated the porous domains of the coating. Taking a closer look (right), the straight aligned phenylenesiloxane units were also visible.

The TEM measurements of the biphenyl-PMO layer were very important, as the SEM
analysis did not give a hint at the porosity of the coatings due to the high charging
effects. The transmission electron microscope images of the scratched-off biphenylPMO coating (Figure 53) indicate that these coatings are porous, with a pore size of
nearly 9 nm. The light grey areas in the picture can be assigned to the pores in the
coating, while the darker areas are the PMO material itself. The darker the area in the
picture (Figure 53 left), the thicker the sample in this area and the more layers that lie
above each other. However, it was evident that the biphenyl-PMO coatings were denser
compared to the phenyl-PMO coatings.

Figure 53: TEM images of a scratched-off biphenyl-PMO film showing the porous structure of the
material.
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The TEM analysis of the biphenyl-PMO material clearly showed that the samples had
no structured pore system. The pores were irregularly distributed in the biphenyl-PMO
coating. This also confirmed the X-ray diffraction pattern (Figure 46, right) of the PMO
coating with no signals indicating a structured material. The pores had a diameter of 7 –
9 nm. From the various pore diameters and the absent structure of the porous system, it
can be concluded that the larger biphenylene unit is very flexible. This led to a folding
of the organic units in the structure and thus to the irregular and unstructured pore
system. Furthermore, it was possible that the solvent evaporated very quickly during the
dip-coating process and subsequent drying, which could hinder the forming of a more
regular porous structure of the coatings. Nevertheless, the TEM analysis approved that
both PMO coatings were porous, although the phenyl-PMO coating was more
structured, containing more pores inside.

5.2.2 Krypton Sorption Measurements of the PMOs Coatings
Krypton sorption measurements were performed to determine the values for the specific
surface areas, the pore volumes and the pore widths of the PMOs thin films. Both Kr
isotherms of PMO coatings are of type IV with a hysteresis of type H2.[203] This course
is typical for capillary condensation in mesopores, which is valid for both PMO
coatings. The course of the adsorption as well as the desorption branch of the isotherms
reveal that these coatings have bottle-neck pores with a slim pore neck and a larger pore
volume inside the film, showing a hysteresis type H2. This thesis is confirmed by the
TEM images (Figure 49), depicting that the ca. 9 nm large pore interior merges in
narrow pore necks at the film surface (ca. 50 nm of the film near the top of the film
surface).
Native phenyl-PMO coatings had a specific surface area of about 460 cm2 · cm2 and a
pore volume of 2.80  105 cm3 · cm2, referring to the substrate surface (Figure 54).
These values mean that the inner surface of the films is nearly 500 times larger than the
outer surface, with 75% of free space in the coating. The specific surface area of the
biphenyl-PMO

films

was

160 cm2 · cm2

and

the

pore

volume

was

1.30  105 cm3 · cm2. In the case of biphenyl-PMO, the specific surface is 160 times
larger than the outer surface and 60% of the coating is free space.
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Figure 54: Krypton sorption measurement of top) phenyl-PMO and bottom) biphenyl-PMO showing an
isotherm of type IV with a hysteresis of type H2.

In Figure 54 (left), a specificity of Kr isotherms is visible. At high pressures (p/p0 >
0.9), the software is unable to precisely determine the pressure changes leading to an
accumulation of the measuring points at p/p0 = 1.0. For a better overview, the points at
p/p0 > 0.9 are removed in further isotherms.
Although the biphenyl-PMO coatings were only slightly thinner compared to the
phenyl-PMO coatings, their specific surface as well as the pore volume was more than
twice as low. These results fit well to the prior ones obtain by X-Ray diffraction and
TEM. The porous structure of the biphenyl-PMOs is poorly developed due to the more
flexible organic units. The flexibility of the biphenylene unit leads to a disordered
porous material with a lower specific surface area and worse-accessible pores compared
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to the phenyl-PMO. The main reason for this is that the biphenylene unit is longer and
free in rotation and folding along the longitudinal axis.
In Figure 55, the comparison of three isotherms is illustrated depending on the film
thickness of the phenyl-PMO. By means of the Krypton gas uptake and the isothermal
course, it is clearly visible that the thinner the film thicknesses, the lower the specific
surface areas of the coatings and the lower the pore volume. The hysteresis is also
shrinking with decreasing film thicknesses. The isotherm of the 330 nm thick phenylPMO coating shows a typical H2 hysteresis for cylindrical and spherical mesopores. By
contrast, the 142 nm thick phenyl-PMO coating shows a hysteresis with a course of a
H4 slope, which is more typical for micro- and mesopores. The possible reason is the
less-developed micelles during synthesis. When the coating is thin and the solvent
evaporates very quickly, the micelles of Pluronic® F-127 cannot form a stable system.
The pores are smaller and the material possesses low specific surface areas.

330 nm

246 nm

142 nm

Figure 55: Krypton sorption measurement of phenyl-PMO coatings with different film thicknesses.

In Table 9, the values for the specific surface areas and the pore volumes determined
from the isotherms in Figure 55 are listed. From these values, it is obvious that by
doubling the film thickness the BET surfaces and the pore volumes are also nearly
doubled. This confirms once again the choice of the thicker coatings for further
applications for drug storage together with the fact that these thicker coatings are crackfree and stable.
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Table 9: Comparison of the values of the specific surface areas and the pore volumes of phenyl-PMO
coatings depending on film thickness.

tPMO / nm

SBET / cm2  cm–2

pore volume / cm3  cm–2

142

129

0.73  105

246

266

1.54  105

330

415

2.36  105

The pore width distribution determined by Krypton measurements is displayed in Figure
56 (left), indicating pore widths of about 1.9 nm. However, from the TEM
measurements (Figure 49), it is known that the pore sizes are about 9 – 10 nm. The
Krypton sorption method can only resolve pore widths until 9 nm due to test
conditions.[205,236] Thus, it was not possible to determine the larger pores by Kr sorption
measurements. This was valid for the most pore width distributions determined by Kr
measurements leading to less meaningful curves. Figure 56 (right) shows a pore width
distribution evaluated by Argon measurement. It reveals two maxima in the distribution
at about 2.8 nm and 6.2 nm, correlating better with the results of TEM measurements.

Figure 56: Pore width distribution of phenyl-PMO coating (left) evaluated by Kr sorption, (right)
analysed by argon.

It is known from SBA-15 and KIT-6 materials that the large rode-like pores are
interconnected by complementary small pores with about 2 nm in diameter. Such a pore
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geometry is also conceivable for the PMO coatings, as their synthesis conditions are
similar. This presumption is supported by the sorption measurements. The small pores
are responsible for the steep slope at the beginning of the isotherms. The pore width
distribution confirms this thesis.[237–239]
Overall, materials with the present pore size have a high suitability for applications in
drug loading and release systems. Given that most drugs are 2 – 4 nm in diameter, it is
also favourable to have pores in the same range so that the drugs can enter the porous
system. Furthermore, a high inner volume and a good accessible porous system are the
perfect conditions for the loading of high amount of substances. However, the pores
should also be sufficiently small to store the drugs, as larger pores lead to a very fast
release of the gast molecules. Thus, pore sizes of about 8 nm – as found in the PMO
coatings – are optimal for drug loading and release applications.

5.2.3 Ellipsometric Measurements
Ellipsometry was used as another characterisation method to determine the coating
thickness of the PMO layers. This analysis could be performed very easily and quickly
on the coated substrates without further preparation of the samples. Therefore, a
Sentech ellipsometer and the software SpectraRay 3 (section 4.2) were used to calculate
the film thickness by suitable models. This method was applied because the thickness
determination by TEM analysis required very strong effort and was time-consuming.
Nevertheless, both characterisation methods gave an equal value of the film thickness.
Due to the edge effects from dip-coating, only the middle of the sample was measured
by ellipsometry to determine the film thickness. When the substrate was pulled out from
the dip-coating solution, the sol drained off, causing a thicker film on the edges of the
substrate due to the draining regime, shown as the yellow and violet parts of the coating
in Figure 57. Only the film in the middle had a homogeneous thickness and could be
considered for the film thickness determination. Consequently, the inhomogeneous parts
of the coatings were cut-off and only the middle was used for further investigations.
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uncoated substrate
coating with edge effects
high thickness
low thickness
Figure 57: Edge effects caused by dip-coating.[240] The edges that appear yellow and violet are caused by
thicker coating than in the middle of the sample. The film thickness measured by ellipsometry was
investigated in the middle of the coated substrates, where the thickness is homogeneous.

The thickness of the coatings could be adjusted by either the viscosity of the dip-coating
solution or the withdrawal speed. In Table 10, such a correlation of increasing film
thicknesses with an increasing withdrawal speed is gathered. This phenomenon can be
explained by the longer time for which the draining solution is in contact with the
dipping solution, as explained in section 2.6 Dip-Coating.
Table 10: Ellipsometric measured film thicknesses and refractive indexes of phenyl-PMO samples
as-synthesised and calcined, depending on the withdrawal speed.

vup / cm · s‒1

film thickness
tas / nm

refractive
index nas

film thickness
tca / nm

refractive
index nca

0.01

340

1.669

142

1.366

0.05

525

1.579

246

1.374

0.10

667

1.542

330

1.357

In Table 10, the results of ellipsometric measurements are summarised, showing the
different film thicknesses and refractive indexes depending on the withdrawal speed.
The coating thickness and refractive index are displayed for as-synthesised films as well
as after the calcination step when the structure-directing agent Pluronic® F127 is
removed. During the calcination, the PMO films shrunk and the film thickness
decreased nearly twofold. The SDA supported the structure of the coatings when it was
still present in the pores. After burning the SDA out, the porous system in the coatings
remained, but the material became more hard and brittle and shrunk to a certain amount.
The shrinkage of sol-gel derived coatings caused by thermal treatment is a commonly104

5. Results and Discussion I
observed phenomenon.[241] The calcination step is performed not only to remove the
SDA but also to achieve further condensation of the organosilica framework, thus
making it more resistant to degradation. A consequence is an altering of the mesopores
and a distortion of the porous system in a certain way.
Due to the calcination step, not only the thicknesses change but also the refractive
index. The refractive indexes of the as-synthesised samples were higher compared to
those after calcination. The as-synthesised coatings had a refractive index above 1.58,
whereas the refractive index of the calcined samples declined to 1.36. Thus, the
refractive index of the as-synthesised samples has a value comparable to the dense SiO2
layer (n = 1.52) used in the fitting model. The lower the refractive index, the more
porous the material (refractive index of air n = 1.00). The samples with higher refractive
indices disclosed lower BET surfaces in sorption measurements and vice versa. Samples
with lower refractive indices had higher BET surfaces. Certainly, there is not a direct
correlation between the determined BET surfaces and the calculated refractive indexes,
although a tendency can be recognised.
Table 11 compares the thicknesses and refractive indexes of the as-synthesised and
calcined phenyl-PMO as well as biphenyl-PMO coatings dipped with a withdrawal
speed of 0.1 cm · s1.

Table 11: Ellipsometric measured film thickness and refractive index of PMO coatings as-synthesised
and calcined at a withdrawal speed of 0.1 cm · s‒1.

PMO

film thickness
tas / nm

refractive
index nas

film thickness
tca / nm

refractive
index nca

phenyl

643

1.515

387

1.351

biphenyl

339

1.551

270

1.325

At the same withdrawal speed, the phenyl-PMO coating is thicker than the biphenylPMO coating due to the lower viscosity of the dipping solution. Since the biphenylPMO dipping solution was only stable with a higher amount of the solvent ethanol, it
was obvious that the coating solution was less viscous than the phenyl-PMO dipping
solution. When the same amount of ethanol as in the phenyl-PMO dip-coating solution
was applied in the biphenyl-PMO solution, after a short time the sol became opaque and
particles began to precipitate. This is the reason why a higher amount of ethanol was
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used for the biphenyl-PMO sol-gel coating. The shrinkage effect after calcination
remained for both coatings. Calcined biphenyl-PMO films were nearly 40% thinner
than the as-synthesised ones. The refractive index of the calcined biphenyl-PMO
samples had nearly the same value as those of calcined phenyl-PMO samples.
Ellipsometry is a quick and reliable method to evaluate the film thickness and refractive
index of PMOs coatings. It gives first hints on the porosity considering the refractive
index and thus the quality of the coatings.

5.2.4 Stiffness of PMO Coatings
The nanoindenter measurements were performed by DANIEL GOTTSCHALK from
Institute of Continuum Mechanics, Leibniz Universität Hannover. The purpose was to
estimate the comparison between the Young’s modulus (E) of mesoporous silica
coatings and PMO coatings regarding the application of these on flexible substrates and
implants. The results are displayed in Figure 58.

Figure 58: Nanoindenter measurements for determination of the Young’s modulus (E) of a glass slide
(GS), a mesoporous silica layer (MPS) und a PMO film (PMO). right: Magnification of the region
between 10 ‒ 100 nm to clearly define the Young’s modulus of the coatings. The elasticity of PMOs
coatings is higher compared to those of the mesoporous silica film.

The recorded curves can be divided into three parts. In the first part of the curves below
10 nm, the values for E are not accurate because in this region the contact between the
nanoindenter tip and the coating surface is not well defined. Possible surface
inhomogeneities and dirt have to be overcome on these first nanometers. The second
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part between 10 ‒ 60 nm can be considered as constant and thus defined as the Young’s
modulus of the coatings. The third part is the rest of the curve above 60 nm. Here,
mixed properties of the substrate surface and coatings are measured.[242] The more that
the nanoindenter penetrates the samples, the closer the Young’s modulus becomes to the
value of pure glass slides, which have been used as a reference.
Looking at Figure 58 (right), it can be assumed that both PMOs coatings clearly have a
lower Young’s modulus than the silica coating. The mesoporous silica film has a
Young’s modulus of 18 GPa, whereas the phenyl-PMO coating has 6.6 GPa and the
biphenyl-PMO has 3.3 GPa. The numbers for the Young’s modulus of the measured
materials are in the same order as found in the literature.[243,244] The Young’s modulus
of mesoporous silica is – due to the porous network – lower than that of the glass slide.
Nearly 50% of the coating is free space in contrast to the compact glass. Since the PMO
coatings have a similar porous system as the mesoporous silica films and the first
possess organic moieties in their structure, their Young’s modulus is lower than that of
silica. The phenylene and biphenylene groups – replacing a part of the siloxane bridges
– make the material more flexible and softer compared to pure silica networks.
Regarding these results, one can imagine that PMO coatings are favourable materials
for applications on flexible materials as well as flexible implants like coronary stents or
cochlea implants. However, in fact they are too brittle for applications on flexible
devices. At high mechanical stresses – like they are applied on flexible implants – the
PMO coatings would peel off. For applications on the surface of flexible devices, a
Young’s modulus around 0.05 GPa is needed.[245]

5.2.5 Sulfonation of Phenyl-PMO Coatings
For an enhanced loading with a negatively-charged drug – for example, ciprofloxacin –
the phenyl-PMO coatings were functionalised with positively-charged sulfonate
groups.[200] In order to determine the amount of these sulfonate groups, the modified
films were stained with methylene blue and then examined in the UV-Vis spectrometer.
The value for the bound sulfonate groups could be determined precisely based on the
previously-performed calibration. The methylene blue molecules also attached to the
non-polar phenylene groups in the phenyl-PMO. Hence, the number of sulfonate groups
bound to the phenyl-PMO was determined by the difference of the adsorbed methylene
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blue molecules on both materials. The assay gave a value of 1.032 · 1016 ± 1.0133 · 1014
molecules per cm2 of methylene blue adsorbed to the phenyl-PMO and 2.224 · 1016 ±
1.129 · 1013 molecules per cm2 adsorbed to the sulfonated phenyl-PMO. The difference
is 1.192 · 1016 molecules per cm2, which can be assigned to the sulfonate groups. The
blue colour of the dye is very intensive. Hence, the different concentrations can be
easily differentiated, as shown in Figure 59.
a)

b)

c)

Figure 59: a) Native and methylene blue stained b) phenyl-PMO and c) sulfonated phenyl-PMO
coatings.

Krypton sorption analysis confirmed the methylene blue results, as shown in Figure 60.
The specific surface area of the sulfonated phenyl-PMO was lower with 380 cm2 · cm2
(Sphenyl-PMO = 460 cm² · cm2) as well as the pore volume with 2.46  105 cm3 · cm2
(PVphenyl-PMO = 2.80  105 cm3 · cm2). This indicates that the modification with sulfonic
acid groups led to decreased specific surface area and pore volume of phenyl-PMO
coatings.

Figure 60: Krypton sorption measurements of unmodified and sulfonated phenyl-PMO displaying the
lower specific surface area and lower pore volume of the sulfonated phenyl-PMO coatings.
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5.2.6 Wettability of PMO Coatings
Water contact angle measurements were performed to estimate the wettability of the
PMO films. The static water contact angle of PMOs coatings was compared to
mesoporous silica films and cleaned glass slides (Figure 61). Regarding the rather
hydrophilic MPS films (5°),[7] phenyl-PMO (25°) and biphenyl-PMO (43°) coatings
were clearly more hydrophobic. The uncoated glass slides showed a typical contact
angle of 21°.

Figure 61: Water contact angle measurements of glass slides, mesoporous silica, phenyl-PMO,
sulfonated phenyl-PMO and biphenyl-PMO coatings. PMO coatings revealed higher hydrophobicity
compared to the mesoporous silica coatings.

The non-polar organic groups in the periodic mesoporous organosilica caused an
increase of the water contact angle in a range of 20° to 25°. The low contact angle of the
MPS coatings is induced by silanol groups and the porous system with a high surface
area.[246] It was shown that the surface topology – e.g. nanostructures or nanopores –
affects the wettability of surfaces.[247] Regarding PMO coatings, two effects compete
with each other: the open pores at the surface of the coatings and the hydrophobic
organic groups in the structure. The open porosity causes high wettability, whereas the
organic groups reduce it again. However, the higher contact angle of the biphenyl-PMO
film was not only influenced by the more hydrophobic biphenylene group; moreover, it
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also had a less porous surface. The results of measured water contact angles shown
above were contrary to some other investigations on the wettability of PMO films.[248–
250]

Most PMOs coatings have a contact angle above 50°, with pores lying parallel to the

substrate surface. These films have a low number of open pores on the outer film
surface. This has a crucial effect on the wettability, given that only almost chemical
properties influence the wettability of the PMO coating surfaces.
The sulfonate modification of the phenyl-PMO coatings was proven by a reduced
contact angle, caused by the polar sulfonic acid groups. Due to this modification, the
water contact angle decreased by 8° to a value of 17°. As the sulfonate group bind to the
non-polar phenylene ring, its hydrophobic effect is lowered.
Due to the organic moieties in the silanol network, PMOs act more hydrophobically and
thus are better suitable for the delivery of hydrophobic substances. Furthermore, the
hydrophobic character of PMOs makes their porous structure more resistant against cell
culture conditions, as shown in section 5.2.7. For better characterisation of the
wettability inside of the porous PMO network, some water sorption measurements
should be performed to confirm the results of the outer film surface.

5.2.7 Stability of PMOs under Cell Culture Conditions
The stability tests were carried out by immersing the PMO-coated glass substrates in
cell culture medium where 10% of FSC and 1% of penicillin were added to simulate the
cell culture test conditions. In order to indicate whether the coatings were stable under
simulated body conditions, the films were investigated microscopy and XRD before and
after immersion in the cell culture medium at 37 °C. Before storage under cell culture
conditions (Figure 62 a), it is obvious that the native coating is homogeneous and even.
After storage of the phenyl-PMO coatings in cell culture medium for 14 days (Figure 62
b), the coating looked corroded with slight peeling-off effects at the edges. Furthermore,
the film thicknesses were inhomogeneous assigned by the different reflecting colours.
This indicates that the phenyl-PMO coating is damaged during the storage conditions
but remains almost completely on the glass slides.
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a)

2 mm

b)

2 mm

Figure 62: Left: X-ray diffraction pattern of phenyl-PMO layers on glass stored in cell culture medium
with 10% of FSC and 1% penicillin. The structural stability of the coatings could be observed over 14
days. Right: Microscopy images of phenyl-PMO-coated glass slide before (a) and after (b) storage for 14
days under cell culture conditions. Looking at the top picture, it is obvious that the coating is corroded
and starts to peel off from the glass slide. Furthermore, it shows different film thicknesses, which can be
assigned to the different reflection colours.

Measuring the XRD pattern every 24 h, some structural rearrangement of the coatings
could be observed. The intensity of the reflection at 0.9° 2θ – which can be assigned to
mesopores – decreased and shifted slightly to higher 2θ values, accompanied with a
broadening of the reflection within 14 days (Figure 62, left). This was due to a structural
rearrangement of the porous system. Indeed, the ellipsometric measurements revealed
that the film thickness slightly decreased in this time from 360 nm to 300 nm, but the
coating remained on the glass slides. Regarding these results, it is obvious that the
phenyl-PMO coating was influenced by the cell culture medium under in-vitro
conditions. The layer thickness decreased while the coating partially dissolved. The
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porous system was destroyed, possibly due to Ostwald ripening-type processes. A
similar result was also observed for mesoporous silica films. Compared to the PMO
coatings, they already lost the ordered porous structure after 24 h.[6] The advanced
stability of the phenyl-PMO coating under cell culture conditions is due to the organic
moieties in the mesoporous structure. The network is more hydrophobic and more stable
against aqueous solutions.

5.3 Drug Loading and Release
The loading and release ability of the phenyl- and biphenyl-PMO coatings was tested
and evaluated regarding their suitability in local drug delivery applications. After
implantation, it is important to combat the bacterial flora and assist during the healing
process. Thus, a sufficient and immediate treatment with drugs is necessary. The
requirement is a consistent release of drugs over a longer time. A benefit of such
modified implants would be an immediate release of a higher drug amount after the
implantation to suppress the first inflammation. The release kinetics are challenging to
adjust due to complex simulation conditions of a living system.
The success of the loading procedure was tested not only by UV-Vis spectroscopy
during release experiments but also prior by infrared spectroscopy and krypton sorption
measurements. Additionally, Foerster resonance electron transfer (FRET) spectroscopy
was also performed. This investigation had to clarify whether the loaded ciprofloxacin
could be detected in the PMO coatings itself and the CFX release monitored in the
coatings and not only indirectly in the release solutions.

5.3.1 Loading of Ciprofloxacin
Before the release experiments were carried out, the ciprofloxacin-loaded PMO films
were examined by IR and Kr sorption measurements to estimate the successful loading
of the drug. In Figure 63, the IR spectra of the pure phenyl-PMO film in comparison
with the sulfonated and CFX-loaded ones are displayed. All spectra differ only in small
details. The clear bands for the sulfonated PMO are overlapped by the very strong [Si–
O] bands at about 1130 cm‒1 and 1020 cm‒1, whereas only the strong band at about
900 cm‒1 gives an evidence of a 1,2,4-trisubstituted phenylene ring. The CFX-loaded
samples were also not easy to examine by IR spectroscopy. A new band at about
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1710 cm‒1 can be assigned to the carbonyl and carboxylic acid groups in CFX.
Furthermore, bands for amino groups can be found at 1500 cm‒1 and an enhanced band
at 1630 cm‒1 gives a hint for further present nitrogen species.

Figure 63: IR spectra of pure phenyl-PMO coatings and sulfonated ones as well as ciprofloxacin (CFX)
loaded. All spectra give only a hint for successful modifications.

In conclusion, the IR measurements gave only hints for a successful modification with
sulfonic acid and loading with CFX in the phenyl-PMO coatings. On this occasion, Kr
sorption measurements of functionalised phenyl-PMO coatings were performed, as
shown in Figure 64. Looking at the isotherms, it is obvious that by modification with
sulfonic acid groups, loading with ciprofloxacin and both modifications together the
specific surface area and the pore volume decreased. The more the phenyl-PMO coating
is modified and the more the porous network takes up larger molecules, the lower the
specific surface area. As gathered in Table 12, the values for the sulfonated and CFXloaded phenyl-PMO are nearly halved to those of the pure phenyl-PMO. Thus, the Kr
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sorption measurements provide the evidence of a successful modification and loading
with CFX of the phenyl-PMO.

Figure 64: Krypton sorption measurements of functionalised phenyl-PMO coatings. Due to the
modification with sulfonic acid groups or loading with CFX, the specific surface area of the phenyl-PMO
films and the pore volume decrease.

Table 12: Specific surface area values and pore volumes of pure phenyl-PMO coating and the different
modifications.

SBET / cm2  cm2

pore volume / cm3  cm2

phenyl-PMO

460

2.80  105

+ SO3‒

380

2.46  105

+ CFX

360

2.03  105

+ SO3‒ + CFX

220

1.69  105

5.3.2 Release of Ciprofloxacin
In order to examine the release ability of the different coatings and modifications,
ciprofloxacin release profiles were recorded. Figure 65 shows the released CFX
amounts cumulated with respect to the macroscopic surface of the layers. The molecules
of the antibiotic ciprofloxacin diffuse ideally into the pores of the PMO layers and are
stored there.
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Figure 65: Cumulative release profiles of ciprofloxacin released from phenyl-PMO coatings, biphenylPMO coatings and previously-sulfonated phenyl-PMO coatings.

The reason for the modification with sulfonic acid groups was that these negativelycharged functionalities were able to attract more positively-charged ciprofloxacin by
electrostatic interactions.[3,251] In order to characterise the release behaviour of the
mesoporous films, they were washed properly after storage in the ciprofloxacin
solution. Subsequently, the samples were stored in PBS for a certain time, after which
the PBS supernatants were collected and replaced by fresh PBS to simulate the dynamic
flow conditions that can be found in the human body. Afterwards, UV-Vis photometric
analysis of the PBS supernatants with released ciprofloxacin was performed.
The unmodified native phenyl-PMO film already released 5.0 µg · cm–2 of ciprofloxacin
after 15 days. After the modification with sulfonic acid groups, the value of released
CFX was increased up to 8.3 µg · cm–2. The biphenyl-PMO coating released
6.5 µg · cm–2 of CFX after 15 days, thus lying in-between the native and sulfonated
phenyl-PMO. The totally-loaded amount of the ciprofloxacin in the coatings was
determined by dissolving the coatings in sodium hydroxide solution (0.1 M). In order to
exclude an interference of the CFX and NaOH signal, the absorption intensity of 0.1 M
NaOH, NaOH treated glass, phenyl-PMO and CFX-loaded phenyl-PMO were measured
in the UV-Vis in a wave length range between 200 and 350 nm. In Figure 66, these UVVis measurements are displayed, showing that only the CFX-loaded samples have an
absorption maximum at 275 nm. The other samples treated with NaOH demonstrated no
higher absorption intensity at this wave length. Hence, the dissolution of the CFX-
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loaded phenyl-PMO coatings in NaOH is a suitable method for determining the CFX
amount in the coatings before and after release experiments.

Figure 66: UV-Vis measurements of 0.1 M NaOH and NaOH treated glass, phenyl-PMO, sulfonated and
CFX modified phenyl-PMO. In both graphs, a clear absorption maximum is seen for the CFX-loaded
samples and no absorption is determined for other samples at 275 nm.

For CFX-loaded phenyl-PMO coatings, the totally loaded amount of CFX was
7.7 µg · cm–2, which revealed 28% of unreleased CFX considering the release values
(5.0 µg · cm–2). The sulfonated coatings loaded 9.1 µg · cm–2 of CFX and thus 9% of
CFX was not released (8.3 µg · cm–2). The biphenyl-PMO coatings could take up a total
amount of 10.3 µg · cm–2 of ciprofloxacin and thus presented 37% of unreleased CFX
(6.5 µg · cm–2). Hence, in all cases a part of the CFX was not released within the first 15
days.
It is possible that the CFX molecules more strongly attach to the PMOs due to the
electrostatic and - interactions. This is the initial reason why the phenylene and
biphenylene linker are chosen. They have a similar chemical nature to some drugs,
which mainly also have aromatic groups. Due to the aromatic system in the phenylPMO, it can already store nearly three time more CFX than mesoporous silica coatings
(about 2 µg · cm–2), as reported by EHLERT et al.[200] One reason is the aromatic system
of the drug ciprofloxacin, which interacts by - transfer with the phenylene unit. The
biphenyl-PMO has a more elongated aromatic system with one phenylene ring more
and thus more attraction to CFX, as reflected in the release results. Another interesting
finding is the higher loading capacity of biphenyl-PMO compared to phenyl-PMO
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coatings. As investigated by Kr sorption measurements, the specific surface of
biphenyl-PMO coatings was about twice as small (section 5.2.2), still these coatings
loaded more CFX. This confirms the theory of good interactions between the non-polar
coatings and the drug. Through modifying phenyl-PMO with sulfonic acid groups, a
further enhanced loading with ciprofloxacin could be achieved. CFX is positively
charged in aqueous solution and interacts by electrostatic forces with the negativelycharged sulfonate group. Interestingly, the loaded CFX on sulfonated phenyl-PMO is
released almost completely. The sulfonate groups probably detach and elute from the
coating during the release experiments. Due to the electrostatic and - interactions, a
part of CFX remains in the PMO material but probably can be released during a longerlasting release experiment. Particularly regarding the loss of the structure of the PMO
coatings after a certain time (chapter 5.2.7) they dissolve after a prolonged time, thus
releasing the remaining drug.
Regarding the release kinetics of CFX, it could be observed that ciprofloxacin is already
released on the first day in a high amount, namely one-third of the loaded CFX amount,
from all coating types. A reason can be the adsorbed CFX molecules on the sample
surfaces and the accumulation in the pore entries that are released or desorbed at first.
The release was steady until the fifth day, but after eight days the release curves clearly
flattened and a plateau developed in the subsequent days, although the changing
intervals of the PBS solution were extended. Here, a first-order release kinetic can be
observed, which is assigned to concentration-controlled release of the drug. After 15
days, the release experiment was interrupted as no significant amount of CFX could be
detected. The modification with the sulfonate groups showed no influence on the release
behaviour; rather, it only caused an enhanced amount of the loaded ciprofloxacin. In the
first three days, the biphenyl-PMO showed the same values as the phenyl-PMO, but
during the next four days it released more CFX until the curve flattened. The release
profiles ranged between a burst release that was certainly found on the first day and a
controlled release that followed on the next days.[16] Nevertheless, the load and release
of ciprofloxacin in PMO coatings could be increased several times compared to the
results of mesoporous silica films presented by EHLERT et al.[3] The higher CFX
amounts in the coatings can be explained by the higher film thickness and a larger
porous system of the PMO coatings. Furthermore, the hydrophobic character of the
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PMOs is favourable for incorporating the antibiotic ciprofloxacin. The strong burst
release of the silica coatings could be improved by the changed material chemistry.
The release experiments in PBS are only models displaying a part of the whole drugrelease mechanism in the body. In order to examine whether the loading and release
experiments with the drug ciprofloxacin were successful, antibacterial tests were
performed with Pseudomonas aeruginosa, as described in chapter 5.4.

5.3.3 Examination of Ciprofloxacin Release by Foerster Resonance Energy
Transfer
Foerster resonance energy transfer (FRET) method can monitor the release of drugs
directly by measuring the extent of interactions between the host material and the drug
to be released. Thus, the residual amount of the loaded molecules can be determined by
measuring the fluorescence of the loaded samples. Release of the drug causes a decrease
in the fluorescence. Furthermore, it should be possible to detect whether some drug
molecules remain in the material after the release.
For the application of FRET, the spectroscopic properties of the coatings have to be
analyzed first. Therefore, the fluorescence of the unloaded PMO coatings was analyzed.
As discussed by Mandy Jahns in her master thesis,[252] the absorption maxima of the
samples were not constant at one value but scattered in a range of approximately 7 nm.
These little differences can be explained by the slightly varying chemical surrounding
of the chromophores in the coatings. For example, it is possible that some SDA residues
remain in the pores after the calcination process; also, the calcination procedure
influences the number of the silanol groups which influences the electronic structure of
the material. As silanol groups or hydroxyl groups have a bathochromic effect, which
means a red shift, the reduction in their number leads to the opposite effect.
In Figure 67, three curves are displayed showing the emission of a phenyl-PMO film,
the extinction of solid ciprofloxacin and the emission of a ciprofloxacin loaded phenylPMO film. In theory, the more the emission curve of a donator and the extinction curve
of an acceptor overlap, the better the electron transfer between these two. The phenylPMO film was excited with a wavelength of 270 nm. Its emission curve has one
maximum at 327 nm. The excitation curve of ciprofloxacin has two maxima; the highest
one is at 385 nm with a shoulder at 310 nm (excitation wavelength of 444 nm). The
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CFX-loaded phenyl-PMO film was excited at a wavelength of 280 nm. Its emission
curve has two maxima, one at 325 nm and the other one at 437 nm. These signals were
caused by Foerster energy transfer, as an excitation of ciprofloxacin at the wavelength
of 280 nm would not lead to any signal due to the higher excitation wavelength of CFX.
Hence, the phenyl-PMO acting as a donor is responsible for the signal at 437 nm due to
the FRET effect.

Figure 67: Comparison between the emission spectrum of a phenyl-PMO film (excitation at 280 nm), the
excitation spectrum of ciprofloxacin (excitation at 444 nm) and the emission spectrum of a ciprofloxacinloaded phenyl-PMO film (excitation at 270 nm). For better comparison the intensities are normalised.

Figure 68 shows the corresponding curves as Figure 67 for the samples based on
biphenyl-PMO coatings. The maximum of the emission curve of the biphenyl-PMO
film lies at 366 nm (excitation at 315 nm), while the maximum of the excitation curve
of the CFX is the same as above (385 nm). However, both maxima are located very
close to each other. The maximum of the emission at 441 nm of the CFX-loaded
biphenyl-PMO film (excitation at 315 nm) lies close to that of the biphenyl-PMO.
Furthermore, a slight shoulder is recognisable at 371 nm. Here, the FRET effect is also
responsible for the emission of the CFX-loaded film.
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Figure 68: Comparison between the emission curve of a biphenyl-PMO film (excitation at 315 nm), the
excitation curve of ciprofloxacin (excitation at 444 nm) and the emission curve of ciprofloxacin-loaded
biphenyl-PMO film (excitation at 315 nm). For better comparison, the intensities are normalised.

After the existence of the FRET effect on ciprofloxacin-loaded PMO samples was
proven, it was tested whether this effect can be used to determine CFX amounts in PMO
and thus to study the release kinetics of the loaded PMO coatings. Therefore, phenylPMO films were loaded with different concentrations of ciprofloxacin, namely 0.01 –
0.06 g ∙ ml–1. Comparing the FRET curves of CFX-loaded phenyl-PMO (Figure 69, top)
and the emission curves of the pure substances (Figure 69, bottom), it becomes obvious
that the maxima of the loaded samples can be assigned to a phenyl-PMO signal (300 –
375 nm) and a CFX signal (375 – 525 nm). Figure 69 shows a clear relation between
the CFX concentration and the fluorescence intensity of the CFX signal. The higher the
concentration of ciprofloxacin, the higher is also the intensity of the fluorescence.
Inspection of the phenyl-PMO signal shows that its intensity does not depend on the
CFX concentration.
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Figure 69: Ciprofloxacin-loaded phenyl-PMO coatings. With increasing concentration of the CFX
solution used during loading, the phenyl-PMO film shows increasing emission intensities between 375
and 525 nm (excitation at 270 nm).

In parallel to the determination of the released CFX amounts by UV-Vis spectroscopy
of the supernatants (compare chapter 5.3.2.), the releasing medium itself – namely the
PMO coating – was examined by measuring the FRET effect. The amounts of
ciprofloxacin remaining in the coatings after different release times were monitored by
changes in the fluorescence intensities. In Figure 70, the release of ciprofloxacin is
displayed for the sample which was prepared with the highest CFX concentration
during loading (0.06 g ∙ ml–1) in phenyl-PMO coatings. FRET release profiles of
samples prepared with lower concentrations can be found in the supporting information.
Figure 71 presents the CFX release curve measured using UV-Vis spectroscopy on the
supernatants.
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Figure 70: FRET-based study of the release of the antibiotic ciprofloxacin from loaded phenyl-PMO
coatings. The sample studied was loaded using a solution with a CFX concentration of 0.06 g ∙ ml–1. The
release was monitored by the measurement of the fluorescence spectra of the test specimens every day
after changing the supernatant. Due to the release of CFX, the emission peak at 437 nm decreases
whereas the peak at 325 nm, assigned to the PMO emission, increases.

Figure 71: Results of the UV-Vis spectroscopic determination of the release of CFX from phenyl-PMO
coating. The measurements were performed on the supernatants produced during the release of the
samples used in the FRET study.

As expected, the amount of ciprofloxacin in the PMO coatings decreased day by day as
can be easily pursued by the declining fluorescence intensity of the CFX signal (Figure
70, 375 - 525 nm). This direct monitoring of the CFX release from the releasing
medium, the phenyl-PMO coatings, can be easily associated with the released CFX
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amounts in the supernatants, measured by UV-Vis (Figure 71). On the first day, a very
high amount of CFX is released from the coating as evidenced by the high absorption in
the UV-Vis measurements and a strong decrease of the CFX fluorescence in the FRET
measurements. During the following days, only low amounts of ciprofloxacin were
released, resulting in a flat slope of the UV-Vis release curve on the second to fifth day.
Also in the FRET measurements, these small amounts released could be pursued as the
fluorescence intensity decreased in a modest way. Hence, with the CFX signal of the
FRET curves the release of CFX also could be monitored due to the decreasing
fluorescence intensities. Though, the FRET analysis of CFX release is not as accurate as
the UV-Vis measurements.
It was expected that upon removal of the CFX from the phenyl-PMO coating, the
emission signal of the PMO would rise (compare Figure 70, 300 – 375 nm) when the
CFX emission signal decrease (375 – 500 nm). However, during the release
experiments of CFX, it was found that both signals – phenyl-PMO and CFX –
decreased. The phenyl-PMO film did not show the same high intensity as the pure film
(Figure 70, black curve). This can be due to the restructuring of the PMO film in the
aqueous PBS solution.
Regarding the CFX-loaded biphenyl-PMO film, a similar situation and release
performance is recognisable. Figure 72 (top) shows the emission spectrum of the
biphenyl-PMO coatings loaded with different concentrations of ciprofloxacin
(excitation wavelength 315 nm). Compared to the lower picture where the emission
curve of the pure biphenyl-PMO film and the excitation curve of ciprofloxacin are
displayed, in the emission spectrum of CFX-loaded biphenyl-PMO the maxima for both
FRET partners can be found. The biphenyl PMO signal is located at 340 – 390 nm,
whereas the CFX signal is between 390 – 575 nm. Here, a clear differentiation of the
native substances is difficult due to the close peak maxima.
The signal of the biphenyl-PMO is more like a shoulder and merges at low
concentrations of ciprofloxacin to one broad curve. A clear dependence of the
intensities due to the different CFX concentrations is not recognisable. The CFX signal
maximum seems to shift to lower wavelengths with decreasing CFX concentrations.
These effects can be explained by the extended -system of the biphenylene group,
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leading to a merging of both curves and resulting in a broad FRET curve with
difficulties in interpreting the FRET results.

Figure 72: Ciprofloxacin loaded biphenyl-PMO coatings. With increasing concentration of the CFX
solution used during loading, the biphenyl-PMO film shows decreasing emission intensities between 340
and 385 nm (excitation at 315 nm).

The release of ciprofloxacin from the biphenyl-PMO coating was also monitored with
both techniques in parallel. By FRET technique the releasing samples were monitored
(Figure 73), whereas the supernatants were measured by UV-Vis (Figure 74). Looking
at the FRET release curves of the samples loaded in the highest CFX concentrations, the
decreasing amount of CFX in the biphenyl-PMO coating can be well pursued. Starting
with a clear CFX signal with a small biphenyl-PMO shoulder, the shift of the signal
maximum and rise on the biphenyl-PMO site is considerably evident (Figure 73).
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Nevertheless, the effect of overlapping signals is still strong, as on the second release
day only a broad FRET curve can be measured.

Figure 73: FRET-based study of the release of the antibiotic ciprofloxacin from loaded biphenyl-PMO
coatings. The sample studied was loaded using a solution with a CFX concentration of 0.06 g ∙ ml–1. The
release was monitored by the measurement of the fluorescence spectra of the test specimens every day
after changing the supernatant. Due to the release of CFX, the emission peak at 450 nm decreases
whereas the peak at 360 nm, assigned to the PMO emission, increases.

Figure 74: Results of the UV-Vis spectroscopic determination of the release of CFX from biphenyl-PMO
coating. The measurements were performed on the supernatants produced during the release of the
samples used in the FRET study.
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The CFX release from biphenyl-PMO coating can be compared to the CFX release from
phenyl-PMO. A burst release occurs on the first day followed by smaller amounts of
released CFX (Figure 74). Comparing both monitoring methods in parallel, the results
of the FRET and UV-Vis measurements correlate with each other. The tendency of
decreased intensity of the biphenyl-PMO signal due to higher concentrations of CFX
stored in the biphenyl-PMO coating is recognisable. The changes in the intensity and
the shift of the CFX signal maxima during the release experiments can be pursued.
Although, due to the close signal maxima of CFX and biphenyl-PMO this is difficult.
Summarising, FRET is a direct, non-destructive technique to monitor the release of
substances from the releasing medium itself. The examination of the releasing medium
– the PMO coatings – by the FRET method is an interesting tool to study the release
kinetics. If the concentrations are high enough, the drug release can be monitored well.
Nevertheless, the results obtained above show that the FRET method is not as precise as
the UV-Vis measurements. Especially, the CFX release from the biphenyl-PMO film
was difficult to pursue because of the close maxima of the biphenyl-PMO emission
curve and CFX excitation curve. Another disadvantage is the restructuring of the PMO
coatings due to the influence of the aqueous environment of the medium PBS.
However, the direct monitoring of drug release by FRET technique warrants further
studies to fully understand the release kinetics in PMO coatings. This real-time
monitoring technique has already been successfully applied in vitro to detect the release
of drugs from mesoporous silica nanoparticles into HeLa cells[253]. In-vivo polymer
nanoparticles loaded with a dye and injected onto mice were proven to show a direct
uptake of the nanoparticles in the cells, which was verified by the FRET effect due to
the released dye.[254] Therefore, such biosensoring and real-time monitoring is
conceivable with drug-loaded PMO coatings, as shown in this study.

5.3.4 Release of Rolipram
As the release properties with ciprofloxacin of both aromatic PMOs were promising,
another substance – rolipram – was loaded in the coatings. Moreover, with this drug the
release ability of the coatings was examined. The supernatants were exchanged every 24
hours.
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Rolipram release tests are displayed in Figure 75. The release profiles started with a
slight burst release on the first day. Subsequently, the released rolipram amounts from
the phenyl-PMO decreased and the curve rose only slightly until the ninth day and
clearly flattened during the following 20 days, with small remarkable amounts of the
released drug. The biphenyl-PMO showed similar rolipram release behaviour, with the
difference that the released amounts were higher than those of the phenyl-PMO coating.
Although the slope of the curve decreased after the first nine days, at no time it revealed
such a low slope like the phenyl-PMO. Overall, the phenyl-PMO coating released a
cumulative amount of rolipram of 8.0 µg · cm2 and the biphenyl-PMO released
16.3 µg · cm2, twice as much. Compared to the released ciprofloxacin amounts (Figure
65), the determined amounts of rolipram were nearly twice as high. A possible reason is
the smaller rolipram molecule that can more easily diffuse into the porous network.
Hence, more molecules can be stored and released from the PMO coatings.
Consequently, PMO coatings can be a sufficient medium for storing the neuroprotective
drug rolipram.

Figure 75: Cumulative release profiles of rolipram released from phenyl-PMO and biphenyl-PMO
coatings over 29 days.

Summarising, it is obvious that biphenyl-PMO coatings can load and release a higher
amount of rolipram than phenyl-PMO coatings. The reason may be the more non-polar
nature of the biphenylene unit, which can attract more rolipram.
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Due to the auto-fluorescence of the PMO coatings at a similar wavelength like the
rolipram, it was not possible to determine the whole stored amount of rolipram in the
coatings by dissolving them in NaOH. Furthermore, the self-dissolving of the coating in
the PBS during the release experiments can be a source of faults determining the
released rolipram amounts. Although pure PMO coatings in PBS were investigated
parallel to the loaded ones and served as reference values while UV-Vis measurements,
fault values cannot be excluded. In order to investigate the positive influence of
rolipram on neurons, cell culture tests with spiral ganglion neurons were performed.
These cell tests are described in section 5.5.3.

5.4 Antibacterial Activity of Ciprofloxacin-Loaded Phenyl-PMO Coatings
The antibacterial tests were performed by Dr. MUHAMMAD IMRAN RAHIM at the
Helmholtz Centre for Infection Research, Braunschweig, Germany. These tests should
evaluate the efficacy of the ciprofloxacin release from the phenyl-PMO coatings on a
bioluminescent laboratory strain of Pseudomonas aeruginosa (PA01 CTX::lux). These
bacteria exhibit luminescence when alive. The luminescence intensity correlates with
the number of living bacteria. A time-dependent release of ciprofloxacin was performed
by incubating the samples in PBS, collecting the supernatants every 24 h and replacing
them with fresh PBS for 14 days, thus simulating a dynamic fluid environment. Hence,
the same release times were chosen as in the CFX release experiments shown above
(chapter 5.3.2). The supernatants were tested for their antibacterial activity on the
Pseudomonas aeruginosa bacteria suspension by measuring the luminescence after zero
and 6 hours after mixing. The results are summarised in Figure 76. The cleaned glass
slides – which were used as a reference – as well as the native unmodified PMO
coatings did not show any antibacterial activity. The values of the living bacteria were
high and within the accuracy range (Figure 76 glass and A). The sulfonated PMO
coatings exhibited a surprising result, showing an antibacterial efficacy in the first seven
days (Figure 76 B). Measurements of the pH value of the supernatants during these first
seven days revealed no changes of the pH value, which could have effects on the
bacterial growth. The measured pH values ranged between 7.2 and 7.5. The
antibacterial effect of the sulfonated phenyl-PMO coatings decreased day by day, which
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can be traced possible residues of the modification chemicals that were not washed off
properly or dissolution of the sulfonated phenyl-PMO coating.
When surfaces are functionalised with sulfonate groups, their antibacterial effect is not
caused by the negative charge; rather, it is their influence on the adsorption of
fibronectin and its effects on the proliferation and adherence of bacteria. The
antibacterial activity of sulfonate groups can be found in PMMA research, grafting it
with COO─ and SO3─ groups. The carboxylic acid and sulfonate-modified PMMA
supposed to show a highly antibacterial surface. In particular, the heparin-binding
domains of the adsorbed fibronectin are decisive for the adhesion of bacterial cells.[255–
257]

Sulfonate groups inhibit parts of the fibronectin signaling way, resulting in deviated

adhesion of bacteria and leading to a bacteriostatic effect, i.e. the bacterial growth is
stopped. Nevertheless, these modifications do not affect the adhesion and growth of
other cells like osteoblasts.[258] In the presence of sulfonate groups, osteoblasts can
proliferate in a normal way without inhibition.[259] Thus, no negative effects on the
following cell compatibility examinations are expected due to sulfonation.
As expected, the CFX-loaded phenyl-PMO coatings indicated a very good antibacterial
activity in the first seven days, which correlates with a sufficient amount of CFX to kill
nearly the whole bacteria (Figure 76 C). On the following days 8 to 15, the activity
progressively decreased, resulting in the same antibacterial values as the unmodified
PMO coatings. To conclude, most of the ciprofloxacin is released during the first seven
days and smaller amounts on the days thereafter. This confirms the results yielded from
the controlled release profiles of ciprofloxacin (compare Figure 65). Moreover, the
antibacterial activity of the released ciprofloxacin from the sulfonated PMO coatings is
very high on the first eight days (Figure 76 D) and decreases in the following seven
days, reaching comparable values as the PMO coatings. Nonetheless, the maximum
bacterial amounts on days 12 to 15 are lower compared to those of the unsulfonated
CFX-loaded coatings (Figure 76 C). However, clearly-enhanced efficacy of the
sulfonated and CFX-loaded PMO samples cannot be observed in the antibacterial tests.
Hence, the advantage of sulfonate modification is questionable. The following cell
compatibility tests have to confirm and facilitate the decision concerning whether a
sulfonate modification is necessary at all, as it has a low impact on the antibacterial
activity of the coatings.
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Figure 76: Antibacterial efficacy of
ciprofloxacin-loaded PMO coatings
against P.

aeruginosa,

with lux

operon after 6 h in vitro. (A) phenylPMO film on a glass; (B) as A, but
sulfonate modified; (C) as A, but
loaded with ciprofloxacin; (D) as B,
but loaded with ciprofloxacin. A glass
slide (glass) was used as a reference.
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These investigations indicate that it is possible to suppress bacterial proliferation very
effectively during the first seven days, as well as reducing the number of bacteria during
the following days by releasing ciprofloxacin from un- and modified phenyl-PMO
coatings. The native phenyl-PMO coating already releases sufficient amounts of CFX,
which correlates with a high antibacterial activity. A modification with sulfonic acid
groups do not offer an obvious advantage compared to the pure phenyl-PMO coatings.
Presumably, the sulfonation is not necessary to achieve a good suppression of bacterial
growth. Hence, these coatings represent a practical approach for applications on
implants for the human body. The ciprofloxacin-loaded phenyl-PMO coatings can
suppress bacterial inflammation after an implantation locally without stress for the
whole body through systemic medication with an antibiotic. Since a high amount of
antibiotics immediately after an implantation is desirable, a burst release in the first
days is not a disadvantage.

5.5 Cell Culture Tests on PMO Coatings
For a further approach, cell compatibility tests were necessary to estimate whether the
PMO coatings are biocompatible at all. Therefore, cell culture tests with fibroblasts and
HUVECs were performed on the un- and modified PMO coatings. It was fundamental
that the coatings were biocompatible for further work, as the goal was an application of
the PMO coatings on implant materials and use in the human body.

5.5.1 Cytocompatibility Tests of PMO Coatings
Testing of Fibroblasts and HUVECs on Different Types of Phenyl-PMO Coatings
The presented cell culture tests were performed by Dr. SABRINA SCHLIE-WOLTER from
the Laser Zentrum Hannover e. V., Hannover, Germany.
The cytocompatibility of the phenyl-PMO coatings was tested by seeding the samples
with two cell lines: first, human fibroblasts; and second, human umbilical vein
endothelial cells (HUVEC). Both cell lines belong to standard cell lines for examining
biocompatibility. The vitality of the cells on different phenyl-PMO sample types is
shown in Figure 77. In comparison to the glass slides used as controls, no significant
increase of dead cells could be detected. The fibroblasts (Figure 77 left) as well as the
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HUVECs (Figure 77 right) showed a high vitality of about 92% on all investigated
materials.

Figure 77: Vitality of (left) fibroblasts and (right) HUVECs on the different modified phenyl-PMO
samples inoculated for 48 h and 96 h at 37 °C. Cleaned glass slides were used as a control.

As shown in Figure 78, the actin filaments of the cells were well organised and
stretched over the whole surface across all investigated sample types compared to bare
glass slides. It seems that the number of fibroblasts on the sulfonated coating and partly
on the CFX-loaded ones is lower compared to the other samples. However, this can also
be an occasional observation of a small part of the tested samples, as the vitality and
proliferation numbers are not suppressed, compared to the other modified phenyl-PMO
films.
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Figure 78: Fluorescence images of fibroblasts and HUVECs of the different samples after 24 h of
cultivation time. The images of the red actin filaments and blue nuclei were combined by ImageJ.
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To gain more insights into cell shape, cell elongation was quantified by the ratio of cell
length and width (Figure 79). On the control glass slide, fibroblasts had a ratio of 4.98
and HUVECs of 2.41. Both cell lines were less elongated on the phenyl-PMO films and
the sulfonated ones. This reduction was significant for both cell lines on phenyl-PMO
films and significant for HUVECs on the sulfonated ones. Ciprofloxacin-loaded phenylPMO coatings increased the elongation of fibroblasts, albeit not significantly.
Concerning HUVECs, the ratio on ciprofloxacin-loaded PMO film was comparable
with the control treatment. The phenyl-PMO coatings modified with sulfonic acid
groups and loaded with ciprofloxacin slightly increased cell elongation of both cell
lines, albeit not significantly. It can be supposed that the enhanced elongation is related
to the presence of CFX, since phenyl-PMO films and sulfonated phenyl-PMO films
alone caused a higher amount of rounded cells, and only ciprofloxacin caused a higher
amount of elongated cells.

Figure 79: Quantification of cell ratios (equals cell length divided by cell width) of fibroblasts (left) and
HUVECs (right) on the different samples.

Since all phenyl-PMO materials presented a high green auto-fluorescence, further
staining of molecular adhesion components could not be performed. Therefore, no
quantification of cell adhesion could be carried out with this procedure. However, the
fluorescence staining also revealed insights in a specific form of cell attachment of the
cells on the substrates. In contact with the cell culture media, it could be observed that
the coating partially detached. Via enhancing the contrast of the fluorescence images,
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this detachment could be visualised (Figure 80). This could be due to high thickness of
the PMO coatings, where the coatings crack by contact with cell culture medium and
drying afterwards.

Figure 80: Visualised detached PMO coating exemplarily shown for HUVECs.

Due to the auto-fluorescence, the remaining coating shone slightly red, while the areas
without coating were black. Interestingly, the cells only attached to the substrate that
was still coated (“red”). Since the cells also attached to the uncoated control glass
slides, it can be supposed that the so-called black substrate area was probably not
comparable with glass. It was possible that certain chemicals that were needed for the
specific coatings or other debris remained on the black substrate area. Such fragments
inhibited cell attachment. With respect to the vitality results (Figure 78), it can further
be concluded that the fragments and detached coatings were not cytotoxic to the cells.
The cell compatibility of the materials was also analysed with respect to cell
proliferation over 48 h and 96 h cultivation time (Figure 81). Cell specific effects were
observed by comparing the proliferation of fibroblasts (Figure 81 left) and HUVECs
(Figure 81 right).
Concerning fibroblasts, phenyl-PMO and sulfonated coatings decelerated cell growth
after 48 h when compared with the control. After 96 h, cell growths were enhanced on
phenyl-PMO and sulfonated films alone, while all substrates containing ciprofloxacin
displayed declining cell numbers. On CFX-loaded phenyl-PMO coatings alone, this
reduction was significant. By contrast, the cell growth of HUVECs was not negatively
affected by these materials after 48 h. In this case, a small but not significant increase
on CFX-loaded phenyl-PMO film was quantified. After 96 h, the growth rate of
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HUVECs on the control and CFX-loaded phenyl-PMO coatings was similar, while it
was further reduced on unmodified, sulfonated and both sulfonated and CFX-loaded
phenyl-PMO coatings. The reduction on sulfonated and CFX-loaded phenyl-PMO is
probably related to the PMO coating and/or sulfonated PMO coating, since the
ciprofloxacin-loaded PMO layer alone enhanced the growth of HUVECs. Thus, all
coatings can be considered cell compatible, although the proliferation seems to depend
on the cell type.

Figure 81: Cell proliferation of (left) fibroblasts and (right) HUVECs on the different modified phenylPMO specimens.

In order to understand the selective control of CFX-loaded materials, further
investigation is necessary. Since the materials are neither cytotoxic nor do they seem to
inhibit cell attachment, other aspects have to be responsible. BUJOR et al.[260] confirmed
that CFX inhibits the growth of fibroblasts. They demonstrated that CFX causes
antifibrotic effects in an ERK 1 / 2- dependent manner, which involves the downregulation of Dnmt1 and upregulation of Fli1. Concerning HUVECs, no details are
known thus far.

Cell Compatibility Tests with Fibroblasts on Both PMO Coatings
These cell culture tests were performed by JENNIFER SCHULZE at the Hannover Medical
School (MHH, Hannover, Germany), Department of Otorhinolaryngology.
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Different modified phenyl-PMO coatings tested in a previous cell culture test showed
good cytocompatibility. The proliferation of NIH3T3 mouse fibroblasts on pure phenylPMO coatings exhibited excellent results. Hence, the biocompatibility of the biphenylPMO coatings should also be tested. Therefore, the standard cell line of NIH3T3
fibroblasts was used to evaluate the cell compatibility. The compatibility of glass (as
reference), phenyl- and biphenyl-PMO coatings was compared and is displayed in
Figure 82. The vitality of the fibroblasts was examined using the neutral red uptake
(NRU) staining, which marked the viable cells to differ them from the dead ones. The
vitality of fibroblasts on glass was set as a reference. The vitality on the biphenyl-PMO
coating was excellent and exhibited nearly the same values as the reference, whereby
the standard error of mean was slightly higher. In comparison, the vitality on the
phenyl-PMO coatings was almost 15% lower, which was difficult to explain, as the
chemistry or rather the surface hydrophoby are almost the same. The difference between
the two coatings is the porosity of the film surface. Phenyl-PMO coating surfaces seem
to be more structured. Another possible explanation could be preparation failures.

Figure 82: Vitality of fibroblasts on phenyl-PMO and biphenyl-PMO coatings inoculated for 96 h.
Cleaned glass slides were used as a control and reference.
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Regarding the microscopic pictures of the fibroblasts on the different surfaces after 96 h
(Figure 83), most cells adhere well on the specimens and are elongated, which reflects a
good proliferation. On all samples, a dense cell layer can be determined with only few
rounded or detached cells. Regarding these pictures, small differences of the cell layers
are observed depending on the substrate. The cells on the phenyl-PMO coating (Figure
83 b) look slightly smaller. Overall, a good vitality of cells on all tested surfaces could
be stated, which was a good starting point for further compatibility tests with NIH3T3
fibroblasts that were gene-modified for production of BDNF.

a)

b)

c)

Figure 83: Images of adhered fibroblasts on different specimens recorded after 96 h. The cells look
elongated and proliferate well on all surfaces: a) glass, b) phenyl-PMO and c) biphenyl-PMO coatings.

5.5.2 Examination of Brain-Derived Neurotrophic Factor Producing Cells on
Phenyl-PMO Coating
These cell culture tests were performed by JENNIFER SCHULZE at the Hannover Medical
School (MHH, Hannover, Germany), Department of Otorhinolaryngology.
Fibroblasts exhibited good vitality and proliferation on phenyl-PMOs, as described
above. Hence, in a further step the production of brain-derived neurotrophic factor
(BDNF) from gene-modified fibroblasts was examined. BDNF is crucial for the
protection and growth of neurons and synapses. It is one of the most active
neurotrophins. The lack of BDNF is responsible for many diseases concerning the
peripheral nervous system and the brain, such as depression, dementia or epilepsy.[168]
Our cooperation partners from the Medical School of Hannover had generated the
above-mentioned BDNF-producing fibroblasts, but experienced difficulties when trying
to attach these to the surface of cochlea implants. Correspondingly, the idea of the
present investigation was to evaluate whether a PMO coating could serve as a
favourable substrate for the growth of these fibroblasts and for their BDNF production.
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Due to the chemical similarity of the silicone (as part of the cochlea implant) and PMO,
it appeared feasible to generate such coatings on cochlea electrodes. In the same vein,
the PMO coatings were also tested with spiral ganglion neurons (SGNs, see section
5.5.3 Spiral Ganglion Cell Culture Investigations of PMO Coatings Loaded with
Bioactive Molecules), the decisive neural cell type addressed by cochlea implant
stimulation.

Figure 84: Production of BDNF (brain-derived neurotrophic factor) by modified fibroblasts proliferating
on different surfaces. The phenyl-PMO was tested (PMO) and compared to mesoporous silica coating
(MSP). Normal fibroblast (without expression of BDNF) served as a negative control (NK) and cell
culture plastic served as a positive control (PK).

Figure 84 displays the released amounts of BDNF from gene-modified fibroblasts
proliferating on different surfaces. The produced BDNF volume by the fibroblasts
tested on glass samples and mesoporous silica coatings – which had a similar structure
as the phenyl-PMO coatings – was the lowest. On both surfaces, the fibroblasts
liberated an amount of about 25 ng · mL–1 of BDNF. However, on the phenyl-PMO
coatings, the fibroblasts produced about 50 ng · mL1 of BDNF a value almost as high
as on the positive control (cell culture plastic) with 55 ng · mL–1. For a positive
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influence or rather protection of SGNs, an amount of 50 ng · mL–1 BDNF is needed to
achieve a good survival rate of the spiral ganglion neurons.[56,261,262]
These results were supported by the images taken by a fluorescence microscope (Figure
85). The cell layers on phenyl-PMO coating and cell culture plastic (positive control,
PK) appeared denser compared to those on glass and mesoporous silica coating (MPS).
Thus, it is conceivable that these denser cell layers also produce a higher volume of
BDNF. For a positive influence or rather protection of SGNs, an amount of
50 ng · mL1 BDNF is needed to achieve a good survival rate of the spiral ganglion
neurons.[56,261,262]

glass

PMO

MSP

PK

Figure 85: Images of gene-modified fibroblasts producing BDNF proliferating on different surfaces after
96 h: glass and cell culture plastic (positive control, PK) served as reference to phenyl-PMO (PMO) and
mesoporous silica (MSP) coatings.

5.5.3 Spiral Ganglion Cell Culture Investigations of PMO Coatings Loaded with
Bioactive Molecules
These cell culture tests were performed by JENNIFER SCHULZE at the Hannover Medical
School (MHH, Hannover, Germany), Department of Otorhinolaryngology.
In order to further evaluate PMO coatings for possible applications, especially in the
inner ear, cell culture studies were carried out spiral ganglion cells (SGCs). The SGCs
used were freshly-isolated primary cells from the cochleae of neonatal rats. Such a
spiral ganglion cell culture contains spiral ganglion neurons as the primary nerve cells
as well as supporting glia cells and fibroblasts.[56] Although this preparation method is
well established, the quality of the cells is highly dependent on the preparation
technique and the individual animals. Moreover, it has to be noted that SGCs are much
more sensitive to their environment than e.g. fibroblasts. The SGCs were then seeded on
the different samples: modified pure phenyl- and biphenyl-PMO surfaces, such surfaces
loaded with rolipram ones, BDNF supplemented, and concurrent modified with
rolipram and BDNF. KRANZ et al. reported that the combination of rolipram and BDNF
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led to a higher survival rate of SGNs compared to a separate influence of rolipram or
BDNF.[56]
The results of the SGNs surviving tests are summarised in Figure 86.

Figure 86: Survival rates of spiral ganglion neurons on different surfaces. Phenyl-PMO (PMO1) showed
the lowest survival rates, independent of additions. The survival rates on biphenyl-PMO (PMO2) were
higher, although still not as high as on the pure cell culture plastic (negative control, NK) or the CCP with
added BDNF (positive control, PK).

As displayed, both controls – CCP as a negative and BDNF-supplemented medium CCP
as a positive control – display higher surviving rates of the SGNs compared to both
PMO coatings. This is slightly misleading as native CCP was used as a negative control.
However, cells always adhere and proliferate on CCP better than on other substrates,
e.g. PMO coatings, as shown in previous tests. Nevertheless, a few trends can be
recognised. First, the native PMO coatings exhibit the lowest survival rate, 2.8% for
phenyl-PMO (PMO1) and 5.1% for biphenyl-PMO (PMO2). The survival rate can be
enhanced by loading them with rolipram, which leads to an improvement of nearly
1.5% for both. By adding of BDNF to the phenyl-PMO coating, the SGNs survival rate
does not change and remains at about 2.5%. The addition of BDNF to the biphenylPMO coating leads to a higher rate of 7.1%. The highest impact is found for the loading
with rolipram and simultaneous addition of BDNF, the survival rates increases up to
5.6% for phenyl-PMO and twice as high (12.4%) for biphenyl-PMO. These range at the
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same level as the negative control. Thus, for an effective impact on the SGNs, both
rolipram and BDNF should be present, as was also shown by KRANZ and co-workers. In
the presented test, only the positive control reached the number of 30% of survived
SGNs, which could be compared with the rates achieved in the study of KRANZ et al.[56]
Nevertheless, these findings support the previous tests with fibroblasts, where the
fibroblasts have shown better vitality on the biphenyl-PMO coating compared to the
phenyl-PMO coating (see section 5.5.1). Furthermore, the biphenyl-PMO films can load
and release more rolipram (chapter 5.3.4), which plays a major role in the protection of
SNGs.
The microscopic images taken of the cell culture tests after 48 h are displayed in Figure
87. For this purpose, the SGNs were stained by a neurospecific dye and subsequently
treated with an Elite ABC Kit and visualised by peroxidase diaminobenzidine substrate.
The pictures qualitatively confirm the quantitative survival rates presented in Figure 86.
The same trends regarding loading with rolipram and addition of BDNF can be seen.
The samples concurrently modified with both supplements have the highest SGN
numbers and the longest dendrites. The number of SGNs on both controls is higher and
they also exhibit longer dendrites. The length and the number of branches of the
dendrites are important for bridging the distance between the cochlea electrode and the
cochlea itself. The distance between the electrode and the cochlea can range between
0.3 – 2.3 mm.[46] The transfer of the electrical impulses on the dendrites is crucial for
the audio impression with a cochlea implant.
As these are the first in-vitro tests for the effect of PMO coatings on spiral ganglion
neurons, they have to be repeated to evaluate the results. For instance, another negative
control – e.g. silicone – can be chosen to neglect the positive influence of the cell
culture plastic on the cell growth. Furthermore, these experiments are sensitive towards
the preparation technique and the quality of the cells derived from the animals.
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phenyl-PMO

spiral ganglion cells on
biphenyl-PMO
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Figure 87: Microscopic images of the spiral ganglion cells on different surfaces. The SGNs were stained
with a neurospecific dye and visualised with peroxidase diaminobenzidine. The number of SGNs is
higher and the cell protrusions are longer on BDNF-containing samples. Overall, the controls show more
SGNs compared to PMO coatings.
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All cell culture tests performed displayed good or even excellent results in
cytocompatibility. The phenyl-PMO coatings showed high vitality and proliferation
rates in tests with fibroblasts and HUVECs, while the fibroblasts on biphenyl-PMO
expressed an even better vitality. Overall, the cells seem to proliferate better on
biphenyl-PMO coatings. The reason for this finding could be the less porous structure
and thus smoother surface of the biphenyl-PMO film or even the higher hydrophobicity
due to a less polar surface. Various studies have reported different findings on this
topic. DOWLING et al.[263] showed in a test series that a moderate surface roughness and
a contact angle of about 64° led to the best cell adhesion and proliferation. Deviations in
both directions impaired the results. Similar findings could be confirmed by other
studies.[264,265] Hence, regarding these characteristics, biphenyl-PMO coatings should
provide better proliferation and adhesion of cells as they are more hydrophobic with
little surface roughness.
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5.6 Summary and Outlook
This work has presented new insights into the preparation, characterisation and
application of periodic mesoporous organosilicas, especially phenyl- and biphenyl-PMO
coatings on implant materials. PMOs are an effective alternative to nanoporous silicas
as either nanoparticles or thin coatings. Due to their chemical structure, the PMOs
already possess a first modification in the pore walls, namely the organic bridges. Their
hydrophilicity is reduced compared to the mesoporous silica coatings, and thus polar
drugs can be more easily loaded.
The primary objective of the study was to develop thin periodic mesoporous
organosilica coatings on different substrates. This is the first study to examine the
biocompatibility and bioactivity of PMO coatings as well as the loading of these
coatings with different drugs. Overall, there are only few studies reported on the cell
compatibility or the active uptake of bio-substances by PMOs. Most reports deal with
ethylene-bridged PMOs or complex heterocyclic aromatic bridges and their applications
in cancer cell therapy.[133,134]
The preparation of novel coatings for biomedical applications based on phenyl- and
biphenyl-PMOs with a uniform mesoporous structure was successful. The films
produced with Pluronic® F-127 exhibited a well-ordered structure and high specific
surface areas as well as high pore volume. Both properties are favourable for loading
with substances. After the successful synthesis of PMO films on glass slides, these
coatings were characterised by various methods. An overview and a comparison
between characteristic data of phenyl-, biphenyl-PMO and mesoporous silica coatings is
given in Table 13.
By means of thermogravimetric analysis, the thermic stability of phenyl- and biphenylPMOs was determined and the most appropriate calcination temperature (350 °C) for
the decomposition of the SDA Pluronic® F-127 was obtained. The local chemical
structure of PMOs was investigated by IR measurements. The latter indicated that the
chemical structure of both PMOs remained largely undamaged during the annealing.
Moreover, the chemical modification with sulfonic acid groups and the loading with the
antibiotic ciprofloxacin could be proven by IR measurements. The TGA as well as IR
measurements were performed partly on PMO powders.
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Table 13: Comparison of properties between phenyl-, biphenyl-PMO and mesoporous silica coatings.

phenyl-PMO

biphenyl-PMO

mesoporous
silica

< 550

< 455

< 700

film thickness / nm

360

270

150[3]

SBET / cm2 · cm-2

460

160

11[3]

pore volume / cm3 · cm-2

2.8 · 10-5

1.3 · 10-5

─

Young’s modulus / GPa

6.6

3.3

18

contact angle / °

25

43

5

5.0(*)

6.5

0.2(*)[3]

8.0

16.3

─

good

good

good

thermal stability / °C

cumulative CFX release /
µg · cm-2
cumulative rolipram
release / µg · cm-2
cell compatibility

BDNF production / ng ·
50
─
25
mL-1
( )
* sulfonated phenyl-PMO 8.3 µg · cm-2, sulfonated mesoporous silica 1.9 µg · cm-2[3]

According to the X-ray diffraction measurements, the phenyl-PMO coatings had a
periodic ordered mesoporous structure while biphenyl-PMO films showed no ordered
porosity. One possible reason is the greater flexibility of the organic biphenylene linker
along the longitudinal direction, leading to rotations or changes of the bond angles
between the aromatic rings.
In SEM pictures, phenyl-PMO films demonstrated a porous surface. Cross-section
images of the phenyl-PMO coatings displayed pores (pore diameters 9 – 10 nm) lying
perpendicular to the film surface. The film thickness determined by TEM was 360 nm
and was later confirmed by the ellipsometric measurements. TEM images of the
scraped-off material approved the ordered porous structure of the phenyl-PMO.
Furthermore, they depicted no regularity in the pore structure of the scraped-off
biphenyl-PMO films. In order to comprehensively characterise the pore system of the
PMO coatings, krypton sorption measurements were performed. For both coatings, they
revealed high specific surface areas and a large pore volume. Nevertheless, the
biphenyl-PMO film expressed three times lower values than the phenyl-PMO film, as
summarised in Table 13. The shapes of both isotherms indicated bottle-neck pores. Like
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the SBA-15 materials,[237–239] the PMOs exhibited a bimodal pore width distribution.
Furthermore, the sulfonation and loading with the antibiotic ciprofloxacin could be
pursued by Kr sorption measurements, showing the expected decrease of the specific
surface area and pore volume.
The initial plan was to apply PMO coatings on flexible silicone. The idea behind this
was that the PMOs have flexible linkages. Thus, the coatings might be more flexible as
compared to the brittle silica. In order to evaluate this idea, nanoindenter measurements
were performed. They revealed that the PMO coatings had a lower Young’s modulus
than the mesoporous silica films, but not sufficiently low for flexible implants.
One of the most important properties of the PMOs investigated within this work is their
ability to store and release active substances. This feature was analysed by loading both
types of PMO coatings with the antibiotic ciprofloxacin and the neuroprotective drug
rolipram. CFX was loaded in the pure and sulfonated phenyl-PMO film and into the
biphenyl-PMO film. The sulfonated phenyl-PMO coating released the highest
cumulated amount of CFX, followed by pure biphenyl- and the phenyl-PMO. This order
can be explained by the polarity of the organic linker and electrostatic interactions
between the sulfonic acid groups and ciprofloxacin. The release of rolipram
demonstrated similar trends. Nearly twice as much rolipram was released from the
biphenyl-PMO than from the phenyl-PMO. The biological efficacy of CFX-loaded
coating was tested regarding their antibacterial activity versus Pseudomonas
aeruginosa. In line with the release experiments, the different coatings showed similar
antibacterial activity.
As an alternative characterisation method for drug-release experiments, FRET was
employed. Here, the releasing medium – i.e. the PMO coatings – is directly examined
by monitoring the fluorescence during the release phase. The PMO coatings acted as a
donor, transferring electrons to the loaded acceptor ciprofloxacin. Due to changing
FRET curves, the release of the drug from the coatings could be observed. The obtained
values correlated perfectly with the conventional release experiments performed in
parallel, providing an interesting method for in-situ monitoring of drug release.
Several cell culture studies stated an excellent cell compatibility of the PMO coatings
towards NIH3T3 mouse fibroblasts and HUVECs. The cells proliferated well on the
native PMO coatings. The fibroblasts showed a slightly reduced proliferation on the
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CFX-loaded surfaces due to the growth inhibiting effect of CFX on fibroblasts, as
described in other studies.[260] The phenyl-PMO surface positively influenced the BDNF
production from gene-modified fibroblasts, leading to liberated BDNF amounts
comparable to those on cell culture plastic. Finally, the protective effect of rolipramloaded PMO coatings on SGNs was examined. It was demonstrated that the phenylPMO exhibits the lowest protective effect on the SGNs, even with both supplements,
rolipram and BDNF. By contrast, the biphenyl-PMO coatings revealed a considerably
stronger protective effect. However, when compared to cell culture plastic, both PMO
coatings showed less protective effects, even in the presence of the additives rolipram
and BDNF. PMO coatings present a viable alternative to the well-characterised
nanoporous silica bioactive films and can − due to their good biocompatibility − be
further developed as a novel biomaterial.
Based on different PMO precursors, it is possible to adjust varying chemical properties,
like pore size or hydrophobicity. In addition, the phenylene and biphenylene units as
organic linkers offer interesting opportunities for further functionalisation, which can be
useful for the binding of proteins or in drug-release applications. As all tests were
performed on glass slides, the adhesion of the PMO coatings on various implant
materials should be examined for future applications. Especially in the field of
otolaryngology, such materials as metal alloys and silicone are widely used and should
be tested for their compatibility with PMOs. XPS (X-ray photoelectron spectroscopy)
would be helpful to prove whether some Si–C bonds are cleaved during the calcination.
In particular, water sorption measurements should be performed to examine the
hydrophilic character of the pores of the coatings for a better evaluation of interactions
between the PMOs and drugs. A reproducible and simple test procedure has to be
installed to determine quickly the loaded amount of drugs and thus predict their release
time. The FRET technique is probably a suitable method for continuously monitoring
drug release as it can provide results in situ from the releasing medium itself. The first
experiments in this regard were promising. As the PMO coatings cannot be applied on
flexible and soft materials like silicone rubber, the incorporation of PMO particles
would be a promising way to combine the advantages of both materials. However, this
field is new and fundamental research has to be performed here.
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Improving the Biocompatibility of PEEK by Coating with Thin Titania
Films
Different titania films were produced by dip-coating to improve the bioactivity of PEEK
implants. In the following, the samples investigated are designated as follows:
Sample type A: cleaned PEEK
Sample type B: plain titania film on PEEK substrate
Sample type C: titania film with added TiO2 nanoparticles on PEEK substrate
Sample type D: titania film with TiO2 nanoparticles formed in situ on PEEK substrate

6.1 Characterisation of Thin Titania Films on PEEK
Surface Morphology of Titania Films
The surface morphologies of cleaned and coated PEEK samples were investigated by
means of SEM. The surfaces of cleaned PEEK samples – which appeared smooth and
homogeneous on the macroscopic scale – showed scratches and bumps on the
micrometre scale (Figure 88), which could have occurred during the production and
cleaning steps.

A

A

Figure 88: SEM images of a cleaned PEEK surface (type A) showing a smooth surface on the
macroscopic scale and slightly structured on the microscopic scale.

SEM pictures of PEEK samples coated with a dense titania film (Figure 89) appeared
very

similar.

Macroscopically

and

microscopically,

the

films

showed

no
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inhomogeneities and had a dense structure without any cracks. Furthermore, the dense
titania film seemed to imitate the surface topology of the cleaned PEEK, as the same
scratched structure was visible (compare Figure 89 to Figure 88). Since the dense titania
films were very thin (30 nm, estimated by ellipsometry), the polymer surface structures
were directly transferred.

B

B

Figure 89: SEM images of a titania-coated PEEK surface (type B) imitating perfectly the cleaned PEEK
surface.

The morphology of a dense titania film with added nanoparticles is presented in Figure
90. The small nanoparticles (size ranging from 10 to 20 nm) were mostly agglomerated.
They formed nanoparticle heaps with sizes up to 2 µm. These agglomerates were
homogeneously distributed in the film. In contrast to the film prepared without the
nanoparticles, small cracks were visible within these coatings. Nevertheless, the
adhesion between the film and the substrate was very good, whereby no chipped-off
particles could be observed. The film thickness could not be measured by ellipsometry,
presumably due to the inhomogeneous morphology of the coating. Comparing further
SEM images of samples type C to the cleaned PEEK substrate, it can be assumed by
analogy that the film thickness was in the same range as for the dense titania coatings
(around 30 nm).
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C

C

Figure 90: SEM images of titania-coated PEEK substrate with added TiO2 particles (type C).

The titania films that were produced using the additives DEA and acac contained small
nanoparticles produced in situ. The former exhibited macroscopically a smooth surface,
while microscopically the films exposed a heterogeneous topology of the surface
(Figure 91). The whole surface was covered by a film and small nano-sized particles
were evenly distributed all over it. There were also knob-like agglomerates which were
much smaller than the added titania particles, compared to sample type C. Thus, the
nanoparticles must have been formed during the synthesis. The formation of the
microstructures was controlled by the additives DEA and acac according to the
mechanism described elsewhere.[194] Notably, after the drying step no cracks could be
observed. Hence, the thickness of the films could be determined by ellipsometry to be
ca. 50 nm. Both coatings C and D showed promising topology for a good cell-substrate
interaction due to their enhanced surface roughness.[187]

D

D

Figure 91: SEM image of a titania-coated PEEK sample with nanoparticles formed in situ (type D).
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The thickness of the titania thin films ranged between 30 to 50 nm and was thus nearly
five times thicker compared to the spontaneously-formed native oxide films on pure
titanium. These are amorphous at room temperature and have a thickness of 2-6 nm.[266]
The native oxide films are known to be highly biocompatible enhancing the growth of
cells on the coated implant surfaces.[267–269] The process parameters had been chosen so
that the titania oxide layers were as thin as possible, trying to imitate the native titania
oxide films.

X-Ray Diffraction Analysis of Titania Films
The X-ray diffraction pattern shown in Figure 92 displayed several broad reflections,
corresponding to the partially crystalline character of the PEEK substrates.[270] The
degree of crystallinity of PEEK varies depending on the thermal processing during
manufacturing.[64] All PEEK substrates carrying a titania coating showed the same XRD
pattern (Figure 92), whereby no further reflections could be found for titania.

Figure 92: XRD patterns of cleaned PEEK, and a titania film on PEEK.

One possible reason for the absence of additional reflections was the low film thickness,
while another was the amorphous morphology of the titania films. Both characteristics
would be similar to the native titania films formed on blank titanium materials.[266] Due
to the post-synthetic treatment at low temperatures, an amorphous morphology of the
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titania films was assumed. A higher annealing temperature of above 300 °C would be
necessary to form thin titania films exhibiting a crystalline structure.[271] Although
nanoparticles had been added to the synthesis batch for film C, no corresponding signal
could be detected in the XRD. This can be assigned to either the small volume fraction
of the nanoparticles in the film or the large width of the reflections due to the small
crystallite size.

Water Contact Angle Measurements on Titania Films
In order to investigate the changes in the surface properties of the coated samples,
contact angle measurements were performed. The static contact angles of water were
measured on uncoated PEEK samples and titania-coated ones (Figure 93 and Figure
94).
68 ± 1

51 ± 2

26 ± 2

23 ± 2

Figure 93: Results of static contact angle measurements with water. The statistical data of the
measurements display the highest value for cleaned PEEK (A) and the lowest values for the samples with
nanoparticles (C, D). The contact angle for plain titania coating (B) is between these two.

A

B

C

D

Figure 94: Images of the water contact angle measurements for all four types.
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The uncoated cleaned PEEK surface had a water contact angle of 68° ± 1°. The water
contact angle of the dense titania film on PEEK was 51° ± 2° and thus more hydrophilic
than the uncoated PEEK surface. This can be assigned to the oxidic character of the
surface presenting hydroxyl groups. As no calcination was performed, the density of
hydroxyl groups was expected to be high. Native as well as synthesised metal oxide
films usually form hydroxyl groups on their surface, whereby the process has been
previously investigated.[272] The polarity of the surface has a strong influence on the
adsorption of amino acids, proteins and other organic molecules that are included in
body fluids. In addition, the interactions of physiologically important ions like calcium
and phosphate with the surface of an implant are influenced by hydroxyl groups.[273,274]
Therefore, the increased density of the polar groups on the implant surface could
intensify the strength of the cell interactions.
The presence of titania nanoparticles in the films had a strong influence on the water
contact angle. The film with the additional nanoparticles had a water contact angle of
26° ± 2°. The titania film with particles formed in situ exhibited a contact angle of
23° ± 2°. These decreases can be ascribed to the increased surface roughness and
increased surface area caused by the (partially agglomerated) titania nanoparticles.
Thus, the surface topology had a direct effect on the wettability of the samples. Surface
nanostructures and surface roughness on the micrometre scale can directly influence the
hydrophilicity of a surface and its wettability.[194,247,275]

6.2 Mechanical Stability Studies of Titania Films
In order to characterise the mechanical adhesion stability of the titania films to PEEK
surfaces, adhesive tape tests were performed. The tape was pressed onto the sample
with one kilogram for 2 hours and subsequently pulled off. In Figure 95, SEM pictures
taken after this experiment are shown.
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B

C

D

Figure 95: SEM images taken after the adhesive tape test. The adhesive tape was peeled off after 2 hours
of loading with a mass of one kilogram. Only the titania film with the embedded nanoparticles (B)
showed some spots that had been peeled off.

The dense titania film (Figure 95 B) did not display any damage or defects, suggesting a
very strong adherence on the PEEK surface. By contrast, the titania film (Figure 95 C)
with additional nanoparticles showed defects after pulling off the tape. Judging from the
size and arrangement of the defects, it is obvious that the large agglomerates of
nanoparticles are responsible for these defects and that especially the spots where the
agglomerated nanoparticles were positioned peeled off. As already shown in Figure 1,
these films also revealed some cracks after the drying step. The titania film produced in
the presence of additives – which contained homogeneously-distributed nanoparticles
and only small agglomerates – survived the tape test without defect (Figure 95 D),
whereby only a small residue of the adhesive glue of the tape remained on the film
surface.
These results refer to a strong adhesion of the amorphous titania films on PEEK
substrates and can be taken as an indication for a good resistance under mechanical
stress; for example, during the handling of a coated implant. The mechanical stability
should be further investigated by adhesion tests with measurable adhesion forces like a
scratch test.[196]

6.3 Chemical Stability Studies of Titania Films
The titania coatings were also tested for their chemical stability by exposing them to
PBS and ethanol. The amount of titanium ions released into a solution of solvent after
certain time − a measure for the dissolution of the titania coating − was determined by
using chromotropic acid, which forms a violet-coloured complex with Ti4+ ions. By
means of a calibration procedure, the smallest detectable concentration of Ti4+ ions in
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PBS was found to be 4 · 107 mol · l1 and for ethanol 5 · 106 mol · l1. For all tested
periods of time – 24 h, 48 h and one week – all chromotropic acid tests were negative.
More precisely, the concentration values were below the detection limit. These results
indicate that the titania films – independent of their actual morphology – are stable in
PBS and ethanol or rather show only a solubility below the detectable concentration.
Contact angle measurements after sample storage for one week in PBS are presented in
Figure 96. In Figure 97, SEM images taken after incubation of the samples in PBS for
one week are displayed.

70 ± 2

39 ± 1

20 ± 2

26 ± 1

Figure 96: Contact angle measurements of PEEK and titania films after incubation in PBS for one week.

The contact angle of the cleaned PEEK samples (Figure 96 A) did not change after
treatment in the PBS solution, while the SEM images also showed an unchanged
surface (Figure 97 A). The contact angle of the dense titania film decreased by 10° ± 1°
(Figure 96 B), presumably due to the raised hydroxyl groups on the film after storage in
PBS. The SEM images (Figure 97 B) revealed no changes of the sample surface. The
hydroxyl groups are generated on the titania after storage in aqueous media due to
tensioned Ti-O-Ti groups on the film surface. These are cleaved into Ti-OH…OH-Ti
groups, resulting in a higher hydrophilic character of the coating. The contact angle of
the film with the added particles decreased by 6° ± 2° (Figure 96 C), but the SEM image
(Figure 97 C) showed some cracks in the coating after the storage and drying step. Here,
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it seems that the added particles act as starting points for the cracks. The film with
particles formed in situ showed no changes of the contact angle and no changes of the
surface (Figure 96 and Figure 97 D).

A

B

C

D

Figure 97: SEM images taken after incubation of the samples in PBS for one week. The titania film with
the embedded nanoparticles showed cracked titania coating (D). Other surfaces showed little changes of
the surfaces compared to those before incubation.

It seemed that the treatment with PBS had no effect on the coating, probably due to the
presence of the stabilising agents during the synthesis such as diethanolamine and
acetylaceton. The contact angle measurements revealed a slightly increase of the
hydrophilic properties of the titania coatings after storage in PBS. Probably, due to
generated hydroxyl groups. In SEM images, no changes of the coatings surface
structure could be found.

6.4 Cytocompatibility Tests of Titania-Coated PEEK
DR. BUSHRA RAIS at the Helmholtz Centre for Infection Research Braunschweig
performed the cytocompatibility tests for titania coated PEEK samples.
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These cell culture tests were carried out using mouse fibroblasts (NIH3T3) and a human
osteoblast-like cell line (MG63 osteosarcoma) to examine the cytocompatibility of the
titania coatings on PEEK substrates. The cells were grown on the cleaned PEEK surface
as well as titania-coated PEEK samples. This cell growth was compared to that on the
cell culture plastic, which is an ideal substrate for cell growth. The cells were labelled
by a cell membrane permeable non-fluorescent compound (CFSE) to visualise viable
cells. In the cell membrane of living cells, this compound is cleaved by intracellular
esterases, resulting in a fluorescent dye. Subsequently, viable cells on different PEEK
surfaces were imaged using a UV fluorescence detection microscope. The cell numbers
are gathered in Figure 98, while fluorescence pictures of the single cell tests on different
surfaces are displayed in Figure 99 and Figure 100.
NIT3H3 cells

MG63 cells

Figure 98: Results from cell culture tests using the top) NIH3T3 cell line, and bottom) MG63 cell line:
Quantitative evaluation of cell densities.
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CCP

B

A

C

D

Figure 99: Results obtained from the cell culture tests using NIH3T3 cell line. Qualitatively, the cell
densities on the coated PEEK samples (B-D) are higher compared to the cleaned PEEK sample (A), and
comparable to the cell growth on the cell culture plate (CCP).

CCP

B

A

C

D

Figure 100: Results obtained from the cell culture tests using MG63 cell line. The results are comparable
to those of the NIH3T3 cell culture tests. The cells proliferate better on the coated PEEK samples (B-D)
in contrast to the cleaned PEEK sample (A).

After 48 hours of incubation, the cell density of fibroblasts and of osteosarcoma cells
grown on titania coatings were almost as high as the cell density on cell cultureoptimised plastic and significantly larger than on pure PEEK surfaces (Figure 98). The
fibroblasts as well as the osteosarcoma cells adhered only poorly on the cleaned PEEK
surface, while the cell density on these samples was also low (Figure 99 A and Figure
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100 A). By contrast, both cell lines showed an excellent adherence and cell density on
all titania-coated PEEK samples (Figure 99 B, C, D and Figure 100 B, C, D). The
densities of the osteoblast-like cells on titania coatings were more than five times higher
than those achieved on PEEK surfaces. These results indicated that the
cytocompatibility of PEEK implants could unequivocally be improved by titania
coatings. The bone-derived osteosarcoma cells proliferated preferentially on the titania
coatings. This could improve the implant interactions with bony tissue.
It has been documented that there are at least four crucial characteristics of the implant
surfaces that influence the interaction with cells and tissue, namely surface composition,
roughness, topography and energy.[276,277] The interactions of cells with surfaces
influence not only the cell proliferation rate but also the cell morphology. A limited cell
adhesion correlates with rounded cells. Optimal surface features allow cells to stretch or
spread out on the surface and adhere better. In this case, it was shown that cells on pure
PEEK surfaces formed clusters and did not spread out. This was consistent with the
notion that the chemical inertness and hydrophobic character may offer fewer
possibilities for interactions with cell adhesion proteins.[278]
The results obtained from the cell culture experiments have provided clear evidence that
the cytocompatibility and the bioactivity of PEEK can be considerably enhanced by
coating with a titania film. The type of the film – whether a plain one or one containing
nanoparticles – only plays a minor role. For both cell types, the bare PEEK samples
showed the lowest cytocompatibility. The cells appeared round and not elongated in
shape and formed cell clusters instead of spreading over the surface. The reasons are
smoothness, the chemically-inert character and the hydrophobicity of the plain PEEK
surface, which offers less attractive interaction points for cell adhesion.[278]
At first sight, the surface of the PEEK samples coated with the plain titania film shows
similar characteristics as it has a smooth surface (compare Figure 88 B) and is also
rather hydrophobic (contact angle of 51°). However, the cells were elongated and
spread over the whole surface of the sample. This can be explained by the fact that the
oxidic surface imparted by titania film is covered with ─OH groups, which are partially
deprotonated in aqueous solutions (considering the isoelectronic point = 6 of titania), so
that the surface is negatively charged. Several in-vitro studies

[106,276]

postulated that

positively-charged Ca2+ ions – present, for example, in SBF solution – bind to
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negatively-charged groups on titania surfaces. These Ca2+ ions combine with
negatively-charged phosphate ions and form amorphous calcium phosphate. In the body
environment, this calcium phosphate transforms spontaneously into apatite.
The presence of the nanoparticles – in either larger agglomerates in sample type C or
more even distribution in sample type D – increases the hydrophilicity and the surface
roughness. These properties affect the cell adhesion in a crucial way. Many studies
[187,266,267,276]

have shown that structured surfaces enhance the surface area and promote

cellular adherence. In this study, this effect was not observed for the structured samples
C and D. Neither the addition of nanoparticles nor the in-situ formation of nanoparticles
during the synthesis led to increased cell numbers for both cell lines. However, both
samples C and D still exhibited a much better cytocompatibility than the uncoated
PEEK. Obviously, the properties of samples C and D are mainly governed by those
parts of the surface that are covered by the plain titania film, with only minor influence
of the nanoparticles. In sum, titania-coated PEEK samples clearly showed better results
in the cell culture tests compared to the uncoated PEEK. Taking the simple fabrication
process of the plain titania coating and its mechanical and chemical stability into
account, the application of plain titania coatings is a promising way to improve the
biocompatibility and bioactivity of PEEK.
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6.5 Summary and Outlook
The purpose of this study was to increase the biocompatibility and bioactivity of PEEK,
whereby titania coatings on PEEK substrates were prepared and investigated for
biomedical applications and compared to uncoated PEEK. Surface-covering titania
films were produced by dip-coating, a simple and facile technique that can also be
applied to complex implant shapes. Titania was chosen due to its known positive
interaction with the surrounding body tissue in the orthopaedic field. Three different
titania films were investigated: plain titania films, titania films with added preformed
titania particles and titania films with titania nanoparticles formed during the synthesis.
The films differed in their surface properties like topology and wettability. The plain
titania film showed a smooth and plain surface that adopted very well to those of the
substrate with a wettability that was slightly decreased compared to the blank PEEK
substrates. Both other coatings with the incorporated particles were much rougher
compared to the plain one. The titania film with the added particles showed a layer with
larger agglomerates of the titania particles that were more edgy and distinct in the
titania layer. The coating with the particles formed in situ were also rougher compared
to the plain titania film, although the particles were smoother than the added ones. Both
coatings with particles had low contact angles in the same range. All coatings had a
good mechanical stability investigated by the tape test. Only the titania film with added
particles displayed some spalling in the regions with particle agglomerates, where
probably the added particles acted as starting points for the spalling.
No degradation of the titania films was observed in aqueous solutions or in ethanol.
After one week of storage in PBS, the coatings even showed a smaller contact angle,
probably due to additionally formed hydroxyl groups on the coating surfaces. This fact
may influence the cell culture tests. As expected, the cell culture tests performed with
mouse fibroblasts NIH3T3 and the human osteosarcoma MG63 confirmed the poor
cytocompatibility of the inert PEEK surface, while the all titania films demonstrated a
good adherence and proliferation of the cells. Whereas the cell numbers ranged at a
similar level for all samples, the plain titania film revealed the best results. Hence,
titania coatings can decisively improve the biocompatibility and bioactivity of PEEK.
Among the different titania coatings investigated, the plain titania film offers the best
prospects.
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For titania-coated PEEK samples, further mechanic stability studies have to be
performed, e.g. a scratch tests to confirm good adherence of the titania films on PEEK
surfaces. Moreover, the stability of the coating in simulated body fluids over longer
time periods has to be repeated to determine the point when the titania film dissolves or
undergoes spalling. Finally, cytocompatibility tests should be carried out with other
cells and further cell culture studies should involve functional cells like osteoblasts or
mesenchymal stem cells.
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7. Conclusions
The goal of this thesis was to develop bioactive coatings based on titania and periodic
mesoporous organosilica coatings. Both types of coatings were synthesised in sol-gel
processes and applied onto substrates by dip-coating. The coatings had to fulfil several
crucial requirements like bioactivity, excellent cytocompatibility, inhibited bacterial
growth and mechanical stability on the substrate. In addition to the basic
physicochemical characterisation, these properties were evaluated for the two different
types of coatings. Furthermore, the coatings were also evaluated for their antibacterial
efficacy.
In the first approach, we were able to establish novel coatings for biomedical
applications based on phenyl- and biphenyl-PMO with a uniform mesoporous structure
in which the organic linkers are embedded in the walls of the silica network. They
possess a high surface area with a high pore volume, which is very favourable for
incorporation of drugs. Furthermore, the hydrophilicity is reduced compared to the
mesoporous silica coatings, so polar drugs can be loaded more effectively. Drugs
carrying a charge in physiological solutions can be bound by electrostatic forces to
attaching positive or negative groups to the organosilica framework, like in our case the
sulfonic acid group. The PMO coatings were more flexible than their pure silica
counterparts. The calcined, the sulfonate-functionalised as well as the drug-loaded PMO
coatings showed a good biocompatibility in cell culture experiments, which was the
most crucial factor for developing a biomaterial. Drug loading of the phenyl-PMO
layers with the antibiotic ciprofloxacin was successful, as could be demonstrated in
sorption as well as drug-release experiments. The antibacterial efficacy tests with
pathogenic bacteria confirmed the drug-release results, where in the first eight days the
bacteria were killed completely with a weaker efficacy in the following seven days
independent from the modification of the layers. PMO coatings present a viable
alternative to the well-characterised nanoporous silica bioactive films and − due to their
good biocompatibility – can be further developed as a novel biomaterial. Based on
different PMO precursors, it should be possible to adjust varying chemical properties,
like pore size or hydrophobicity. In addition, the benzene and biphenylene units in the
organic linkers offer interesting opportunities for further functionalisation, which can be
useful for binding of proteins or in drug-release applications.
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In the second approach, the purpose was to increase the biocompatibility and bioactivity
of polyether ether ketone (PEEK), as this material is bioinert by its chemical nature.
Therefore, we have prepared and examined titania coatings on PEEK substrates for
biomedical applications and compared them to uncoated PEEK. Surface-covering
titania films were produced by dip-coating, a simple and facile technique that can also
be applied for complex implant shapes. Cell culture tests confirmed the poor
cytocompatibility of the inert PEEK surface, whereas the titania films all demonstrated
a good adherence and proliferation of the cells. Thus, it was shown that titania coatings
can improve the biocompatibility and bioactivity of PEEK decisively. Titania-coated
PEEK implants have to be further developed for applications in the biomedical field,
especially for the use in osteogenesis. Among the different titania coatings investigated,
the plain titania film offers the best prospects.
Summarising, the present thesis has shown that different types of implant materials can
be equipped with bioactive coatings via simple sol-gel-based dip-coating processes.
They can influence the bioactivity positively and – when nanoporous coating materials
are used – supply a reservoir for drug delivery. In this context, the PMO-based coatings
appear most promising as a novel implant coating material.
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Figure 101: Nitrogen sorption measurements of (left) phenyl-PMO gel and additional loaded with
rolipram, (right) sorption curves of biphenyl-PMO gel. Due to loading with rolipram, the specific surface
area is decreased.

Table 14: Values of the specific surface area and pore volume of PMO powders.

SBET / m2 · g–1

pore volume /
cm3  g–1

phenyl-PMO gel

720

0.45

biphenyl-PMO gel

670

0.40

material

Figure 102: Release of rolipram from PMO particles synthesized by drying and calcining the dipping
solution (referring as gel) and synthesized in a classic way by precipitation (CS).
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Figure 103: TEM images of porous phenyl-PMO particles.

Figure 104: TEM images of porous biphenyl-PMO particles.

Figure 105: EDX measurements of phenyl-PMO coatings, elements distribution of carbon, oxygen and
silicone.

Figure 106: EDX measurements of biphenyl-PMO coatings, elements distribution of carbon, oxygen and
silicone.
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Figure 107: EDX spectra of phenyl- and biphenyl-PMOs. Due to different intensities of the carbon and
oxygen peaks, it was obvious that the biphenyl-PMO film contains more carbon compared to the phenylPMO sample.

keV
Figure 108: EDX spectrum of the investigated cross-section phenyl-PMO TEM sample.
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Figure 109: Phenyl-PMO coatings loaded with 0.01, 0.02 and 0.04 g · ml-1 ciprofloxacin. The CFX
release was monitored by FRET. The supernatants were renewed every day. In parallel, the supernatants
measured by UV-Vis.

Figure 110: Biphenyl-PMO coatings loaded with 0.01, 0.02 and 0.04 g · ml-1 ciprofloxacin. The CFX
release was monitored by FRET and UV-Vis in parallel.
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Exemplary protocol for an ellipsometric measurement of a phenyl-PMO film
Model
Number

Layer Name

Thickness [nm]

Refr. Index [632.8 nm] Fitted

0

Air

-

1.000

no

1

Roughness

0.00

0.763

yes

2

phenyl-PMO

367.65

1.449

yes

3

Cau-SiO2 (therm.) 0.00

1.522

no

4

Si DUV-NIR

3.874

no

-

Fit parameter
Fit parameter
[1,1] Roughness: Thickness [nm]
[1,2] Phenyl-PMO: Thickness [nm]
Phenyl-PMO: Eg(0)
Phenyl-PMO: A(0)
Phenyl-PMO: E0(0)
Phenyl-PMO: C(0)
Phenyl-PMO: Eg(1)
Phenyl-PMO: A(1)
Phenyl-PMO: E0(1)
Phenyl-PMO: C(1)
Phenyl-PMO: Eg(2)
Phenyl-PMO: A(2)
Phenyl-PMO: E0(2)
Phenyl-PMO: C(2)
Phenyl-PMO: Eg(3)
Phenyl-PMO: A(3)
Phenyl-PMO: E0(3)
Phenyl-PMO: C(3)
Phenyl-PMO: Eg(6)
Phenyl-PMO: A(6)
Phenyl-PMO: E0(6)
Phenyl-PMO: C(6)

Fit result
0,00
367,65
5,1193
17,086
5,9046
1,3771
4,6833
13,872
5,7207
0,0667
5,8672
0,368
6,1276
0,2059
3,4575
4,343
7,2423
0,3070
7,0826
141,134
12,0662
39,2161

All parameter
Parameter
[1] Sample rotation [°]
[1] Angle offset [°]
[1] Wavelength Offset (nm)
[1] Wavelength Linear
Roughness: Inclusion:Refr. index
Roughness: Inclusion:Absorption
[1,1] Roughness: Thickness [nm]
Roughness: Fraction of inclusion
[1,2] Phenyl-PMO: Thickness [nm]
Phenyl-PMO: e1(inf)
Phenyl-PMO: Eg(0)
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Value
0,00
-0,01
0,00
1,00000
1,000
0,000
0,00
0,500
367,65
1,00000
5,1193
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Phenyl-PMO: A(0)
Phenyl-PMO: E0(0)
Phenyl-PMO: C(0)
Phenyl-PMO: Eg(1)
Phenyl-PMO: A(1)
Phenyl-PMO: E0(1)
Phenyl-PMO: C(1)
Phenyl-PMO: Eg(2)
Phenyl-PMO: A(2)
Phenyl-PMO: E0(2)
Phenyl-PMO: C(2)
Phenyl-PMO: Eg(3)
Phenyl-PMO: A(3)
Phenyl-PMO: E0(3)
Phenyl-PMO: C(3)
Phenyl-PMO: Eg(6)
Phenyl-PMO: A(6)
Phenyl-PMO: E0(6)
Phenyl-PMO: C(6)
[1,3] Cau-SiO2 (therm.): Thickness [nm]
Cau-SiO2 (therm.): N0
Cau-SiO2 (therm.): N1
Cau-SiO2 (therm.): N2
Cau-SiO2 (therm.): K0
Cau-SiO2 (therm.): K1
Cau-SiO2 (therm.): K2
Pola.Pos.
Pola.Offs.
Ret.Axis
Ret.Phase
Eta
Ana.Offs.
Ana.Offs.Lin.
Ana.Offs.Quadr.
Psi Offs.
Psi Lin.
Psi Quadr.
Delta Offs.
Delta Lin.
Delta Quadr.
MSE

17,086
5,9046
1,3771
4,6833
13,872
5,7207
0,0667
5,8672
0,368
6,1276
0,2059
3,4575
4,343
7,2423
0,3070
7,0826
141,134
12,0662
39,2161
0,00
1,492
121,8
0,0
0,000
0,000
0,000
45,00
0,00
0,00
90,00
1,00000
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,97170764

Measured Data
Psi, Delta / Spectral range: 1,459 eV - 4,137 eV / Angle of incidence: 70,0° /
08.05.2013
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