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Abstract 

In the biological and medical fields, surfaces/interfaces are critical for the application 

of materials in, e.g., wound dressing, medical devices and implants, that interact with 

microorganisms, blood and proteins, cells and tissues. Therefore, the surface 

properties of biomaterials are of utmost importance and should be carefully designed 

for specific bio-/medical applications. This thesis describes the preparation and 

characterization of three different polymer-based biomaterials with specific surface 

features for potential applications in antibiofouling, blood repellency, and promoting 

neuronal differentiation. 

First, I describe a new type of ionogel with a responsive, self-replenishing surface 

for combating biofouling. The ionogels are prepared by infiltrating solid/liquid mixtures 

of ionic liquids into a semicrystalline polymer skeleton. The specific surface features 

are derived from the spontaneous migration of the ionic liquid mixtures from the gel 

matrix, forming a surface layer. The surface layer serves as a ‘firewall’, killing bacteria 

on contact and inhibiting biofilm development at early stages. Upon heating, the solid 

surface of the ionogel transforms into the liquid-infused state, induced by the phase 

transition of the surface layer. The biofilms developed on the surface are easily 

removed. The antimicrobial efficiency is restored after biofilm detachment. 

Next, I describe an elastic, superhydrophobic and photocatalytically active coating 

designed for wound dressing. The coating is prepared from the assembly of titanium 

dioxide (TiO2) nanoparticles crosslinked with polydimethylsiloxane (PDMS). The 

PDMS/TiO2-coated surfaces exhibit superior repellency to blood due to their 

superhydrophobicity. The elastic coatings show excellent stability under mechanical 

deformation. The superhydrophobicity of the surfaces can be restored by UV 

illumination even after fouled with the organic contaminant due to photocatalytic 
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activity. Besides, the PDMS/TiO2 coatings enhance the antibacterial efficiency under 

UV light illumination.  

Finally, I describe a novel and versatile method of preparing composites 

comprised of carbon nanotubes and poly(ethylene glycol) hydrogel for potential 

application in nerve tissue engineering. The effect of the composites on neuronal 

differentiation and network excitability is investigated. The differentiation and survival 

of neurons are promoted when cultured on the composites with the enhanced surface 

microstructures and protein adsorption. Furthermore, no significant change in the 

excitability of network activity is observed in primary cultures of hippocampal neurons. 

The results suggest that the composites are novel versatile substrates with several 

advantages for neuronal differentiation while maintaining homeostatic properties of 

neuronal network excitability.  

The projects highlighted the significant role of surface characteristics of 

biomaterials that interact with biological systems. 
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Zusammenfassung 

Im biologischen und medizinischen Bereich ist die Oberfläche/Grenzfläche kritisch für 

die Materialien, die beispielsweise in Wundauflagen, medizinischen Geräten und 

Implantaten angewendet werden und mit Mikroorganismen, Blut und Proteinen, Zellen 

und Geweben interagieren. Daher sind die Oberflächeneigenschaften von 

Biomaterialien von größter Bedeutung und sollten sorgfältig entworfen und auf 

bestimmte bio-/medizinische Anwendungen zugeschnitten werden. Diese Arbeit 

beschreibt die Herstellung und Charakterisierung von drei verschiedenen 

Biomaterialien auf Polymerbasis mit spezifischen Oberflächenmerkmalen für 

Antibiofouling, Blutabweisung und Förderung der neuronalen Differenzierung. 

Zunächst beschreibe ich eine neue Art von Ionogelen mit einer sich selbst 

nachfüllenden Oberfläche zur Bekämpfung von Biofouling. Die Ionogele werden 

hergestellt, indem feste/flüssige Gemische ionischer Flüssigkeiten in ein teilkristallines 

Polymergerüst infiltriert werden. Die spezifischen Oberflächenmerkmale ergeben sich 

aus der spontanen Migration der ionischen Flüssigkeitsgemische aus der Gelmatrix, 

die eine Oberflächenschicht bilden. Die Oberflächenschicht dient als „Firewall“, tötet 

Bakterien bei Kontakt ab und hemmt frühzeitig die Entwicklung von Biofilmen. Beim 

Erhitzen wird die feste Oberfläche des Ionogels flüssig. Die auf der Oberfläche 

entwickelten Biofilme lassen sich leicht entfernen. Die antimikrobielle Wirksamkeit 

wird nach dem Ablösen die Biofilme wiederhergestellt. 

Danach beschreibe ich eine elastische, superhydrophobe und photokatalytisch 

aktive Beschichtung für den Wundverband. Die Beschichtung wird aus dem 

Zusammenbau von Titandioxid (TiO2)-Nanopartikeln hergestellt, die mit 

Polydimethylsiloxan (PDMS) vernetzt sind. Die PDMS/TiO2-beschichteten 

Oberflächen weisen aufgrund ihrer Superhydrophobie Blut ab. Die elastischen 
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Beschichtungen zeigen eine ausgezeichnete Stabilität bei mechanischer Verformung. 

Die Superhydrophobie der Oberflächen kann durch UV-Beleuchtung auch nach 

Verschmutzung mit der organischen Verunreinigung aufgrund der photokatalytischen 

Aktivität wiederhergestellt werden. Außerdem verbessern die PDMS/TiO2-

Beschichtungen die antibakterielle Wirksamkeit unter UV-Lichtbeleuchtung. 

Schließlich beschreibe ich eine neuartige und vielseitige Methode zur Herstellung 

von Verbundwerkstoffen aus Kohlenstoffnanoröhren und Polyethylenglykol-Hydrogel 

für eine mögliche Anwendung in der Nervengewebezüchtung. Der Einfluss der 

Verbundwerkstoffe auf die neuronale Differenzierung und die Erregbarkeit des 

Netzwerks wird untersucht. Die Differenzierung und das Überleben von Neuronen 

werden gefördert, wenn sie auf den Kompositen mit den verbesserten 

Oberflächenmikrostrukturen und Proteinadsorption kultiviert werden. Darüber hinaus 

wird in Primärkulturen von Hippocampus-Neuronen keine signifikante Änderung der 

Erregbarkeit der Netzwerkaktivität beobachtet. Die Ergebnisse legen nahe, dass die 

Verbundwerkstoffe neuartige vielseitige Substrate mit mehreren Vorteilen für die 

neuronale Differenzierung sind, während die homöostatischen Eigenschaften der 

Erregbarkeit des neuronalen Netzwerks erhalten bleiben. 

Die Projekte hoben die bedeutende Rolle der Oberflächeneigenschaften von 

Biomaterialien hervor, die mit biologischen Systemen interagieren. 
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Chapter 1 

Introduction 

Polymers are natural or synthetic macromolecules composed of multiple repeating 

subunits.1 The high molecular mass and tunable dispersity, and the possibility for 

complex molecular architectures provide unique physicochemical properties of 

polymers.2-9 The range of polymers is vast, from synthetic plastics such as 

polyethylene used in everyday life to natural biopolymers such as DNA and proteins 

fundamental to biological structures and functions. Due to their broad spectrum of 

properties, polymers play essential and ubiquitous roles, from traditional household to 

complex electronics and advanced biomedical fields.10-15 

Biomaterials usually containing multiple components have been often exploited as 

augmentations or replacements of a natural function, tissue, or even organs in medical 

applications.16 Due to their tailorable structures and properties, polymers have been 

extensively adopted into biomaterials for applying in, e.g., antibiofouling, drug delivery, 

wound healing, biosensors, and tissue engineering.17-21 As interacting with biological 

systems, biomaterials are normally exposed to microorganisms, blood and proteins, 

cells and tissues. Thus, the surface properties are of utmost significance and should 

be carefully designed. This thesis focuses on preparing polymer-based biomaterials 

with specific surface characteristics for their potential applications in antibiofouling, 

wound dressing, and nerve tissue engineering, as discussed below. 

Biofouling is the accumulation of microorganisms, or even small animals on 

surfaces, which poses risks of causing severe negative consequences to a wide 

variety of objects, e.g., boat hulls and equipment, medical devices, distillation 

membranes, and underwater plants.22, 23 Bacterial adhesion and biofilm formation on 

the surface are essential in many cases for the settling of microorganisms. To combat 
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biofouling, the surfaces have been engineered with microstructures and/or 

functionalized with specific moieties to inhibit biofilm development.24-28 For instance, 

bifunctional surfaces modified with zwitterionic or responsive moieties were reported 

to switch surface properties, where bacteria can be killed on contact and then released 

by external stimuli, i.e., changing temperature, pH, etc.25, 26 However, non-specific 

adsorption and accumulation of proteins and surfactants secreted by microbes on the 

surface are not trivial, which leads to the irreversible loss of antimicrobial efficacy and 

the failure of long-term antibiofouling applications. Liquid-infused surfaces where the 

microstructures are impregnated with a liquid layer can resist biocontamination by 

minimizing the contact of the solid surface with microbes.28 However, the depletion of 

the liquid layer on the surface results in the loss of antibiofouling function. It is still 

challenging to efficiently remove biofilms and restore antimicrobial functions of the 

surface after long-term exposure to microbes. 

Wound dressing serves as a physical barrier preventing the human body from 

excessive blood loss and potential infections. The surface wettability of a wound 

dressing plays a vital role in stopping bleeding.29-33 For instance, the cotton gauze is 

inherently superhydrophilic, making it extremely favorable for wetting and quickly 

absorb water from the blood to accelerate the coagulation process.29, 32 In contrast, 

superhydrophobic surfaces can resist blood permeation due to the superior non-

wetting features, helping reduce blood loss and bacteria adhesion.30 Janus 

superhydrophobic/superhydrophilic fabrics serve as a combination, where the 

superhydrophilic side promotes blood coagulation by rapid water adsorption while the 

superhydrophobic backside prevents excessive blood loss.29, 31 However, when the 

bleeding wound is normally treated with the superhydrophilic gauze, the adsorption of 

blood in gauze will form concrete clot-gauze composite, which makes it difficult to 
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replace and remove dressings without causing additional pain, secondary bleeding, 

and potential infection. On the other hand, the fragility of superhydrophobic structures 

makes them easily destroyed when the bleeding is usually treated with gauzes by 

mechanical pressure, producing free microparticles, which poses a risk of causing 

micro-thrombosis when the particles enter the vascular system.34, 35 

Nerve tissue engineering refers to repairing nerve damage or promoting nerve 

regeneration by developing biocompatible artificial grafts or scaffolds.36 Nerve 

guidance conduits (NGCs) normally with tubular structures are promising scaffold 

materials for repairing large nerve defects.37, 38 NGCs can support bridging the gap of 

an injured nerve and serve as a protective microenvironment that is significant for 

regenerating axons and preventing scar invasion.39 As a cell/tissue interfacing material, 

the surface characteristics of NGCs play a crucial role in promoting cell migration, 

survival, adhesion and differentiation. In addition to surface chemistry, stiffness and 

topography, the electrical conductivity of NGCs is often assumed as vital in stimulating 

neuronal develpments.40, 41 For instance, polymer nanocomposites comprised of 

biocompatible hydrogels and carbon nanotubes (CNTs) and/or their analogs are 

reported to serve as potential NGCs promoting neuronal differentiation.42, 43 Although 

CNTs (usually coated on substrates) have been reported to stimulate neuronal 

activity,44, 45 whether and how it would work when CNTs are embedded in the 

composites remains elusive.  

The past decades have seen intensive devotions to preparing biomaterials with 

specific surface characteristics and functions. Nevertheless, challenges and open 

questions have been emerging on the road to explore novel biomaterials. This thesis 

aims to tackle the challenges and the open questions mentioned above with new 

strategies to develop advanced functional biomaterials. Many current strategies for 
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antibiofouling suffer from the gradual loss of efficiency due to the accumulation of the 

secretions from microbes on the surface or the degradation/depletion of the surface. 

To attain renewable antibiofouling properties, a new type of responsive ionogel from 

polyvinylidene difluoride and organic salts integrating the antimicrobial property of the 

ionogel with the dynamic surface property of the liquid-infused surface has been 

developed (Chapter 3). The new strategy provides the chance to restore antimicrobial 

efficiency by on-demand activation of the solid surface into a liquid.  

Wound dressings with superhydrophobic surfaces show great potential to reduce 

the formation of clot-gauze composites, thereby helping alleviate pains and reduce 

secondary bleeding during the removal/replacement of the old dressings. However, 

the poor mechanical properties of superhydrophobic surfaces pose risks to the blood 

circulation system. Therefore, a mechanically elastic superhydrophobic coating with 

photocatalytic activity based on biocompatible polydimethylsiloxane and titanium 

dioxide nanoparticles has been designed for wound dressings to attain robust blood 

repellency (Chapter 4). The assembly of photocatalytically active titanium dioxide 

nanoparticles with elastic polymers provides a path to develop wound dressing 

materials capable of reducing blood loss and potential infections.  

The CNT-hydrogel composites have become of interest as electrically conductive 

scaffold materials in nerve tissue engineering. However, whether the CNTs embedded 

within the hydrogel matrix could affect neuronal differentiation and how they do so 

have remained elusive, as mentioned above. Therefore, the CNT-poly(ethylene glycol) 

hydrogel nanocomposites have been prepared in a new and versatile method without 

pre-functionalization of CNTs (Chapter 5). The effect of CNT-poly(ethylene glycol) 

hydrogel composites on neuronal developments has been systematically investigated. 

The results provide the new insight that electrical conductivity itself is not fundamental 
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for CNT-hydrogel composites as artificial nerve grafts. In the meantime, other 

physicochemical properties, such as surface topography, should also be considered 

to design functional scaffolds for nerve regeneration. 
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Chapter 2 

Fundamentals & Methods 

2.1 Wetting on Solid Surfaces 

2.1.1 Classical Models 

When putting a droplet on a solid surface, a three-phase contact line forms where the 

liquid-air interface meets the solid-liquid interface. The surface wettability is generally 

characterized by measuring the contact angle at the three-phase contact line (Figure 

2.1a). For the surface that is perfectly flat, rigid and chemically homogeneous, the 

equilibrium contact angle (Θ) was defined by Young’s equation as follows:46 

cos Θ = 
γSA− γSL
γLA

 

Here, γSA, γSL, and γLA are the solid-air, solid-liquid, and liquid-air interfacial tensions. 

The Θ will increase when the surface becomes more repellent. For water (oil), the 

surface is generally termed hydrophilic (oleophilic) when Θ < 90°. On the contrast, the 

surface is termed hydrophobic (oleophobic).  

The roughness plays an essential role in amplifying surface wettability.47 The 

impact of surface roughness can be described by the Wenzel model,48 and Cassie-

Baxter model.49 In the Wenzel state (Figure 2.1b), the liquid will penetrate into the 

space between the protrusions on the surface. In this state, the equilibrium contact 

angle (Θw) has been described as follows:48 

cos Θw = r cos Θ 

Here, Θ is Young’s contact angle, and r is a roughness parameter from the total 

surface area divided by the projected area of the solid surface. For a simplified, rough 

surface with an array of square posts (Figure 2.1b), r = 1 + 4dh (d + w)2⁄ . In the 
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Wenzel state, Θw will increase when Θ > 90° and decease when Θ < 90°. Note that 

the Wenzel equation is reverted to Young’s equation when r = 1, a sign of a surface 

with perfect flatness. 

When the liquid does not penetrate the gap between the protrusions on the surface 

(Figure 2.1c), it results in a composite interface comprised of the liquid-air interface 

and the solid-liquid interface, termed Cassie-Baxter state. The Cassie-Boxer model 

was derived from Cassie’s equation,50 describing the wetting on a flat surface with 

chemical heterogeneity, by defining the contact angle between liquid (water) and air 

to be 180° for rough (porous) surfaces.51 The equilibrium contact angle (Θc) in the 

Cassie-Baxter state has been described as follows: 

cos Θc = φs(1 + cos Θ) − 1 

Here, φs is the solid fraction of the projected area of the surface. φs= d2 (d + w)2%  for 

a simplified rough surface. In the Cassie-Baxter state, Θc increases with increasing 

Θw

b

Θc

c

Θ

γ
LA

γ
SAγ

SL

a
air

Θa

↓
↓

d f

Θa
Θr

α

↓
↓

Θr

e

d

w
h

Figure 2.1 Schematic diagrams. a) The contact angles at the three-phase contact line on a 

flat surface, and on a rough (porous) surface with b) the Wenzel state, c) the Cassie-Baxter 

state. d) The advancing and e) receding contact angles when adding liquid to the droplet (or 

retracting liquid from the droplet) on the surface, and f) dynamic contact angles and sliding 

angle/rolling-off angle of a sliding droplet on a tilted surface. 
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the fraction of liquid-air interface (1 − φs). For an extremely tiny solid fraction (φs ⟶	

0), Θc approaches 180°. The Cassie state with the significantly reduced contact line 

pinning is essential for attaining super repellent surfaces. However, the impalement 

transition to the Wenzel state from the Cassie-Baxter state may occur during droplet 

evaporation, impacting, etc.52, 53 

2.1.2 Contact Angle Hysteresis 

When the liquid is carefully added to the droplet (or withdrawn from the droplet) on a 

surface with a syringe (Figure 2.1d, e), the droplet increases (or decreases) in volume 

and contact angle while maintaining a constant contact area with the surface until the 

contact line begins to advance (recede).54-57 The contact line advances (or recedes) 

with a constant contact angle, reflecting the surface characteristics such as surface 

roughness and chemical heterogeneity. The advancing (ΘACA) and receding (ΘRCA) 

contact angles are normally measured during contact line moving. The ΘACA is defined 

as the maximum stable contact angle before the moving of the contact line and ΘRCA 

is defined as the minimum stable contact angle.56 Therefore, a static, metastable 

contact angle measured from a pinned contact line locates somewhere between ΘACA 

and ΘRCA . The ΘACA  is regarded as the reflection of surface wettability, and ΘRCA 

serves as a characteristic of surface adhesion.57 The difference between ΘACA and 

ΘRCA is defined as contact angle hysteresis (ΘCAH).56 A droplet can simultaneously 

advance and recede on a tilted or moving surface (Figure 2.1f).58, 59 In a sliding 

scenario, the tilting angle of the surface where the static droplet starts moving is 

termed sliding angle (or rolling-off angle, α), a characteristic of the low adhesion of the 

super repellent surfaces.60, 61 The moving velocity of the contact line has been reported 

to affect the ΘACA and ΘRCA of a moving droplet.62 
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2.2 Superhydrophobic Surfaces 

Superhydrophobic surfaces are normally defined as a surface with an apparent water 

contact angle larger than 150°.63, 64 Superhydrophobic surfaces with self-cleaning 

properties (characterized by low sliding angles or a low contact angle hysteresis) are 

fairly desirable for various applications, e.g., microfluidics, solar energy panels, 

electronic devices, exterior architectural windows, etc.65 The best known self-cleaning 

superhydrophobic surface is the lotus leaves. The lotus leaves show hierarchical 

surface structures with microscale protrusions covered by nanoscale crystalloids of 

epicuticular wax.66 The combination of micro- and nanoscale roughness has been 

adopted in numerous studies for preparing superhydrophobic surfaces with self-

cleaning properties.67, 68  

2.2.1 Preparing of Superhydrophobic Surfaces 

Various methods have been developed for preparing superhydrophobic surfaces in 

the past decades.65 The micro- and/or nanostructures of superhydrophobic surfaces 

are normally regarded as vital in entrapping air beneath the water drops (the Cassie-

Baxter state), resulting in large macroscopic contact angles with a low contact angle 

hysteresis.69-71 Lithography is a versatile method for making superhydrophobic 

surfaces with patterned micro- and nanostructures.72-75 Photolithography is the 

practice of transferring a geometric pattern by light from a photomask to the substrates 

coated with a photoresist. The micropatterned substrates can be further applied as a 

template creating inversed microstructures on other materials (known as soft 

photolithography76). Öner et al. prepared a series of superhydrophobic surfaces with 

patterned micropillars created by photolithography.72 Electron-beam lithography 

(abbreviated as e-beam lithography), which applies focused electron beam to draw 

custom patterns on a substrate covered with an electron-sensitive material, has been 
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utilized as a maskless method to produce superhydrophobic surfaces where the well-

defined microstructures are decorated with nanostructures.74 Besides, laser has been 

applied in direct writing and interference patterning to make complex surface 

structures.75 The silanization chemistry is normally combined with the micropatterned 

structures for attaining superhydrophobicity.72, 74 

The etching techniques, including chemical etching, reactive ion and plasma 

etching, laser etching, etc., are straightforward and effective for creating random 

surface microstructures.77-81 Qian et al. prepared a variety of superhydrophobic 

surfaces by introducing hierarchical structures on polycrystalline aluminum, copper 

and zinc using dislocation-selective chemical etching followed by silanization.77 The 

etching is often combined with other techniques such as lithography, especially for 

producing complex surface microstructures.72, 81, 82 Liu et al. fabricated doubly re-

entrant micro-posts containing nanoscale vertical overhangs on silica surfaces by 

combining photolithography with several etching steps. The surfaces alone with the 

re-entrant structures exhibit super-repellent for liquids with low surface tension.81 

Chemical vapor deposition (CVD) is a versatile method of preparing 

superhydrophobic surfaces with fractal-like structures.83-87 The CVD method can be 

used for either producing rough surfaces or making a thin layer on a rough surface. 

Artus et al. reported a method of growing silicone nanofilaments (typically with a 

diameter of 50 nm) onto various substrates by the CVD method. The nanofilament-

coated surfaces exhibit high water contact angles with a low sliding angle.84 Deng et 

al. reported a method using candle soot as a template to produce fractal-like surface 

microstructures of silica by the CVD method.86 Flame spraying deposition serves as a 

ultrafast and versatile CVD method to generate and deposit nanosized (less than 100 

nm) metal and metal oxide particles, forming hierarchical superhydrophobic 
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nanotextures on large area substrates.85, 87 Combining with surface fluorination, super-

repellent surfaces with ultralow contact angle hysteresis for a liquid with very low 

surface tension can be attained.87 

There are many other methods. Erbil et al. reported a simple and inexpensive way 

to produce isotactic polypropylene (i-PP) superhydrophobic coatings on various 

substrates by controlling the evaporation of the i-PP solution with the addition of 

nonsolvent. The highly porous superhydrophobic surfaces exhibit water contact 

angles up to 160°.88 Besides, many other techniques, including sol-gel processing,89 

colloidal and layer-by-layer assembling,90, 91 electrospinning,92 and electrochemical 

processes93 have been applied in preparing superhydrophobic surfaces. 

2.2.2 Superhydrophobic Surfaces for Wound Dressing 

Superhydrophobic surfaces are promising wound dressing materials helping reduce 

blood loss and bacteria adhesion due to their non-wetting features. Reduced bacteria 

adhesion has been reported on superhydrophobic surfaces, although it remains 

controversial.24, 94-98 Privett et al. reported that the superhydrophobic coatings 

comprised of fluorinated silica can resist the adhesion of bacteria with highly 

pathogenic properties such as S. aureus and P. aeruginosa.96 In contrast, Fadeeva et 

al. founded that the superhydrophobic titanium surface exhibits a dependence the 

bacterial resistance of on intrinsic bacterial properties. It is claimed that S. aureus is 

able to colonize on the superhydrophobic titanium surface, whereas no P. aeruginosa 

can attach the surfaces.95 Hwang et al. suggested that the resistance to bacterial 

adhesion of superhydrophobic surfaces is short-lived, and the hierarchical surface 

microstructures even promote bacterial adhesion after losing the entrapped air.98 

On the other hand, superhydrophobic surfaces exhibit superior resistance to the 

adhesion of proteins and platelets.99-102 The platelet activation on the surface of 



Polymer-Based Biomaterials with Specific Surface Features 

13 

medical implants and blood-contacting medical devices pose the risks of causing 

thrombosis. Sun et al. reported that the superhydrophobic surfaces comprised of 

aligned carbon nanotube films modified with fluorinated poly(carbonate urethane) 

significantly suppress the adhesion and activation of platelets.100 Moreover, the 

reduced blood adhesion resulted from the hierarchical superhydrophobic structures is 

fairly desirable for avoiding clot-gauze composites. Recently, Li et al. fabricated a 

hemostatic superhydrophobic surface with immobilized carbon nanofibers, promoting 

rapid clotting with minimal blood adhesion.103 

The resistance of superhydrophobic surfaces to the adhesion of bacteria, blood 

and platelets significantly relies on the hierarchical surface microstructures. But the 

hierarchical structures of superhydrophobic surfaces are normally susceptible to 

damage under mechanical stresses. The break of surface microstructures leads to the 

failure of the non-wetting properties of superhydrophobic surfaces. The unexpected 

leakage of micro- and/or nanoparticles from the blood-contacting surface poses the 

risks of causing thrombosis and activating inflammation and immune responses.104, 105 

In addition to the design of surface microstructures, the cytotoxicity of substances used 

in preparation and/or surface modification should be carefully considered. Although it 

is reported that the perfluorocarbons often used in surface modifications can be 

phagocytosed by macrophages without impacting the metabolism and be expelled out 

by exhaling, the cytotoxicity remains controversial.106, 107 

2.3 Liquid-Infused Surfaces 

Liquid-infused surfaces are (porous) microstructured substrates impregnated with a 

liquid (lubricant).108-110 The capillary wicking causes the spreading of lubricants on the 

substrates, forming a liquid layer against the sticking and spreading of most immiscible 
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liquids. A natural liquid-infused surface is observed in the Nepenthes pitcher plant. 

The peristome of pitcher plants entraps a thin layer of water by the microstructures, 

creating a slippery surface that is difficult for insects to stay.111, 112 In 2011, Wong et 

al. reported the first example of liquid-infused surface with omniphobic properties by 

perfusing nanofibrous Teflon membranes with Fluorinert (FC70), termed slippery 

liquid-infused porous surfaces (SLIPSs).108 The general criteria for successful 

preparing of liquid-infused surfaces have been outlined by Wong et al.,108 and Lafuma 

et al.:109 1) the lubricant must be immiscible with the probe liquids, 2) the lubricant 

must wick into the solid substrates, and 3) the solid substrates must preferentially favor 

the wetting of the lubricant rather than the probe liquid. 

2.3.1 Wetting on Liquid-Infused Surfaces 

When putting a droplet on the liquid-infused surface, the situation of this four-phase 

system becomes more complex than the traditional three-phase system. The cloaking 

layer and the wetting ridge are two key features identified by Smith et al., when a 

droplet comes into contact with the liquid-infused surface.113 The wetting ridge results 

from the balance of the surface tension at the contact line, where the out-of-plane 

component pulled the lubricant up, forming an annular ridge around the droplet 

(Figure 2.2a, c). The wetting ridge may end in a line, where the droplet, lubricant and 

air meet, forming a liquid three-phase contact line.114 Semprebon et al. showed that 

the apparent contact angles, as well as contact angle hysteresis, are not only defined 

by material properties but also related to the relative size of the droplet and the wetting 

ridge (Figure 2.2c).115 

The cloaking layer is dependent of the spreading parameter of the lubricant on the 

droplet, S = γDA−	γLA−	γDL , where γDA , γLA  and γDL  are the droplet-air, lubricant-air, 

and droplet-lubricant interfacial tensions. When S > 0, a thin lubricant layer 
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spontaneously cloak the droplet and reduce the overall energy of the system (Figure 

2.2b, d).113 Schellenberger et al. have directly observed the cloaking layer using 

confocal microscopy. The thickness of the cloaking layer is estimated around 20 nm 

for water on Fluorinert (FC70)-infused surfaces.114 

 
Figure 2.2 Schematic diagrams of wetting configurations on a liquid-infused surface. a, b) The 

droplet is sitting on the top of microstructures and an annular wetting ridge is formed around 

the droplet. c, d) The droplet is floating on the top of the lubricant. The cloaking layer of 

lubricant can form (b and d), or does not form (a and c), depending on the spread parameter 

of lubricant on the droplet. The droplets on the liquid-infused surface can have two (a), one (b 

and c), or zero (d) three phase contact lines (TPLC).  

When interacting with the liquid-infused surface, the droplet can penetrate into 

microstructures and replace the lubricant, or sink and contact with the top of 

microstructures (Figure 2.2a, b), or float on the top of the lubricant layer (Figure 2.2c, 

d).113, 114 Smith et al. theoretically described a comprehensive thermodynamic 

framework for predicting twelve different configurations with the interface tension, 

roughness and solid fraction.113 The lubricant will be impaled by the droplet when the 

spreading parameter of the lubricant on the solid surface in the present of the droplet, 
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SLS(D) < −  γDL (r− 1) (r− φ)⁄ , where γDL is the interface tension between droplet and 

lubricant, r is the parameter of roughness from the Wenzel model, and φ is the solid 

fraction defined by the Cassie-Baxter model. In this case, the contact line is pinned on 

the solid surface, making the droplet difficult to slide or roll-off from the surface. When 

− γDL (r− 1) (r− φ)⁄ 	< SLS(D) < 0, The solid substrate is favorable for the wetting of 

the lubricant rather than the droplet. The microstructures are impregnated with 

emergent features (Figure 2.2a, b). In this case, the droplet sinks into the oil and rests 

on the on top of the protrusions, forming the solid three-phase contact line.114 

Therefore, the rolling-off/sliding angles are dependent of φ, similar to the Cassie-

Baxter state on the superhydrophobic surface. The droplet will sit on the top of the 

lubricant layer only when SLS(D) ≥ 0. The microstructures are impregnated with 

submerged features (Figure 2.2c, d). In this case, the droplet mobility is significantly 

enhanced, characterized by extremely low rolling-off/sliding angles.113, 116 

2.3.2 Preparing of Liquid-Infused Surfaces 

The past decade has seen rapid developments in the design and preparation of liquid-

infused surfaces.65, 110 Unlike entrapping air plastron in superhydrophobic structures, 

liquid-infused surfaces achieve their super liquid repellency by a liquid layer perfused 

within the solid substrates. Thus, the compatibility between the substrates and the 

lubricant is of utmost significance for producing liquid-infused surfaces,117 while a 

textured surface is favorable for promoting lubricant retention.118 Leslie et al. 

fabricated a liquid-infused flat surface where the thin liquid film of medical-grade 

perfluorodecalin was maintained by a flexible molecular perfluorocarbon layer 

covalently grafted on the smooth surface.117 Nevertheless, SLIPSs (also termed liquid-

infused textured surfaces) where the lubricant is infused into microstructures of the 

solid substrates are the most popular form of liquid-infused surfaces.110, 119 
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Kim et al. prepared an icephobic surface by impregnating aluminum fins and 

sheets with a fluorinated oil. The aluminum surface was modified by electrochemical 

deposition of polypyrrole to create microstructures and fluorinated with a CVD process 

to improve the affinity between the lubricant and the surface.120 Sunny et al. prepared 

a liquid-infused surface by infusing a fluorinated oil into a rough surface derived from 

the layer-by-layer assembly.121 Dong et al. fabricated doubly re-entrant micropillars, 

the top of which was decorated with nanostructures, by 3D direct laser writing.122 The 

surface showed excellent omniphobic properties with large contact angles (> 150°) 

and significantly reduced adhesion when the nanostructures on pillars were infused 

with a lubricant layer. 

The micro- and/or nanostructures of superhydrophobic surfaces can be easily 

adopted into liquid-infused surfaces with the careful design of the lubricant-substrate 

combinations.65, 123 Surface modification serves as a versatile strategy against the 

mismatch of inherent properties between the lubricant and the substrate.65, 120, 121 The 

lubricants used in practice can be divided into 1) fluorinated lubricants including Krytox 

oils, Fluorinert (FC70), perfluorodecalin, and ionic liquids, and 2) nonfluorinated 

lubricants, including silicone oils, hydrocarbon oils, etc.110, 119 The proper choice of 

lubricant for different substrates is the most essential when designing a liquid-infused 

surface. Wong et al. described a stable infused state by interfacial energy. They 

proposed two conditions for ensuring the wetting of the lubricant on the solid 

substrates is energetically favorable than the probe liquid.108 

The thermodynamic framework (proposed by Smith et al.) describes a theoretical 

comprehensive guidance for designing liquid-infused surfaces by interfacial energy, 

roughness and sold fraction.113 However, this thermodynamic framework fails to 

explain some wetting phenomena observed on liquid-infused surfaces.124, 125 Preston 
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et al. proposed a model for predicting lubricant-substrate combinations with 90% 

accuracy. Based on their model, they designed a liquid-infused surface using 

unmodified high-surface-energy solids and polar lubricants for repelling discrete 

droplets of butane (γ ≈ 13 mN m−1).126 

2.3.3 Liquid-Infused Surfaces for Antibiofouling 

Liquid-infused surfaces have been applied in marine and medical fields to improve 

material functionality and lifespan by reducing biofouling.127-129 Epstein et al. reported 

that the porous polytetrafluoroethylene substrate infused with a perfluorinated 

lubricant resists 96 − 99% of bacterial adhesion even after 7 days, achieving a 

significantly higher efficiency than the polyethylene glycol-modified surfaces.28 Xiao et 

al. reported that the fluorocarbon-infused microporous substates of butyl 

methacrylate-ethylene dimethacrylate can prevent the adhesion of algae and 

barnacle.130 Leslie et al. reported that a flat surface impregnated with a liquid layer is 

capable of repelling full blood and helping reduce platelet adsorption.117 Sunny et al. 

reported that the endoscope lens modified with a transparent, liquid-infused coating 

can reduce biofouling against vision loss even after more than 100 repeated cycles of 

submersions in blood and mucus.131 Recently, Amini et al. reported that the 

polydimethylsiloxane network infused with silicone oil can effectively prevent mussel 

adhesion under seawater.132 

Liquid-infused surfaces are often advocated to have more robust super liquid-

repellency, essential for reducing fouling by bacteria, blood, algae, etc., than 

superhydrophobic surfaces. The lubricant infused within the microstructures appears 

to be more stable than air plastron, especially under the conditions with high 

temperatures or pressures. However, the depletion of lubricant by drainage and/or 

evaporation is not negligible.133-136 Self-lubricating organogels where the lubricant is 
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dispersed or adsorbed within a polymer network and spontaneously released to the 

surface have been developed against the depletion of the lubricant.137-141 Cui et al. 

reported a supramolecular polymer gel with self-lubricating liquid-infused surface.140 

The self-replenishing properties are realized by dynamic exchange of the liquid 

between the surface and gel matrix. Nevertheless, it is still challenging to have active 

control over the depletion of lubricant. 

2.4 Ionogels 

Ionogels, also termed ion gels or ionic liquid gels, are composite materials comprised 

of ionic liquids immobilized by an inorganic or a polymer matrix.142-144 

2.4.1 Ionic Liquids 

Ionic liquids refer to organic salts with a low melting temperature below 100 °C, which 

are composed of organic cations and inorganic/organic anions.145-148 Typical cations 

include quaternary ammonium, imidazolium, pyrrolidinium cations, etc.; the common 

anions include bromide, chloride, tetrafluoroborate, trifluoromethane sulfonate, 

hexafluorophosphate (PF6), bis(trifluoromethyl sulfonyl)imide (NTf2), etc.147, 149 Ionic 

liquids are known as ‘green solvents’ because of their negligible vapor pressure, 

nonflammability, and tunable physicochemical properties.146 therefore, ionic liquids 

are widely applied as the media (or catalysts) for chemical reactions and biomass 

processing,150-153 extracting agents for pharmaceutical, nutritional and cosmetic 

applications,154, 155 and electrolytes for electrochemical processes and devices.149, 156 

Furthermore, ionic liquid-grafted surfaces and poly(ionic liquids) are reported to have 

superior antimicrobial efficiency.157-159 Besides, ionic liquids are proved as a promising 

medium for the exfoliation and dispersion of carbon nanomaterials, e.g., carbon 

nanotubes (CNTs), graphene, etc.160-164 
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2.4.2 Preparation of Ionogels 

Maintaining high ionic conductivity in a solid yet flexible state, ionogels have gained 

much attention for various applications, e.g., membranes for gas separations, solid-

state electrolytes for electrochemical devices, etc.143, 165 Polymer-based ionogels can 

be synthesized from the in situ polymerization of monomers and crosslinkers (or 

crosslinking of polymer chains) in ionic liquids.166, 167 Supramolecular ionogels with 

dynamic crosslinks, e.g., hydrogen bonding, host-guest interaction, metal-ligand 

coordination etc., have attracted lots of interest.168-172 Sinawang et al. reported a type 

of supramolecular ionogels by polymerization of host-guest complex comprised of 

peracetylated 2-ethyl-2-adamantane and γ-cyclodextrin in acrylate followed by 

impregnation of 1-ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide 

([C2C1im][NTf2]).168  

On the other hand, the self-assembly of ABA or ABC triblock copolymers where 

the A (and C) and B segments are respectively insoluble and soluble in an ionic liquid 

serves as a versatile method for preparing physically crosslinked ionogels.173-175 He et 

al. prepared such ionogels from the self-assembly of poly(styrene-b-ethylene oxide-b-

styrene) in [C4C1im][PF6] with the weight fraction of the copolymer as low as 5 %.173 

Besides, some (hetero)polymers where the segments undergo microphase separation 

in an ionic liquid can be used for preparing ionogels.176-178 

In addition to the polymer matrix, ionogels can be prepared by impregnating ionic 

liquids into inorganic networks by sol-gel reactions of metal alkoxides,142, 179 or 

colloidal assembly of nanoparticles.180, 181 Colloid gels and glasses (or even colloid 

crystals182) can be attained by the colloidal assembly of nanoparticles in ionic liquids, 

depending on the interparticle interactions (attractive vs. repulsive forces).183, 184 Ueno 

et al. reported that the gelation of [C4C1im][NTf2] is realized by adding ≥ 2 wt% (1.5 
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vol%) of fumed silica (with radius of ~ 6 nm).183 A higher concentration of nanoparticles 

is required for preparing colloidal glass. The concentration of poly(methyl 

methacrylate)-grafted silica nanoparticles (Mn = 132 kDa) required for the quasi-

solidification was 6 wt% (~ 70 − 74 vol%).184 

2.5 Nanocomposite Hydrogels 

2.5.1 Hydrogels 

Hydrogels are a three-dimensional, physically or chemically crosslinked polymer 

network containing a large amount of water.185 Due to their good biocompatibility and 

tunable physicochemical properties, including viscoelasticity, stiffness, permeability, 

hydrophilicity, etc., hydrogels are particularly promising biomaterials for applications 

in drug delivery, wound healing, biosensing, bioimaging, and tissue engineering, 

etc.186-189 Hydrogels can be prepared either from natural polymers, e.g., agarose, 

collagen, alginate, etc., or synthetic polymers and their derivatives, e.g., 

poly(hydroxyethyl methacrylate), poly(ethylene glycol), polyacrylamide (PAA), 

poly(vinyl alcohol) (PVA), etc.190, 191 Compared to natural polymers, synthetic polymers 

have their advantages of active control over the mesh size, architecture, properties 

and functionality of hydrogels.188, 192 

A typical class of hydrogels is prepared by cross-linking hydrophilic polymer chains 

or polymerization of water-soluble  monomers with crosslinkers.190 In addition to 

chemical crosslinks, supramolecular interactions have been adopted as dynamic 

crosslinks to prepare hydrogels with self-healing properties.187-189 Alternatively, 

physical hydrogels can be prepared from the self-assembly of ABA or ABC triblock 

copolymers with hydrophilic midblocks and hydrophobic end blocks, where the 

hydrophobic micelles serve as crosslinks.193-195 Furthermore, polymer crystallites can 
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work as the physical crosslink.196-200 Physical PVA hydrogels can be prepared from 

the solution by freeze-thaw cyclic processing, and the PVA crystallites can be 

arranged by combing with mechanical training.196, 200 

2.5.2 Preparation of Nanocomposite Hydrogels 

The combination of polymer hydrogels with nanoparticles (NPs), including metals, 

metal oxides, polymeric moieties, etc., gives the composites synergistically improved 

physical, chemical, electrical, and biological properties.201-204 Various methods have 

been reported to incorporate NPs into the bulk hydrogel networks. The simplest way 

to prepare nanocomposite hydrogels is to incorporate NPs during hydrogel formation. 

The nanocomposite hydrogels with well-dispersed NPs can be prepared from 

crosslinking polymer chains, or polymerization of monomers with crosslinkers, in 

particle suspensions.201 Alternatively, nanocomposite hydrogels can be prepared by 

the incorporation of NPs precursors during hydrogel formation.205-209 The NPs are 

formed within the hydrogel matrix afterward. A typical example is the hydrogel network 

from free-radical crosslinking copolymerization of N-isopropylacrylamide and 

comonomers containing thiol groups allowing to form complexes with Au3+ ions.205 The 

Au NPs are then synthesized within the hydrogel matrix by chemical reduction. 

On the other hand, NPs have been adopted as crosslinkers for hydrogel network 

formation. The NPs can be turned into crosslinkers after modification with the reactive 

groups.210, 211 Moreover, the reversible Au-thiol interaction makes Au NPs multivalent 

crosslinkers for preparing dynamic NP-hydrogel composites.212 In addition, the 

adsorption (self-assembly) of polymer chains onto the surface of NPs make them 

promising physical crosslinkers.213-218 Wang et al. developed a nanocomposite 

hydrogel by means of the supramolecular interactions between clay nanosheets and 

dendritic polymers.215 Furthermore, a ‘breathing in’ method has been developed for 
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incorporating NPs after hydrogel formation.219-221 Yissar et al. prepared Au NP-PAA 

hydrogel composites by repeated cycling of collapsing the hydrogel in acetone and 

swelling in aqueous suspension of gold nanoparticles.219 

2.5.3 Nanocomposite Hydrogels for Nerve Tissue Engineering 

Due to the electrical properties of neural cells and their positive regenerative response 

to electrical stimulation, electrically conductive scaffolds that mimic electroactive 

tissue have attracted rapid attention in nerve tissue engineering.40, 41, 222 

Nanocomposite hydrogels embedded with electrically conductive NPs, e.g., CNTs, 

graphene, reduced graphene oxides (rGO), etc., have been reported as potential 

materials promoting nerve regeneration after injuries. Cho et al. reported that the CNT-

collagen composites facilitate the neurite extension of pheochromocytoma (PC12) 

cells with the significantly improved formation of micro-spikes and filopodia at growth 

cones under exogeneous electrical stimulation.223 The enhanced neurite growth and 

neurite orientation of PC12 cells along the exogenous electrical fields have been 

observed in some other electroactive nanocomposite hydrogels.224-227 On the other 

hand, Lee et al. reported the enhanced expression of neural markers and secretion of 

neurotrophic factors for mesenchymal stem cells cultured within a 3D CNT-collagen 

hydrogel matrix without electrical stimulation.228 Similar results have been reported in 

induced pluripotent stem cells cultured on the silk fibroin-graphene composite films by 

Niu et al.229 Furthermore, Shin et al. reported that the expression of calcium channel 

was upregulated in human neural stem/progenitor cells differentiated within 3D 

hyaluronic acid hydrogels dopped with CNTs and polypyrrole.230 

Recently, increasing number of reports claimed that the differentiation of PC12 

cells and dorsal root ganglia cells, and proliferation of Schwann cells, on the 

electroactive nanocomposite hydrogels containing CNTs and their analogs are 



Chapter 2. Fundamentals & Methods 

24 

significantly enhanced without electrical stimulation.42, 43, 231-233 The electrical 

conductivity of these nanocomposite hydrogels is often emphasized as a vital cue 

stimulating neuronal differentiation. Liu et al. prepared an electrically conductive 

oligo(poly(ethylene glycol) fumarate) hydrogel by introducing positive surface charges 

together with embedding CNTs and rGO.42 It is claimed that the combination of surface 

charges and conductive fillers synergistically improves the cellular behaviors and 

activity including intercellular communication. Although CNTs and graphene (usually 

coated on substrates) are reported to stimulate neuronal electrical activity,44, 45, 234 it is 

unclear how CNTs (and graphene) would work when embedded within the hydrogel 

matrix. Moreover, the incorporation of conductive NPs normally contributes not only to 

the enhanced electrical conductivity of nanocomposite hydrogels, but also to the 

increased surface chemistry, roughness, and mechanics (stiffness, viscoelasticity), etc. 

It is not easy to distinguish the role in stimulating neuronal differentiation and activity 

between electrical conductivity and other external cues. 

2.6 Confocal Microscopy 

Confocal microscopy, frequently referred to confocal laser scanning microscopy 

(CLSM), has emerged as one of the most important techniques of fluorescence 

imaging in recent decades and become an indispensable tool in scientific research. 

The basic concept of CLSM was initiated by Minsky in the 1950s, for overcoming the 

limitations of the conventional widefield epifluorescence microscopy.235 The most 

important feature of CLSM is optical sectioning capable of capturing multiple 2D 

images at different depths within a thick specimen and enabling the reconstruction of 

3D structures of the specimen.236 
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Figure 2.3 Schematic illustration of confocal laser scanning microscopy. For light illumination 

(excitation), a laser beam is reflected by a dichroic mirror and focused on the studied specimen 

by an objective lens. The excited fluorescence signals are collected through the same 

objective lens and directed to a photodetector after passing the dichroic mirror. A pinhole is 

placed in front of the detector to block the out-of-focus signals. By scanning the focus across 

the specimen, 2D and 3D images are acquired. 

In a widefield epifluorescence microscopy, the specimen is illuminated evenly with 

a light from a light source. The problem is that the emitted background fluorescence 

above and below the focal plane will severely obscure the information from the focal 

plane. In contrast, the CLSM images are captured by a pointwise scanning under 

localized laser excitation. The use of a pinhole aligned in an optically conjugate plane 

in front of the detector permits spatial fluorescence filtering to eliminate the out-of-

focus signals during imaging (Figure 2.3).237 Only the light emitted very close to the 

focal spot are detected. Therefore, the optical resolution and contrast of an image, 

particularly in the axial (the sample depth) direction, are improved compared to the 

widefield fluorescence microscopy. The depth of the in-focus area in the specimen is 
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defined by the size of the pinhole – the smaller the pinhole, the narrower the depth of 

the in-focus area. However, a decrease of pinhole size might decrease signal-to-noise 

ratio due to the greatly reduced amount of light.238 

The CLSM, as a fluorescence microscopy method, is essentially based on using 

of fluorophores for sample labeling to attain an image. There are several techniques 

for sample labeling. Immunofluorescence is a versatile technique for visualizing a 

protein of interest in the cellular context. It is based on staining cells with (primary) 

antibodies against a target protein, which are used together with fluorophore-

conjugated secondary antibodies or directly conjugated with a fluorophore. 

Immunofluorescence has been used in this thesis (Chapter 5) for cell staining. Gene 

transcription serves as versatile technique to incorporate fluorescence proteins into 

cells. It is based on the process of copying a segment of DNA into a messenger RNA 

(mRNA) capable of encoding proteins. The mRNA after transcription is transported to 

the ribosome and directs protein synthesis with the help of transfer RNA. The green 

fluorescent proteins on the membrane of E. coli (Chapter 3 & 4) and neurons 

(Chapter 5) are incorporated by gene transcription. 

Nowadays, CLSM has been widely used in many disciplines, not only in biology 

and medicine but in chemistry, physics, and material sciences. Besides, CLSM has 

been combined with other techniques, such as fluorescence correlation 

spectroscopy.239 

2.7 Atomic Force Microscopy 

Atomic force microscopy (AFM) is an advanced technique of scanning probe 

microscopy for investigating surface properties of materials with a resolution of 

subnanometer.240 The information is collected by a mechanical probe mounted at the 
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front of a cantilever with a raster scanning motion close to the surface. The interaction 

between the specimen and the probe tip causes the cantilever to deflect. A laser beam 

impinging on the backside of the cantilever and reflected towards a position-sensitive 

photodetector is exploited to monitor the deflection of the cantilever (Figure 2.4).241 

The feedback system adjusts the distance between the specimen and the probe tip to 

keep a constant deflection of the cantilever as it moves over the specimen. 

 
Figure 2.4 Schematic illustration of atomic force microscopy. The cantilever with a probe tip 

at the front scans in a raster motion over the surface. The deflection of the cantilever is used 

as the feedback signal, which is monitored by a laser beam reflected from the cantilever 

towards the position-sensitive photodetector. The feedback system keeps the deflection 

(oscillation amplitude or frequency in dynamic mode) of the cantilever constant.  

The AFM can operate either in static or dynamic modes.240 The static mode is also 

termed the contact mode, where the probe tip in contact with the specimen during 

imaging. The interaction forces between the specimen and the tip in the contact mode 

are repulsive and drive the cantilever to bend. The force (deflection) is used as the 

feedback signals. Therefore, the feedback system acts to maintain a constant 

deflection of the cantilever by adjusting the distance (force) between the specimen 

and the probe tip. As the probe tip contacts the specimen, the lateral forces can also 

drive the cantilever to torsion. The torsion can be monitored in the lateral force mode, 

providing information on the friction (or adhesion) of the surface. 

Cantilever

Piezo scanner

Feedback loop

Photodiode

Sample



Chapter 2. Fundamentals & Methods 

28 

In contrast, the cantilever in the dynamic mode, including the non-contact and 

the tapping mode, is vibrated close to its resonant frequency.240 The amplitude-

modulation (AM) and frequency-modulation (FM) are two main approaches in the 

dynamic operation mode. In the AM approach, the oscillation amplitude and phase 

shift are used as feedback signals, while the oscillation frequency is tracked in the FM 

approach. The oscillating cantilever is brought close to the specimen without ‘touching’ 

the surface in the non-contact mode. The interactions between the specimen and the 

probe tip are attractive forces, which will disturb the oscillation of the cantilever by 

decreasing the oscillating frequency and amplitude. The feedback system acts to keep 

the oscillation amplitude (AM) or frequency (FM) of the cantilever constant. In the 

tapping mode, or the intermittent-contact mode, the oscillation amplitude of the 

cantilever is typical higher than that in the non-contact mode. It permits the probe tip 

to gently tap the specimen in a short duration. The interactions between the specimen 

and the probe tip involve both attractive and repulsive forces. 

The peak force tapping mode is a new intermittent-contact method.242 The probe 

tip (non-vibrated) periodically taps the sample, and the interaction force is directly 

measured by the deflection of the cantilever. The feedback system keeps a constant 

peak force (down to 10 pN), which is significantly lower than that is typically used in 

tapping mode (~ 1 nN). The precise control of the interaction force can preserve both 

the tip and the specimen from mechanical damage. The peak force tapping mode is 

particularly suitable for the soft and sticky samples or those that are brittle or loosely 

bonded to a substrate. In Chapter 5, the peak force tapping mode has been applied 

to capture the surface morphology of hydrogels under water. 
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The AFM have been widely applied in physical, biological and materials science, 

not only in mapping of surface topography but in quantitative analysis of mechanical, 

chemical, and biological interactions. 

2.8 Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA), also termed dynamic thermomechanical 

analysis (DTMA), mainly refers to the technique to study the viscoelastic properties of 

materials by applying periodical stress or strain (usually in sinusoidal form) to the test 

samples and measuring the response of strain or stress.243 The frequency of the 

applying stress (or strain) and/or temperature can be programmed for different 

measurements. Note that DMA can also refer to torsional braid analysis that measures 

the decay of oscillations (controlled by natural damping) of a suspending, swinging 

sample (will not be discussed in this section).243 

 

Figure 2.5 Schematic illustration of geometries of the a) axial mode and b) torsional mode for 

the DMA measurements.  

The stress (or strain) can be applied in axial or torsional mode during the DMA 

measurements in practice (Figure 2.5). The instruments based on the axial mode 
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(frequently termed dynamic mechanical analyzer) are usually used for solid and 

semisolid materials. The test samples can be stretched, compressed, or bent by 

choosing different fixtures with specific geometries such as film tension, compression, 

3-point bending, and dual-/single cantilever (Figure 2.5a). The instruments based on 

the torsional mode (mostly termed rotational rheometer) are particularly suitable for 

liquids, soft gels, and melts. The test samples can be rotationally sheared with a 

controlled shear stress (or shear rate, namely rotational tests), or oscillated with a 

controlled frequency of shear strain (in sinusoidal form, namely oscillation tests). The 

rotational test is used for characterizing the viscous behavior of the material, while the 

oscillation test characterizes the viscoelastic behavior. The measuring geometries can 

be parallel plates, cone-and-plate, concentric cylinders, or other complex geometries 

(Figure 2.5b). The rotational rheometer has been used in this thesis to characterize 

the phase transition of ionogels (Chapter 3) and the percolation network of CNTs in 

nanocomposite hydrogels (Chapter 5) with the oscillation test. 

The oscillation test can be performed at a constant frequency of shear strain (or 

shear stress) by varying temperature (namely temperature sweep). It can also be 

performed at a constant temperature by varying frequency (namely frequency sweep). 

Before the measurements, an amplitude sweep (or strain sweep) by gradually 

increasing the amplitude of oscillations (of shear strain or stress) to define the linear 

viscoelastic regime is necessary, ensuring that the structures of the material will not 

be destroyed by the oscillation test. Complex shear modulus (G*) and viscosity (η*) 

obtained from the oscillation test are two important parameters that describe the 

viscoelastic properties of the materials. 

The complex shear modulus (G* = G’ + iG’’) of the test samples can be obtained 

from the shear stress (τ) divided by the shear strain (γ), with two components as 
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characteristics of energy storage for the elastic portion (storage modulus, G’) and 

energy dissipation for the viscous portion (loss modulus, G’’). G’ and G’’ have been 

described as,244 

G' = 
τA
γA
	cos δ , G''= 

τA
γA

 sin δ 

Here, τA, γA are the amplitude of shear stress and shear strain, and δ is the phase lag 

of oscillations between shear strain and shear stress. The tan δ is termed loss factor 

or damping factor. δ = 0 for an ideally elastic material (i.e., Hookean solid) with the 

stress proportional to the strain, whereas δ = π/2 for a purely viscous material (i.e., 

Newtonian fluid) with the stress proportional to the strain rate. For the viscoelastic 

materials, δ locates somewhere in between (0 < δ < π/2). Complex viscosity (η* = η’ + 

iη’’) of the test samples is given by,244 

η* = 
G*

i ω 

Hence,  

η' =	
G''

ω  ,	η'' =	
G'

ω  

Here, ω is the angular frequency of the shear strain (or shear stress). These 

parameters are widely used to characterize the material properties such as glass 

transition, phase transition, structural heterogeneity, and structural evolution, etc. 
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Chapter 3 

Phase Transition-Activated Switching of Surface 
Properties for Combating Biofouling§ 

Biofouling has emerged as an issue of great concern in various areas while achieving 

long-term stability of antibiofouling remains challenging. In this chapter, the synthesis 

of ionogels with a responsive, self-replenishing surface for combating biofouling is 

described. Ionogels are prepared by infiltrating poly(vinylidene fluoride-co-

hexafluoropropylene) skeleton with binary mixtures of ionic liquids: 1-octadecyl-3-

methylimidazolium bis(trifluoromethyl sulfonyl)imide ([C18C1im][NTf2]) and 1-hexyl-3-

methylimidazolium bis(trifluoromethyl sulfonyl)imide ([C6C1im][NTf2]). The mixtures of 

ionic liquids are released spontaneously from the gel matrix and eventually crystallize 

on the surface, leading to self-replenishment of the surface of ionogels. The 

incorporation of [C6C1im][NTf2] provides the antimicrobial efficacy of ionogels while the 

crystals of [C18C1im][NTf2] serves as a skeleton maintaining [C6C1im][NTf2] on the 

surface. By heating, the ionogel surface transforms from solid to liquid-infused state 

that facilitates the removal of biofilms developed under a long time of colonization. The 

antimicrobial efficacy is maintained even after several cycles of biofilm formation and 

detachment. 

 

§ This chapter is a slightly modified version of the following article:245 

L. Ye, F. Chen, J. Liu, A. Gao, G. Kircher, W. Liu, M. Kappl, S. Wegner, H. -J. Butt, and W. 
Steffen. Macromol. Rapid Commun. 2019, 40, 1900395. ©Copyright 2019, The Authors, 
published by Wiley-VCH, under the terms of the CC BY-NC-ND 4.0 license. 
Author Contributions: L. Y. conceived the idea and performed the main experiments of this 
work. H. -J. B., W. S. supervised the project. F. C. cultivated the bacteria and carried on the 
antibacterial assays. G. K. synthesized the ionic liquid. J. L., A. G., W. L., M. K., and S. W. 
participated in the material characterizations and analyses. L. Y., F. C., H. -J. B., and W. S. 
wrote the manuscript.  
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3.1 Introduction 

Biofouling has a significant impact on a wide variety of areas as health, economy, or 

environment causing negative consequences.22, 23 Bacteria have evolved many 

strategies to attach to surfaces and form biofilms effectively.246, 247 The incorporation 

of biocides,25, 248-250 or the functionalization with specific moieties has been widely 

exploited to prevent bacterial adhesion and biofilm growth on the surface.26, 27, 251 For 

instance, polymer membranes impregnated with silver nanoparticles inhibit bacterial 

growth by releasing ions that can disrupt the bacterial membrane, enzymes and 

proteins.252 However, non-specific adsorption of protein and surfactant secreted by 

bacterial cells is not negligible, which will mask the antimicrobial-related surface 

chemistry.28, 253-255 Poly(ethylene glycol) (PEG)-modified surfaces exhibit superior 

bacterial resistance by minimizing the non-specific protein adsorption.256, 257 But it is 

well known that PEG is prone to (per)oxidation, resulting in degradation of polymer 

chains.258 Bifunctional surfaces prepared with zwitterionic or responsive moieties can 

switch surface properties where bacteria can be killed on contact and then released 

by external stimuli, i.e., changing temperature, pH, etc.25, 26 Nevertheless, it is 

unknown whether the underlying mechanism based on the transition of molecular 

conformations would still work when the surface is covered with biofilms over time. 

Superhydrophobic surfaces with non-wetting features have been reported to delay 

biofilm formation.24, 259 Superhydrophobic surfaces resist the wetting of water by 

entrapping air plastron within the micro-/nano- hierarchical structures, reducing the 

contact between the surface and microbes. However, the bacterial resistance of 

superhydrophobic surfaces is reported to be short-lived, and the hierarchical surface 

structures even promote bacterial adhesion after losing the entrapped air.98 Recently, 

slippery liquid-infused porous surfaces (SLIPSs) with the dynamic surface have been 
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reported to resist the adhesion of bacteria, algae, and mussels.28, 108, 132 SLIPSs are 

microstructured (porous) substrates impregnated with a thin liquid film, minimizing the 

contact of bio-contaminants with the solid surface. However, the depletion of the 

infused liquid caused by evaporation or drainage leads to the loss of surface 

functionality.134-136 Although SLIPSs with self-replenishing features based on 

polymeric gels have been recently developed, the active control against the loss of 

infused liquids remains impossible.137-141  

Ionogels are hybrid material with a high content of immobilized ionic liquids in a 

highly porous polymer matrix.142 Ionic liquids, known as ‘green solvents’, are organic 

salts with low melting temperatures and negligible vapor pressure.145, 260 Ionic liquids 

exhibit antimicrobial efficiency with high selectivity for bacteria over mammalian 

cells.158, 159, 261-263 Surfaces grafted with ionic liquids show superior performance 

against multidrug-resistant superbugs.158 Meanwhile, ionic liquids are reported as a 

promising infusing liquid for SLIPSs due to their physicochemical stabilities.125, 264, 265 

The ionic liquid-infused textured surfaces exhibit excellent dynamic omniphobicity.264  

In this chapter, a new type of responsive ionogel with a self-replenishing surface 

is prepared for attaining renewable antibiofouling properties. The mixtures of two ionic 

liquids with compatible chemical structures but with different lengths of alkyl chain in 

the cation are used to prepare responsive ionogels with self-replenishing surface 

properties. A semicrystalline polymer is used as a skeleton to attain good mechanical 

properties for the ionogels. The surface properties and antibiofouling performances of 

the ionogels are investigated. 

3.2 Experimental 

Materials: Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, Mw = 400 kg 

mol−1, Mw/Mn = 3.0, Tg = − 35 °C,  Tm = 141 °C) was purchased from Sigma Aldrich 
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(Germany). 1-hexyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide 

([C6C1im][NTf2], Tg = − 9 °C) was purchased from Merck (Darmstadt). 1-octadecyl-3-

methylimidazolium bis(trifluoromethyl sulfonyl)imide ([C18C1im][NTf2], Tm = 55 °C) was 

synthesized as follows:266 1-octadecyl-3-methylimidazolium chloride ([C18C1im][Cl]) 

was synthesized by electrophilic addition from n-methylimidazole with 1-

chlorooctadecane at 90 °C for 48 h under an argon atmosphere. The solid precipitates 

were washed with ether and recrystallized from tetrahydrofuran. [C18C1im][NTf2] was 

synthesized by metathesis reaction in aqueous solution from [C18C1im][Cl] with 

bis(trifluoromethyl sulfonyl)imide lithium (Li[NTf2]) salt. The product was recrystallized 

in a mixture of ethanol/water (75: 25).  

Synthesis of Ionogels: Polymer solutions (0.5 g, 10 wt%) of PVDF-HFP in acetone 

were prepared at 40 °C with magnetic stirring for 4 h until a clear homogeneous 

solution was obtained. 2.0 g of ionic liquid mixtures with the different molar ratio was 

added to the polymer solution under magnetic stirring. They dissolved entirely within 

a few seconds. The solutions were cast into a petri dish, and the solvent was 

evaporated at room temperature for 24 h. Subsequently, the samples were dried under 

vacuum conditions at 60 °C for 12 h to get rid of volatile residual solvent. 

Sample Characterizations: The thermal properties of ionogels were measured by 

differential scanning calorimetry (Mettler Toledo, DSC 822). The measurements were 

performed at a 10 °C min−1 scan rate with a temperature range from −70 °C to 190 °C. 

The fracture surface of the solvent extracted samples was inspected by a scanning 

electron microscopy (Zeiss, LEO Gemini 1530) with an accelerating voltage of 0.5 kV. 

The samples for the surface observation were prepared by solvent extraction of ionic 

liquid with acetonitrile, and then the solvent was gradually replaced by water at a step 

of 10% volume and finally freeze-dried overnight to remove the water.  
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The temperature-dependent surface wettability of ionogels and the manipulation 

of water droplet sliding were carried out with a goniometer (DataPhysics, OCA 35), 

equipped with a proportional–integral–derivative (PID) temperature controller 

(Brainchild, BTC 9300). To erase the surface roughness induced by solvent 

evaporation, the ionogel samples on a glass slide were heated to 160 °C for 1h and 

then carefully cooled to room temperature. For the water sliding angle measuring, a 

water droplet with the volume of 15 μL was applied. For the water sliding manipulation, 

the water droplet was put on the surface of the samples tiled by 5°, and the samples 

were first heated to 80 °C, then cooled to 25 °C and reheated to 80 °C again. The 

temperature was continuously manipulated by the PID temperature controller.  

The self-replenishing properties of the ionogel surface were characterized by 

scratching-recovery tests. The samples were scratched by a flat head tweezer over 

50 times and then left for recovery at room temperature overnight. The scratching-

recovery test was carried out for more than 30 times to evaluate the long-time 

renewability. The fracture surface and top surface of the samples before/after 

scratching and after recovery at room temperature were inspected by scanning 

electron microscopy with an accelerating voltage of 1.5 kV. 

The samples for antibacterial assays were prepared by spin-coating (10 wt% 

solution, 1000 rpm, 90 s) the ionogels on the glass substrate, while a bare glass slide 

was used as a control. The E. coli containing green fluorescent protein plasmid was 

cultured overnight in Lysogeny broth (LB) medium with 50 μg mL−1 ampicillin and 0.5 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 37 °C, 250 rpm. 100 μL bacterial 

solution in phosphate-buffered saline (PBS) (OD600 = 0.1) was deposited on the 

surface of the samples and incubated at 37 °C for 6 h. The samples were kept in the 

35 mm sterile Petri dishes with high humidity to prevent solvent evaporation. The 
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surface of the samples was then washed by PBS solution, and the bacteria were 

collected by centrifugation. The colony forming assays were performed with 40 μL of 

bacteria suspension with serial dilution on solid agar plates. The bacterial viabilities 

were calculated by dividing the colony forming units’ (CFUs) numbers of the samples 

with the CFU number of the control. 

For the evaluation of renewable antibiofouling properties, the samples (1 cm × 1 

cm) were immersed into 3 mL of bacteria in LB solution (containing 50 μg mL−1 

ampicillin and 0.5 mM IPTG, OD600 = 0.1) in sterile Petri dishes and incubated for 

varying time (12 h, 24 h, 48 h and 72 h). The samples were then washed in a 60 °C 
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Figure 3.1 Preparation of ionogels. a) Chemical structure of poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) and 1-alkyl-3-imidazolium bis(trifluoromethyl 

sulfonyl)imide. b) Melting points of [C18C1im][NTf2] (Tm,1) and [C6C1im][NTf2] (Tm,2) in the 

mixtures (Black, Yellow) and within the ionogels (Red, Green). c) Schematic illustration of 

preparing ionogels from solution casting. d) Scanning electron microscopy (SEM) image of 

the fracture surface of IG-C12* after selective extraction of ionic liquids. Scale bar: 2 μm. 
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water bath using a pipette for 2 min. The surface of the samples was inspected by a 

confocal laser scanning microscopy (Leica, SP8) using a 10x objective (NA = 0.8). 

The excitation wavelength was 488 nm. After that, the samples were re-incubated with 

the bacterial solution under the same conditions mentioned above for 72 h, and then 

the surface, as well as the antimicrobial efficacy, was examined after being washed 

through the same processes as described above. The biofilm formation and 

detachment processes were performed three times under the same conditions. 

3.3 Results and Discussion 

Table 3.1 Notation, molar ratio, and Tm of [C18C1im][NTf2] and [C6C1im][NTf2] in the mixtures. 

Notation 
[C18C1im][NTf2]: 
[C6C1im][NTf2] 

Tm, 1 (°C)a Tm, 2 (°C)a
 

[C6C1im][NTf2] / / −9.0b 

[C8*C1im][NTf2] 1:5 37.8 −7.5 

[C10*C1im][NTf2] 1:2 42.7 −7.1 

[C12*C1im][NTf2] 1:1 46.1 −7.5 

[C14*C1im][NTf2] 2:1 49.8 −7.8 

[C16*C1im][NTf2] 5:1 52.6 −8.7 

[C18C1im][NTf2] / 55.0 / 
a data from DSC curves performed by heating in a rate of 10 °C min-1 following the cooling 

from 100 °C to −70 °C. b data (Tg) from the supplier. 
 

To prepare the ionogels, 1-octadecyl-3-methylimidazolium bis(trifluoromethyl 

sulfonyl)imide ([C18C1im][NTf2], Figure 3.1a) was synthesized. The [C18C1im][NTf2] 

was then mixed with 1-hexyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide 

([C6C1im][NTf2]) to prepare ionic liquid mixtures with the varying molar ratios. The 

mixtures of ionic liquids are denoted as [Cn*C1im][NTf2], where n is the statistical 

average carbon atom number (rather than an actual number of carbon atom) of the 1-

alkyl chain (Table 3.1). The mixtures with different compositions showed two distinct 
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melting temperatures, which can be clearly seen in DSC curves (Figure 3.1b, and 

Figure S3.1 in Appendix Ι). This phenomenon is different from that observed in 

eutectic mixtures of ionic liquids.267, 268 It is regarded as the result of the mismatch 

between the cations due to the difference in length of 1-alkyl chains. The two 

components in the mixtures crystallized separately, which is similar to the 

crystallization of polymer blends.269, 270 The [C6C1im][NTf2], which is still in a liquid state 

at room temperature, is maintained within the crystal network of [C18C1im][NTf2] with 

the formation of binary mixtures with the solid features. 

The ionogels (denoted as IG-C18, or IG-Cn*) are prepared by mixing 

[C18C1im][NTf2], or [Cn*C1im][NTf2] with PVDF-HFP in a weight ratio of 80/20 ionic 

liquid/PVDF-HFP. PVDF-HFP is a semicrystalline polymer, which has been exploited 

to prepare solid electrolytes with good mechanical stability.271-274 PVDF-HFP and ionic 

liquids were dissolved in acetone and mixed, then solution-cast into films with ~ 1 mm 

thickness after evaporation of the solvent. A deteriorating solvent quality during 

evaporation of the acetone leads to gelation of the solution by crystallization of PVDF-

HFP and the gradual formation of a gel.271 Both the Tm of [C18C1im][NTf2] and 

[C6C1im][NTf2] within the ionogels showed no apparent changes compared to those in 

the mixtures (Figure 3.1b). This result is ascribed to the phase separation between 

PVDF-HFP and ionic liquids. The homogeneous solution transformed into a gel with a 

bicontinuous structure comprised of polymer-rich and ionic liquid-rich phases after 

solvent evaporation (Figure 3.1c). This is proven, after selective extraction of the ionic 

liquid phase from the ionogels, by SEM (Figure 3.1d, and Figure S3.2 in Appendix 

Ι). The pores of the structure are corresponding to the initial ionic liquid-rich phase that 

was selectively extracted. The semicrystalline PVDF-HFP phase served as an elastic, 

mechanically stable skeleton (confirmed by the dynamic mechanical properties, 
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Figure S3.3 in Appendix Ι). The ionic liquids are infiltrated in the highly porous 

polymer skeleton without affecting the phase transition.  

Before studying the antibiofouling properties, the temperature dependence of the 

sliding angle of water drops on the surface was investigated (Figure 3.2a). Water is 

immiscible with the ionic liquids as well as PVDF-HFP. A water drop placed on the 

ionogel surface formed a finite contact angle. A “stick-slip” transition of water drops 

sliding on the ionogel surface was observed when heating above the Tm of 

[C18C1im][NTf2]. The Tm of [C18C1im][NTf2] varied from 55 °C for IG-18 to 37.8 °C for 

IG-8* (Table 3.1). For example, water drops were pinned on the solid surface of IG-

12* below 50 °C (the Tm of [C18C1im][NTf2]). A water drop with a volume of 15 μL did 
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Figure 3.2 Temperature-dependent surface wettability of ionogels. a) Temperature 

dependence of the sliding angle of a water drop of 15 μL on the surface of ionogels. b) Multiple 

cycles of switching water drops sliding on the surface of IG-C18 between 25 and 80 °C. c) 

Schematic illustration of “stick-slip” transition of water drops sliding on the ionogel surface. d) 

Demonstration of drop manipulation on the surface of IG-C18 by varying temperature. A water 

drop with an initial volume of 15 μL was applied (the decrease in volume of the droplet is 

caused by the evaporation). 
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not slide off even when the surface was titled to 90°. Above 50 °C, water drops can 

slide down easily, and the sliding angle of a droplet is 3° at 65 °C. The sliding angle 

can be switched reversibly (Figure 3.2b). The phase transition of [C18C1im][NTf2] 

induces the transformation of the surface from the solid state to a slippery liquid-

infused state (Figure 3.2c).109, 113, 114, 275 Thus, the motion of a water drop on the 

surface can be regulated by varying the temperature (Figure 3.2d). The inspection of 

the rim (the inserted image) revealed a wetting ridge of ionic liquids surrounding the 

water drop at elevated temperatures, indicating a typical slippery liquid-infused 

surface.109 The ionic liquids acted as a lubricant at elevated temperatures and 

facilitated the sliding of water drops on the surface. However, the liquid-infused surface 

transformed into a solid surface as ionic liquids crystallized upon cooling.  

The surface morphology of ionogels at room temperature was inspected by SEM. 

The ionic liquid mixtures are observed to be released from the gel matrix forming 

flower-like structured crystals on the surface (Figure 3.3a). These crystals should be 

ascribed to [C18C1im][NTf2] since [C6C1im][NTf2] is still in the liquid state at room 

temperature. The flower-like structures on the surface exhibit self-healing properties 

after mechanical damage by scratching. In a typical experiment, the surface of IG-C8* 

was scratched and the recovery of the surface at room temperature was investigated 

(Figure 3b-c). The samples were scratched over 50 times and the flower-like 

structured crystals of ionic liquids were completely removed (Figure 3.3b). However, 

the crystals can be regenerated after storage at room temperature overnight (Figure 

3.3c). The flower-like structures can be regenerated after more than 30 times of the 

scratching-recovery tests (Figure 3.3d).  

The surface of those ionogels containing large content of [C6C1im][NTf2], including 

IG-8*, IG-10* and IG-12*, can be recovered after mechanical damage within 24 h. For 
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IG-14*, IG-16* and IG-18, the recovery of the surface becomes increasingly difficult. 

The self-replenishing behavior of the ionogel surface is attributed to the spontaneous 

migration of ionic liquids from the inner gel matrix to the surface. It is driven by a 

change in enthalpy of mixing. The polymer and ionic liquids are mixed by dissolving in 

a co-solvent. However, the evaporation of solvent/after gelation results in an increase 

in the free energy of mixing, leading to a demixing of polymer and ionic liquids. 

Therefore, ionic liquids can spontaneously leach out from the ionogels. In fact, a self-

regulated migration of a liquid (syneresis138, 139) or even a solid (blooming276, 277) from 

polymer matrix has been observed previously. The diffusion of [C18C1im][NTf2] within 

the ionogels was difficult due to the high Tm. Therefore, the addition of [C6C1im][NTf2] 

remarkably enhanced the mobility of [C18C1im][NTf2]. 

a

b

c

d

Figure 3.3 Self-replenishing properties of the ionogel surface. a) Scanning electron 

microscopic (SEM) images of fracture surface (left) and the top surface (right) of IG-8*. b) SEM 

images of the fracture surface (left) and the top surface (right) of IG-8* after scratching over 

50 times. c) SEM image of the top surface of IG-8* stored at room temperature overnight after 

mechanical scratching over 50 times. d) SEM image of the top surface of IG-8* after 30 times 

of scratching-recovery tests. Scale bars: 20 μm.  
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The antimicrobial activity of ionogels was tested using E. coli. Bacterial 

suspensions were incubated on the ionogel surface for 6 h. Then, the surface was 

washed with a PBS solution. The bacteria were collected and applied with serial 

dilution for plating and colony counting (Figure 3.4a). The ionogels containing a 

suitable amount of [C6C1im][NTf2], especially for IG-C8* and IG-C12*, exhibit an 

excellent antimicrobial efficacy with bacterial viability below 10% (Figure 3.4b). The 

development of biofilm on the ionogel surface was further investigated. In a typical 

experiment, the ionogel samples were immersed into 3 mL of bacterial suspensions 

and incubated for up to 72 h until biofilm formation. The formation of biofilm on the 

surface of IG-C12* was investigated. On the bare glass surface, biofilms developed 
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Figure 3.4 Antibiofouling performance of the ionogel surface. a) Optical images of 

Escherichia coli (E. coli) colonies forming after incubation on the ionogel-coated glass 

substrates for 6 h, using bare glass slides as the control. b) E. coli viabilities calculated from 

colony counting assay. c) Confocal laser scanning microscopic (CLSM) images (Z-projection) 

of the surface of IG-C12* before (upper) and after (lower part) gentle washing. Scale bar: 100 
μm. Green fluorescent protein was incorporated into E. coli to make them visible in CLSM 

observations. d) E. coli viabilities after incubation on the surface of IG-C12* after each cycle 

of biofilm formation and detachment.  
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within 24 h (Figure S3.4 in Appendix Ι). However, only sporadic bacteria or 

aggregates were observed on the surface of IG-12* after incubation for 24 h (the upper 

part of confocal laser scanning microscopic (CLSM) images in Figure 3.4c). The 

results highlight the superior efficacy of the ionogel surface in inhibiting/delaying the 

development of biofilms.  

When extending the incubation time, as expected, dense aggregates or biofilms 

started to form (Figure 3.4c). Although the ionogel surface can kill the bacteria at the 

initial stage, dead bacteria as well as the secretions from bacterial cells may serve as 

a barrier and facilitate the growth of the residual active bacteria to form biofilms. Due 

to the transition of surface properties, the biofilms can be removed gently by rinsing 

the surface at an elevated temperature. The surface of the IG-C12* samples with 

biofilm formation was rinsed using a pipette in a water bath of 60 °C for 2 min (the Tm 

of [C18C1im][NTf2] in IG-12* is 46 °C). The biofilm was easily washed away from the 

surface (Figure 3.4c). Upon heating, the surface of the ionogel turned into a liquid-

infused state, facilitating the detachment of biofilms due to the dynamic surface 

properties. The cycle of biofilm formation and detachment can be carried out for at 

least three times (Figure S3.5 in Appendix Ι). The antimicrobial efficacy of the ionogel 

was further examined after each cycle of biofilm formation and detachment (Figure 

3.4d). It turned out no apparent decrease in antimicrobial efficacy happens after 

performing three cycles of biofilm formation and detachment. These results indicate 

the renewability of the ionogels for antibiofouling. 

3.4 Conclusions 

In this chapter, a new type of ionogels has been prepared by mixing solid/liquid binary 

mixtures of ionic liquids with a semicrystalline polymer. At room temperature, the 

mixtures of ionic liquids can be spontaneously released from the inner gel matrix and 
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crystallize at the surface. During the scratching/recovery test, the crystals of ionic 

liquids on the surface can be regenerated after being mechanically scratched for over 

50 times, and the scratching/recovery tests can be carried out for more than 30 times. 

The ionogels maintaining a suitable amount of low-Tm ionic liquids exhibited excellent 

antimicrobial properties and inhibited the initial development of biofilms. Moreover, the 

mixtures on the surface acted as a sacrificial barrier and facilitated the removal of bio-

contamination. Biofilms formed by incubation the ionogel in E. coli containing medium 

for 72 h can be easily washed away when heating to a temperature above the melting 

point of the mixtures. The cycle of biofilm formation and detachment can be carried 

out for at least three times without causing a dramatic decrease in antimicrobial 

efficacy of ionogels. This new type of ionogels combine the bactericidal properties of 

antimicrobial materials and the dynamic surface properties of SLIPSs. Such a 

combination provides a chance to tackle the irreversible loss of the antimicrobial 

efficacy of the surface after contamination and achieve active control against the 

unexpected loss of infused liquid (ionic liquid) of the surface.  
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3.5 Appendix Ι 

 
Figure S3.1 Phase transition behavior of [C6C1im][NTf2] and [C18C1im][NTf2] and their 

blends performed by a differential scanning calorimetry at a 10 °C min−1 scan rate with 

a temperature range from −70 °C to 100 °C. Two distinct Tm’s are observed in the 

mixtures, indicating that the two ionic liquids crystallize separately. The low-Tm 

[C6C1im][NTf2] is maintained within the crystal networks of [C18C1im][NTf2] without the 

formation of eutectic mixtures.  

 

 

 

Figure S3.2 Scanning electron microscopy (SEM) images of top surface of IG-12* 

after selective extraction of ionic liquids: a) low magnification and b) high magnification. 

 

 

a b 



Chapter 3. Responsive Ionogel Surface for Combating Biofouling 

48 

 

Figure S3.3 Dynamic mechanical properties (storage modulus G’, and loss modulus 

G’’) of IG-C18 measured by a rheometer with parallel plate geometry with a 

temperature scan rate of 2 °C min−1 at frequency of 10 rad s−1. The melting of ionic 

liquid is happening at 50 − 60°C. Then, the material turned into a viscoelastic solid or 

gel-like material with an extended plateau with G’ > G’’. The material starts to flow 

(becomes a viscoelastic liquid) above 140 °C.  

 

 

 

Figure S3.4 Confocal laser scanning microscopic (CLSM) images (Z-projection) of 

bare glass slides after incubation in bacterial suspensions for 24 h. Scale bar: 100 μm. 
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Figure S3.5 Confocal laser scanning microscopic (CLSM) images (Z-projection) of the 

surface of IG-C12* after 72 h of incubation in bacterial suspensions. The images 

before a), b), c), and after a’), b’), c’) being washed by water at 60 °C. a) → a’): 1st 

cycle; b) → b’): 2nd cycle; c) → c’): 3rd cycle, scale bar: 100 μm. 
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Chapter 4 

Elastic, Superhydrophobic and Photocatalytically 
Active Coating for Blood Repelling Dressing§ 

Mechanical robust and biocompatible superhydrophobic surfaces are of great 

potential in wound dressing for reducing uncontrolled hemorrhage and wound infection. 

In this chapter, a mechanical elastic, superhydrophobic composite coating with 

photocatalytic activity is described. The superhydrophobic coating was prepared from 

biocompatible titanium dioxide (TiO2) nanoparticles and poly(dimethylsiloxane) 

(PDMS), where TiO2 nanoparticles were chemically crosslinked by PDMS. The 

crosslinking of TiO2 nanoparticles with PDMS results in forming hierarchical micro-

/nano- superhydrophobic structures, which can be coated on various substrates. The 

PDMS crosslinks provided mechanical elasticity of the composite coating, allowing for 

robust blood repellency of the surface even under large deformations. The 

photocatalytic activity of TiO2 nanoparticles offered additional self-cleaning and 

antibacterial properties under UV illumination. The superhydrophobic PDMS/TiO2 

composite coating exhibited great potential for wound dressing reducing blood loss 

and bacterial infections. 

 

 

 

§ This chapter is a slightly modified version of the following article:278  
J. Liu, L. Ye, Y. Sun, M. Hu, F. Chen, S. Wegner, V. Mailänder, W. Steffen, M. Kappl, and H. 
-J. Butt. Adv. Mater. 2020, 32, 1908008. ©Copyright 2020, The Authors, published by Wiley-
VCH, under the terms of the CC BY 4.0 license. 
Author Contributions: J. L. designed and performed the research. W. S., H. -J. B. supervised 
the project. L. Y., Y. S., M. H., F. C., S. W., V. M., and M. K. participated in material 
characterization and analyses. Specifically, L. Y. participated in the characterizations of 
bacterial adhesion, blood repellency under stretching, and the joint-mimicking experiment. J. 
L., W. S., M. K., H. -J. B. wrote the manuscript.  
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4.1 Introduction 

Proper wound treatments at the first-response aid are of utmost significance since 

uncontrolled hemorrhage and wound infection have emerged as the main cause of 

death.279-281 On the other hand, the exposure and transfer of blood between patients 

and medical personnel pose great risks of cross-infection of bacteria or virus.282-285 

The traditional medical textiles such as cotton fabrics comprised of biodegradable 

cellulose fibers are (super)hydrophilic, which makes them easily impregnated by the 

blood.286 Although the superhydrophilic textiles can help stop bleeding by fast 

adsorbing the liquid from the blood to accelerate blood coagulation, they could also 

lead to excessive blood loss due to uncontrolled adsorption.29, 103 Moreover, blood 

coagulation on medical textiles leads to the formation of concrete clot-gauze 

composites at wounds. The clot-gauze composites makes it difficult to replace and 

remove the old dressings without causing additional pain, secondary bleeding, and 

potential infections.103, 287 In addition, the natural breathability of the medical textiles, 

which is important for wound healing, is inevitably reduced due to the permeation and 

solidification of the blood.31, 288 

Superhydrophobic surfaces with non-wetting features are reported to have great 

potential in repelling blood,30, 33, 102 and reducing bacterial adhesion.24, 259 The 

hierarchical structures of the superhydrophobic surface with a trapped air plastron 

effectively reduce the contact between blood and the surface.30 The resistance of 

superhydrophobic surfaces to the wetting of blood at wounds potentially reduces the 

blood loss of the patients and the direct contact of the medical personnel with the 

blood. Zhu et al. reported that Janus superhydrophobic/superhydrophilic fabrics can 

promote blood coagulation while reducing the excessive blood loss.29 This relies on 

the fact that the superhydrophilic side of fabrics promotes blood coagulation by rapid 
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water adsorption. At the same time, the superhydrophobic backside prevents 

excessive blood loss by resisting the penetration of the blood.29, 31 On the other hand, 

superhydrophobic surfaces effectively reduce the formation of clot-gauze composites 

due to the reduced permeation of blood. Li et al. reported a type of superhydrophobic 

hemostatic surface with immobilized carbon nanofibers.103 They observed that carbon 

nanofibers could promote rapid clotting while the superhydrophobicity of the surface 

results in minimal blood adhesion.  

However, the practical applications of superhydrophobic surfaces for blood-

repelling dressings are still limited by their poor mechanical stability and lack of 

biocompatibility. For instance, the fragility of superhydrophobic structures makes them 

easily destroyed when a bleeding wound is usually treated with medical gauze by 

mechanical pressure, producing free microparticles which pose a risk of causing 

micro-thrombosis when they enter the vascular system.34, 35 On the other hand, 

fluorinated hydrocarbons are often used to achieve superhydrophobicity due to their 

low surface energy. However, fluorinated hydrocarbons are nondegradable and have 

a great negative impact on the environment and human health.289, 290 

In this chapter, a new method of preparing robust blood-repellent surfaces from 

titanium dioxide (TiO2) nanoparticles and polydimethylsiloxane (PDMS) is described. 

Various substrates can be modified with hierarchical micro-/nano- structures achieving 

superhydrophobicity by the assembly of TiO2 nanoparticles crosslinked with PDMS. 

Both TiO2 and PDMS are known as biocompatible materials.291-296 TiO2 is 

photocatalytically active under UV illumination,297, 298 while PDMS exhibits good 

resistant to UV light.299, 300 The combination of elastic PDMS and photocatalytically 

active TiO2 nanoparticles provides the superhydrophobic surface with superior 

mechanical strength, antibacterial efficiency, and blood-repelling properties.  
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4.2 Experimental 

Modification of Titanium Dioxide Nanoparticles. 0.5 g titanium dioxide nanoparticles 

(TiO2, diameter: 21 ± 5 nm, P25, Sigma) were dispersed in tetrahydrofuran (THF, 10 

mL) by sonication. 30 mL (25 − 35% methylhydrosiloxane)-dimethylsiloxane 

copolymer (PDMS-copolymer, Mw: 1.9 − 2.0 kDa, Gelest Inc.) was added and mixed 

with TiO2 nanoparticles in THF. THF was left for evaporation at room temperature for 

24 h, and the particle dispersion was illuminated with UV-A light (intensity: 10 mW 

cm−2) and stirred for 10 h.301 After the reaction, the modified TiO2 nanoparticles were 

purified by centrifugation at 10 000 rpm for 10 min and redispersed in THF. This 

process was repeated five times. The modified nanoparticles can easily disperse in 

organic solvents such as THF, toluene and hexane. The mass of modified TiO2 

nanoparticles dispersed in THF was measured by weighing the deposition of 10 μL 

dispersion with a balance (Sartorius Genius ME, Mettler Toledo) after evaporation of 

THF. The concentration of particles was finally controlled to be 7.0 wt%. 

Preparation of PDMS/TiO2 Films. The modified TiO2 nanoparticles (dispersed in THF, 

7.0 wt%) were mixed with vinyl-terminated PDMS (vinyl-PDMS, Mw: 62.0 kDa, Gelest) 

as well as Pt-catalyst (0.005 wt% relative to vinyl-PDMS, Platinum(0)-1,3-divinyl-

1,1,3,3-tetramethyldisiloxane complex solution in xylene, Gelest) at a certain ratio in 

in toluene (or THF, hexane). The substrates (glass, polyester fabrics, polyurethane, 

commercial wound dressings) were pre-modified with oxygen plasma (5 min, power: 

100%). Then, the substrates were immersed into the mixture and allowed to react in 

a closed chamber at 60 oC for 6 h. The crosslinking reaction between PDMS molecules 

occurred both in bulk and on the surface of the substrates, with the formation of 

composite gels anchored on the substrates. After removing PDMS residues with 

toluene, superhydrophobic nanostructures can be attained on the surface. 
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Characterization of Mechanical Properties. The elastic modulus and hardness of the 

samples anchored on glass substrates were measured with a MFP-3D Nanoindenter 

(Asylum Research, Santa Barbara, CA) equipped with a diamond Berkovich indenter 

was used. A maximum loading force of 100 μN was applied. Young’s modulus and 

hardness were obtained from the indentation curves by fitting the unloading curves 

with the Oliver-Pharr model. 

Bacterial Viability Assay. E. coli K12 MG1655 were transformed with a fluorescent 

protein expression plasmid (GFP-pTrc99A, ampicillin resistant, isopropyl β-D-

thiogalactoside (IPTG) inducible). 10 mL of Lysogeny broth (LB) medium containing 

50 μg mL−1 ampicillin and 0.5 mM IPTG were inoculated with a single colony and 

incubated overnight at 37 °C at 250 rpm. The bacteria were diluted with phosphate 

buffer saline (PBS), or LB medium, to the desired density (OD600 = 0.1). The glass 

slides (control) and PDMS/TiO2-covered glass slides were fixed on the bottom of 

sterile borosilicate 2-well plates (ibidi μ-Slide, glass bottom). 2 mL of bacterial solution 

was added and incubated for up to 210 min in the dark and under UV-light illumination 

(5 ± 0.5 mW cm−2), respectively. To evaluate the bacterial viability after incubation with 

the sample surfaces, the bacteria were mixed with propidium iodide (PI, 1 μL mL−1 

bacterial culture), which selectively enters cells with damaged membranes, and 

incubated for 15 min to stain the dead cells. Stained bacteria were observed using a 

Leica SP8 laser scanning confocal microscope with excitation wavelengths of 488 and 

610 nm. All bacteria display green fluorescence due to the expression of the GFP 

protein. Dead bacteria display red fluorescence of PI. 

Blood Repellency Properties. 100 μL of human blood was put on the modified textile 

forming spherical shape and left for evaporation at room temperature for 1 h. The 

blood droplet can easily slide off from when the surface was tilted for 8°. For the 
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stability test, the coated textiles were immersed into human blood for 1 to 10 times, 

each time the surface was in blood for 1 h. The advancing and receding contact angles 

as well as contact angle hysteresis were measured. Human blood was obtained from 

the Department of Transfusion Medicine Mainz from ten healthy donors after physical 

examination and after obtaining their informed consent in accordance with the 

Declaration of Helsinki. The use of human blood was approved by the local ethics 

committee “Landesärztekammer Rheinland-Pfalz” (837.439.12 (8540-F)). 

Hemostasis Properties. The PDMS/TiO2 layer was coated on the commercial medical 

gauze. A blood loaded-polyvinyl chloride (PVC) tube with an incision was used to 

mimic a bleeding wound. The PVC tube was fixed on a forefinger with the incision site 

located at the finger joint, mimicking a wound near a joint. The incision was bandaged 

with the modified (3 layers) or unmodified (3 layers) medical gauzes. The ‘bleeding’ 

was monitored during finger bending. 

4.3 Results and Discussion 

As reported previously, PDMS can be easily grafted onto the surface of metal-oxide 

photocatalysts under UV-A light illumination.301, 302 In this work, the surface of TiO2 

nanoparticles was first grafted with a PDMS-copolymer (Figure S4.1a, and Figure 

S4.2 in Appendix ΙΙ). The modified TiO2 nanoparticles can quickly dispersed in toluene 

forming a stable suspension (Figure S4.1b in Appendix ΙΙ). The modified TiO2 

nanoparticles were then mixed with vinyl-terminated PDMS and Pt-catalyst with a 

certain ratio in toluene. In the presence of a Pt-catalyst, the –Si–H bonds of PDMS-

copolymers on TiO2 nanoparticles can react with the –CH=CH2 of vinyl-PDMS (Figure 

4.1a),303 which drives the connection between nanoparticles with covalent crosslinks. 

Superhydrophobic PDMS/TiO2 composite films with hierarchical structures can be 

formed on various substrates after removal of PDMS residues. 
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Figure 4.1b shows the morphology of PDMS/TiO2 film on polyester fabrics. The 

PDMS/TiO2 film uniformly covered the textile surface, even the surface inside the 

fabrics. The static water contact angle on this surface was 165○ ± 1○. The assembly of 

TiO2 nanoparticles on the fabrics forming of hierarchical surface structures (Figure 

S4.3, and Figure S4.4 in Appendix ΙΙ). The polyester fabrics coated with unmodified 

Pt-catalyst 
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Figure 4.1 Superhydrophobic PDMS/TiO2 composite films on various substrates. a) 

Schematic illustration of the fabrication of PDMS/TiO2 composites. b) Morphology of polyester 

fabrics covered with PDMS/TiO2 film at different magnifications. From left to right, the scale 

bars are 10 μm (inset: 200 μm) and 2 μm. mTiO2/mvinyl-PDMS = 0.1, mTiO2/mvinyl-PDMS = 3, where  

mTiO2/mvinyl-PDMS: mass ratio of TiO2 nanoparticles to vinyl-PDMS; Vsolvent/Vvinyl-PDMS: volume ratio 

of solvent to vinyl-PDMS. c) Optimal parameters for preparing superhydrophobic surfaces. ○: 

formation of superhydrophobic surfaces (light green background); ×: failed formation of 

superhydrophobic surface (pink and gray background). Inset: a 5 μL water drop on the 

PDMS/TiO2 films. d) Sequence shows a water droplet (5 µL) sliding on the bent polyurethane 

tape coated with PDMS/TiO2 composite films. 
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TiO2 nanoparticles has poor water-repellent properties with advancing contact angles 

lower than 140°. Since unmodified TiO2 nanoparticles tended to aggregate in PDMS, 

the surface roughness was insufficient to yield superhydrophobicity.304 Here, the 

surface was defined to be superhydrophobic when the static contact angle exceeded 

150°. Figure 4.1c shows the optimal conditions for preparing superhydrophobic 

surface. When the concentration of TiO2 nanoparticles was too high, the contact angle 

of water on the PDMS/TiO2 film was only around 142°. In contrast, when the particles 

and vinyl-PDMS were too diluted, the low crosslink density of TiO2 nanoparticles led 

to failure of connection between particles.  

As another example, the PDMS/TiO2 composite film was coated on polyurethane 

(PU) tape. To demonstrate the low energy dissipation of sliding drops, the substrates 

were bent, and a water drop can slide back and forth on the PU surface for 8 times 

(Figure 4.1d). The mechanical stability of the PDMS/TiO2 film on PU tapes was further 

investigated under stretching and bending conditions. The variation of the advancing 

(ΘACA), receding (ΘRCA) contact angles and contact angle hysteresis (ΘCAH) of the PU 

tapes is shown in Figure 4.2a, b. The PDMS/TiO2-coated PU tapes exhibited superior 

superhydrophobicity (ΘACA = 166○ ± 1○ and ΘRCA = 165○ ± 1○) with an extremely low 

contact angle hysteresis (ΘCAH ≈ 1○) when the elongation did not exceed 180% (Figure 

4.2a). A 5 μL water drop can slide easily off from the PDMS/TiO2-coated PU tapes 

stretched to 140% at a tilting angle of only 1○. Although ΘRCA decreased to 150○ ± 1○ 

after stretching to 200%, the PDMS/TiO2-coated PU tapes are still superhydrophobic 

(Figure S4.5 in Appendix ΙΙ). The PDMS/TiO2-coated PU tapes exhibited good 

resistance to bending, as reflected by the stable ΘACA and ΘRCA and low ΘCAH after 

bending the surface between 90○ and 180○ for 1000 times (Figure 4.2b). Besides, the 

modified PU tapes showed stable repellency to the water jet in the bending state. 
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The elastic modulus and hardness of the PDMS/TiO2 composite films were 

measured by nanoindentation. Figure 4.2d shows typical indentation curves of the 

Figure 4.2 Mechanical stability of PDMS/TiO2 composite films. a) The advancing contact 

angle (ΘACA, ■), receding contact angles (ΘRCA, □), and contact angle hysteresis (ΘCAH, ▲) of 

the PDMS/TiO2 film on PU tape as a function of strain. Inset: a 5 μL water drop sliding on a 

stretched (140% strain) and tilted (1○) polyurethane tape coated with PDMS/TiO2 film. b) The 

advancing contact angle (ΘACA, ■), receding contact angles (ΘRCA, □), and contact angle 

hysteresis (ΘCAH, ▲) of the PDMS/TiO2 film on PU tape after repeated bending cycles. Inset: 

the bending of the PU tape with angles ranging from 90○ to 180○. c) Berkovich diamond 

indenter approaching the film surface. d) Indentation force vs. depth curve as the indenter 

presses into and withdraws from the PDMS/TiO2 film on a glass substrate. e) Indentation force 

vs. depth curve as the indenter presses into and withdraws from the inorganic TiO2 film. f) 

Indentation force vs. depth curves for repeated indentation at one certain position.  
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composite film on a glass substrate. The hysteresis between approach and retract 

curves is a result of partial plastic deformation of the samples during indentation. 

Indentation and unloading curves of the PDMS/TiO2 composite films were smooth, 

indicating that no cracking or disruptive failure occurred in the structures. To elucidate 

the role of PDMS in the elasticity of the composite film, an inorganic superhydrophobic 

surface was prepared by heating the PDMS/TiO2 film at 500 °C for 30 min. This results 

in the formation of TiO2 films with similar surface structures, which could be rendered 

superhydrophobic by treatment with a fluorosilane. Though pure TiO2 film showed a 

higher modulus and hardness (Figure S4.6 in Appendix ΙΙ) than PDMS/TiO2 film, its 

capability to respond elastically to large strain deformation was much lower than that 

of the PDMS/TiO2 film. Indentation curves of the inorganic film (Figure 4.2e) exhibited 

pronounced steps in the approach part. These steps indicate cracking or stepwise 

brittle failure of the structure, and much less elastic recovery with a larger permanent 

plastic deformation. In addition, multiple indentation cycles of the PDMS/TiO2 film at 

the same testing site showed smooth and continuous force curves (Figure 4.2f), 

indicating that no obvious cracking occurred even up to 100 cycles.  

The superhydrophobic PDMS/TiO2 films exhibited superior photocatalytic activity 

and UV resistivity. The advancing contact angle of the films was maintained around 

166○ ± 1○ with the contact angle hysteresis < 2○, even after UV-A illumination for 33 h 

(Figure 4.3a). Moreover, the superhydrophobicity of the composite films can be 

recovered by UV illumination even after contamination. The receding contact angle of 

the PDMS/TiO2 composite film decreased from 165○ ± 1○ to 0○ after contamination by 

oleic acid but recovered after UV-A illumination for 2 h (Figure 4.3b). After 6 cycles of 

contamination by oleic acid and photodegradation, the PDMS/TiO2 films remained 

superhydrophobic. The PDMS/TiO2 films showed superior self-cleaning properties 
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against both chemical and physical contamination (i.e., inorganic particles, Figure 

S4.7 in Appendix ΙΙ). 

The photocatalytically activity of the PDMS/TiO2 films were further investigated by 

degrading chemicals in solvents. As an example, Nile red dissolved in silicone oil was 

degraded on the PDMS/TiO2 films under UV illumination after 5 h (Figure 4.3c). The 

degradation of Nile red was much faster than that on glass substrates. Due to the low 

surface tension of silicone oil, the Nile red solution is in the Wenzel state on the films, 
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Figure 4.3 Photocatalytic activities of the PDMS/TiO2 composite film (mTiO2/mvinyl-PDMS = 
0.1, Vsolvent/Vvinyl-PDMS = 3). a) Advancing (ΘACA, ■) and receding contact angles (ΘRCA, □) and 

contact angle hysteresis (ΘCAH, ▲) of water on PDMS/TiO2 film as functions of the UV-A (5 ± 

0.5 mW cm−2) illumination time. b) Images comparing the receding contact angle of water on 

the PDMS/TiO2 film before (left), after oleic acid contamination (middle), and after UV-A 

illumination for 2 h (right). The diagram shows the variation of the ΘRCA of a water drop on the 

PDMS/TiO2 film contaminated by oleic acid and UV-A illumination for 6 cycles. c) Degradation 

ratio for Nile red over time under illumination with UV-A light (10 ± 1 mW cm−2) in the presence 

of PDMS/TiO2 film (■) and glass surface (□). 10 μg mL−1 of Nile red was dissolved in silicone 

oil (10 cSt). d) UV–vis spectra of Rhodamine B (1 μg mL−1, 3 mL) aqueous solution after being 

degraded by PDMS/TiO2 film for different times (10 ± 1 mW cm−2). e, f) Confocal laser 

scanning microscopy images of E. coli on the bare glass substrates (e) and PDMS/TiO2 films 

(f) after incubation for 210 min under UV-A illumination (5 ± 0.5 mW cm−2). Green and red 

fluorescence indicate alive and dead E. coli, respectively. Scale bar: 20 µm. 
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where dye molecules directly contact with TiO2 nanoparticles.48 In contrast, an 

aqueous solution is in the Cassie state on the film — an air layer exists between 

solution and the film. As shown in Figure 4.3d, Rhodamine B in aqueous solution can 

be completely degraded in 4 h under UV-A illumination.  

The PDMS/TiO2 films showed additional antibacterial properties under UV-A 

illumination (Figure 4.3e, f). The states (dead or live) of E. coli on glass substrates 

and PDMS/TiO2 films after incubation for 210 min under UV illumination and in the 

dark were evaluated using confocal microscopy. The E. coli. incubated in the dark 

remains alive (Figure S4.8 in Appendix ΙΙ). Although UV illumination led to the death 

of a portion of E. coli both on glass substrates and on PDMS/TiO2 films, significantly 

increased bacteria were killed on the PDMS/TiO2 film. The results indicate an 

additional antibacterial activity of the film beyond the direct UV-A illumination. The free 

radical generated by TiO2 nanoparticles in the composite films under UV light 

illumination,301, 305, 306 promoting the destruction of bacterial cell membrane. 

The wetting property of blood on the surface is quite different from water because 

of the lower surface tension (50 – 60 mN m-1) and its intrinsic hemostatic 

mechanisms.307-310 The PDMS/TiO2-coated textiles showed a static contact angle 

larger than 150○ for human blood (Figure S4.9 in Appendix ΙΙ). To further characterize 

the blood repellency, a 100 μL of blood drop was deposited on a coated textile for 1 h 

(Figure 4.4a). The blood drop can slide easily off from the surface when tilted by 8° 

(Figure 4.4b). No blood stain can be discerned on the surface after removal of the 

drop (Figure 4.4c). In another test, the coated textiles were immersed in blood multiple 

times. The contact angles of blood drops on the textiles did not change (Figure 4.4d). 

The stable blood repellent performance of the coated textile is attributed to the 

hierarchical micro-/nano- structures providing a stable air layer on the surface when 
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exposed to blood (Figure 4.4e). The intermittent nanostructures and air cushion 

greatly reduce the contact area between blood and surface. Figure 4.4f demonstrated 

Figure 4.4 Hemostasis ability of wound dressing modified with the PDMS/TiO2 
composite film. a) Images of a 100 μL of blood droplet on PDMS/TiO2-coated textile for 1 h. 

b) Sliding of blood droplet (100 μL) after deposition on the coated textile for 1 h. c) Photos of 

the coated textile before and after removal of the blood droplet. d) Advancing and receding 

contact angles of a sessile drop of human blood on a coated textile before and after immersing 

in blood for one time (1 h) or multiple times. e) Schematic illustration of the hybrid structure 

on the textiles coated with PDMS/TiO2 composite film preventing blood permeation. The gray 

circle: structure of gauze; red part: blood; green part: structure of PDMS/TiO2. f) Repellency 

of blood (red stripe) flowing on modified gauzes at different elongations. g, h) Shielding ability 

of the modified gauze avoiding blood leakage in water (g) or air (h). i) Air permeability of the 

modified gauzes under water. j, k) A polyvinyl chloride tube with a small incision is used to 

mimic bleeding, showing stable shield ability of modified gauzes under joint movement.  
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mechanical stability of blood repellency of the PDMS/TiO2 film modified textiles when 

stretched. No blood adhesion was observed after impacted by blood flow, even when 

stretched by 200%. The stability of the PDMS/TiO2 films was further evaluated by a 

deformation test (Figure S4.10 in Appendix ΙΙ). The blood repellency of the modified 

textiles was maintained even after twisting for tens of times. 

The PDMS/TiO2-modified textiles exhibited several additional advantages. Blood 

leakage from the test vial can be prevented by using the PDMS/TiO2-modified textiles 

for at least 3 h (Figure 4.4g, h, and Figure S4.11 in Appendix ΙΙ). In contrast, the 

blood can easily penetrate the unmodified textiles and leak from the test vial. The 

blocking effect of blood effectively may reduce the unexpected loss of blood from a 

wound. In addition, the PDMS/TiO2-modified textiles exhibited good air permeability in 

a water environment (Figure 4.4i). The air bubble injected with a needle was rapidly 

adsorbed by the film. Efficient air permeability may provide sufficient oxygen for 

promoting wound healing.311 To mimic a bleeding wound, a blood-loaded PVC tube 

with a small incision was bandaged with medical gauzes with/without modification with 

PDMS/TiO2 composites and fixed to the joint of forefinger. In contrast to a continuously 

bleeding bandaged up with an unmodified gauze (Figure 4.4k), the wound bandaged 

up with the PDMS/TiO2-modified gauze efficiently inhibited bleeding during joint 

bending (Figure 4.4j).  

4.4 Conclusions 

In this chapter, the preparation of elastic, superhydrophobic and photocatalytically 

active composite films on various substrates from TiO2 nanoparticles and PDMS was 

demonstrated. The PDMS/TiO2 composite films exhibited excellent repellency to water 

and blood due to the superhydrophobic features. Blood droplets dried on the 

PDMS/TiO2-modified surface showed low adhesion to the surface and were easily 
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removed. The elasticity of the composite films provided superior mechanical stability 

of blood repellency of the modified substrates. A mimicked ‘joint bleeding’ can be 

inhibited by the PDMS/TiO2-modified medical gauzes even during joint movement. 

The photocatalytic activity of the composite film resulted in additional self-cleaning and 

antibacterial properties when exposed to UV light. The superhydrophobicity of the 

surface can be restored by UV illumination even after fouled with the organic 

contaminant. Besides, the PDMS/TiO2 composite films enhanced the antibacterial 

efficiency under UV illumination. Given these specific properties, the PDMS/TiO2 

composite films serve as a good candidate coating for wound dressings, reducing 

blood loss, clot-gauze composite formation and bacterial infections.  

 

 

  



Chapter 4. Superhydrophobic Surface for Hemostasis 

66 

4.5 Appendix ΙΙ 

 
Figure S4.1 a) Schematic illustration of the modification of TiO2 nanoparticles with 

PDMS-copolymer. Under UV light illumination, PDMS-copolymer was grafted of on 

TiO2 nanoparticles. b) Photos of the dispersion of PDMS-copolymer modified TiO2 

nanoparticle (left) and precipitate of unmodified TiO2 nanoparticles (right) in toluene 

solution (7 wt%). The photos were taken after 8 h. 

 

 

 

 
Figure S4.2 X-ray photoelectron spectrums of TiO2 nanoparticles a) after and b) 

before PDMS-copolymer modification. Silicon element was detected on the surface of 

the PDMS-copolymer modified TiO2 nanoparticles. 
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Figure S4.3 Scanning electron microscopy images of the surfaces coated with a) 

modified TiO2 nanoparticles (mmodified TiO2/mvinyl-PDMS =0.1, Vsolvent/Vvinyl-PDMS = 3), b) 

unmodified TiO2 nanoparticles (munmodified TiO2/mvinyl-PDMS =0.1, Vsolvent/Vvinyl-PDMS = 3) 

with 1 wt% PDMS-copolymer, c) and 1 wt% PDMS-copolymer without TiO2 

nanoparticles.  

 

 

 

Figure S4.4 a) Optical photos of water drops (5 µL) on the surfaces prepared with the 

modified TiO2 nanoparticles (top, mTiO2/mvinyl-PDMS = 0.1), unmodified TiO2 

nanoparticles with 1 wt% PDMS-copolymer (middle, mTiO2/mvinyl-PDMS = 0.1), and 1 wt% 

PDMS-copolymer (bottom). The solvent volume fraction was changed. b) Advancing 

contact angle (ΘACA) and contact angle hysteresis (ΘCAH) of water droplet on surfaces 

corresponding to those in (a). The surfaces prepared with the modified TiO2 

nanoparticles showed superior superhydrophobicity with ultra-low hysteresis to water 

(ΘACA = 166° ± 1°, ΘCAH < 2°, ΘACA: ▲, ΘCAH: ). For the surfaces prepared with 

unmodified nanoparticles, the advancing contact angles (■) increased from 120° to 

140° and failed to attain superhydrophobicity. The contact angle hysteresis (□) to water 

was even higher than pure PDMS surface (○). The pure PDMS surface showed stable 

advancing contact angle (●) around 120° and contact angle hysteresis around 30°. 

1 µm1 µm 1 µm

1 2 3 4 5
0

30

60

90

120

150

180

Q
AC

A 
(°

)

Vsolvent/Vvinyl-PDMS

0

30

60

90

120

150

Q
C

AH
 (°

)

1 wt% copolymer

1 2 3 4 5

Vsolvent/Vvinyl-PDMS

1 wt% copolymer_mbare TiO2:mvinyl-PDMS = 0.1

mmodified TiO2:mvinyl-PDMS = 0.1

a b

a b c 

 

 

 



Chapter 4. Superhydrophobic Surface for Hemostasis 

68 

 

Figure S4.5 a) Images showing water flow impacting on the PDMS/TiO2 composite 

film coated polyurethane (PU) surface at different stretching elongation from 100% to 

140%, 180% (from top to bottom). b) The shape of water drops when receding on the 

PU surface with the elongation of 140% (left) and 200% (right). The PDMS/TiO2 

composite film coated PU surface lost superhydrophobicity at the elongation of 200% 

(ΘCAH increased from 1○ to 15○). c) Pressing and withdrawing of a 5 μL water drop on 

the bended PU surface coated with PDMS/TiO2 composite film. 

 

 

 
Figure S4.6 Young’s modulus and hardness of PDMS/TiO2 composite film before and 

after calcination at 500 °C for 30 min.  
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Figure S4.7 Demonstration of self-cleaning properties of the PDMS/TiO2 composite 

films after contamination with organic chemicals and inorganic particles. a) Nile red on 

the PDMS/TiO2 composite film was degraded by UV illumination after 2 h. b) Inorganic 

particles on the PDMS/TiO2 composite film were removed by water. 

 

 

a 
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Figure S4.8 Confocal laser scanning microscopy images of E. coli on a) glass 

substrates and b) PDMS/TiO2 composite films after incubation for 210 min in dark. 

Scale bar: 20 μm. 

  

 

 
Figure S4.9 The wettability of blood on the PDMS/TiO2 coated surfaces. a) Images 

showing static blood drops (10 μL) on coated glass and textile. b) Advancing (ΘACA) 

and receding (ΘRCA) contact angles as well as the contact angle hysteresis (ΘCAH) of 

blood on coated glass and textile. 
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Figure S4.10. Twisting and stretching of the PDMS/TiO2 modified textiles. The textiles 

maintained the repellency to blood-flow even after tens of times of deformation. 

 

 

 

 
Figure S4.11 Demonstration of the capability of the PDMS/TiO2 modified textiles 

preventing blood leakage into the water for at least 3 h. 
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Chapter 5  

Carbon Nanotube-Hydrogel Composites Facilitate 
Neuronal Differentiation while Maintaining 
Homeostasis of Network Activity§ 

It is often assumed that carbon nanotubes (CNTs) stimulate neuronal differentiation 

by transferring electrical signals and enhancing neuronal excitability.  Given this, CNT-

hydrogel composites are regarded as potential materials able to combine high 

electrical conductivity  with biocompatibility, and therefore promote nerve regeneration. 

However, whether CNT-hydrogel composites actually affect neuronal excitability and 

differentiation and how they do so remain elusive. In this chapter, CNT-hydrogel 

composites were prepared by in situ polymerization of poly(ethylene glycol) around a 

preformed CNT meshwork. It is found that the composites facilitate long-term survival 

and differentiation of pheochromocytoma 12 cells. Adult neural stem cells cultured on 

the composites showed an increased neuron-to-astrocyte ratio and higher synaptic 

connectivity. Moreover, primary hippocampal neurons cultured on composites, 

maintained morphological synaptic features as well as their neuronal network activity 

evaluated by spontaneous calcium oscillations, which were comparable to neurons 

cultured under control conditions. These results indicate that the composites are 

promising materials that could indeed facilitate neuronal differentiation while 

maintaining homeostasis of neuronal excitability. 

§ This chapter is a slightly modified version of the following article:312  
L. Ye, H. Ji, J. Liu, C. -H. Tu, M. Kappl, K. Koynov, J. Vogt, and H. -J. Butt. Adv. Mater. 2021, 
DOI:10.1002/adma.202102981. ©Copyright 2021, The Authors, published by Wiley-VCH, 
under the terms of the CC BY-NC 4.0 license. 
Author Contributions: L. Y. conceived the idea of this project, performed the material 
preparations, characterizations and analyses, and participated in the cell experiments. H. J. 
performed the cell experiments. K. K., J. V., and H. -J. B. supervised the project. L. J., C. -H. 
T., and M. K. participated in sample characterizations and analyses. L. Y., H. J., K. K., J. V., 
and H. -J. B. wrote the manuscript.  
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5.1 Introduction 

Developing biomaterials capable of promoting neuronal differentiation, regrowth and 

formation of local and long-range axonal connections is of great importance for the 

development of new clinical technologies to tackle neuronal injury.313-315 Conductive 

scaffolds have been reported to transfer electrical signals from the extracellular matrix 

to cells and to stimulate neuronal differentiation under electrical stimulation.40, 41 In this 

respect, carbon nanotubes (CNTs) and their analogs with high electrical conductivity 

are promising materials.316, 317 The thin films of CNT meshwork (usually coated on 

substrates) with organized fractal-like nanostructures were reported as good 

substrates for neuronal growth and long-term survival.318-321 Moreover, there are 

reports that neurons on CNT meshwork exhibit enhanced signal transmission.44, 45, 322 

Such an enhancement in network activity has also been reported for neurons on 

graphene (an analog of CNTs),234, 323 although it remains controversial.324 It is 

assumed that the contact and interaction between CNTs (or graphene) and the cell 

membrane can improve neuronal excitability by modifying membrane potential.45, 234 

Based on these findings, CNTs and their analogs have rapidly become of interest to 

the material science community in the design of novel materials in nerve tissue 

engineering.42, 43, 325, 326 

Although CNTs are usually reported as non-cytotoxic to neurons, some essential 

issues need to be carefully addressed before in vivo applications. First, the direct 

exposure and potential accumulation of CNTs in human tissue, which may cause 

abnormal immune cell activation and fibroblast proliferation, are of great concern.317 

These risks can be greatly reduced by incorporating CNTs as fillers into a hydrogel 

matrix. Some hydrogel-based materials have very good biocompatibility and exhibit 

great potential in biomedical fields such as drug delivery,186, 327 biosensors,328 and 



Polymer-Based Biomaterials with Specific Surface Features 

75 

tissue engineering.329, 330 Therefore, CNT-hydrogel composites are often regarded as 

potential materials which combine electrical conductivity with biocompatibility 

promoting nerve regeneration.42, 224, 331-333 Second, the neuronal excitability boosting 

caused by CNTs, which is often assumed to promote neuronal regeneration, could 

actually cause detrimental consequences to the nervous system. For instance, spinal 

cord injury leads to an increase in the excitability in the motoneurons below the lesion, 

causing a common debilitating complication, e.g., spasticity.334 Excessively increased 

neuronal excitability will also inhibit axonal elongation and dampen regional brain 

connectivity.335 Moreover, hyper-excitability of cortical circuits may lead to 

neuropsychiatric disorders, e.g., epilepsy.336, 337 Therefore, the homeostatic properties 

of neuronal excitability, namely maintaining a target level of electrical activity, are of 

great significance in processes ranging from memory storage to activity-dependent 

neuronal development.338  

In this regard, CNT-hydrogel composites where CNTs are embedded within the 

hydrogel matrix might serve as biocompatible conductive scaffolds while having less 

effect on modifying intrinsic neuronal excitability due to the reduced contact between 

CNTs and cell membranes. The CNT-hydrogel composites were reported to stimulate 

neurite outgrowth of model cell line pheochromocytoma 12 (PC12) cells under 

electrical stimulation.224, 331 Moreover, it has been recently reported that the 

differentiation of PC12 cells,42, 332 dorsal root ganglia,332 and stem cells333 can be 

enhanced on CNT-hydrogel composites even without the presence of exogenous 

electric fields. However, the underlying mechanism remains elusive. Enhanced 

excitability of electrical activity was often assumed as vital in stimulating neuronal 

differentiation, although there is no concrete evidence supporting this so far.42, 43, 326 

Moreover, higher electrical activity as shown by increased Ca2+ transients during 
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neuronal development may greatly impede neuronal maturation leading to growth 

cone stalling and axonal retraction.339  

Most of the existing studies focus on the expression of cell phenotypes and are 

largely based on PC12 cells. At the same time, the effect of CNT-hydrogel composites 

on neurogenesis and neuronal excitability remains largely unexplored. The underlying 

question is whether the CNTs embedded in hydrogels could indeed affect 

neurogenesis and neuronal excitability. Moreover, CNT-hydrogel composites are 

usually prepared in aqueous solutions and CNTs need to be pre-functionalized to 

improve dispersion.222 In this study, a type of CNT-poly(ethylene glycol) (PEG) 

hydrogel composites has been prepared using a newly developed simple and versatile 

method, which does not require pre-functionalization of CNTs. To gain a deeper 

understanding on the effect of the composites on neuronal development, the 

differentiation of PC12 cells and neurogenesis of adult neural stem cells (NSCs) were 

investigated. Moreover, the network activity on composites was studied using primary 

hippocampal neurons. 

5.2 Experimental 

Materials and Sample Preparation. Poly(ethylene glycol) diacrylate (average Mn = 575 

Da), 2-hydroxy-2-methylpropiophene (D1173, 97%), 3-(trimethoxysilyl)propyl acrylate 

(92%), and 1-hexyl-3-methyl-imidazolium bis(trifluoromethyl sulfonyl)imide (Tg = – 

9 °C) were purchased from Sigma-Aldrich. CNTs (multiwalled, outside diameter = 18 

– 28 nm, length = 10 – 30 µm, > 96%, 1.7% –OH, 98 S cm−1) were purchased from 

Nanografi Nano Technology. Microscope glass slides (No. 1.5H) were purchased from 

Thermo Fisher Scientific. The cover slides were pre-modified by immersing them into 

a solution of 2 % (v/v) 3-(trimethoxysilyl)propyl acrylate in ethanol overnight, followed 

by rinsing with ethanol and drying with nitrogen gas. Poly(L-lysine) (PLL)-coated glass 
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substrates were used as the control. All the samples were pre-treated by immersing 

them into an aqueous solution of 0.1 wt% PLL (Sigma-Aldrich) at 4 °C overnight.  

Viscoelastic Properties. The viscoelastic properties of the precursors were measured 

by a DHR-3 rheometer (TA Instruments). A 1° cone – plate geometry with a diameter 

of 40 mm was used. The sample thickness was around 1 mm. A strain amplitude 

sweep was performed first, in order to define the linear viscoelastic zone. The storage 

modulus, loss modulus and complex viscosity were obtained by a frequency sweep 

carried out at room temperature within the range of 0.1 – 100 rad s−1.  

Surface Morphology. The samples were gradually dehydrated and dried at ambient 

temperature. The surface morphology of the samples was captured by scanning 

electron microscopy (Zeiss, LEO Gemini 1530) with an accelerating voltage of 3 kV.  

Surface Modulus. The samples were placed in a Petri dish which was filled with Milli-

Q water (18.2 MΩ · cm). The surface modulus was measured using an Asylum MFP-

3D nanoindenter (Oxford instruments). A spherical indenter made of sapphire was 

used with a radius of 0.5 mm. The indentation was done under force control. After 

touching the sample surface with a threshold force of 5 – 10 µN, the force was ramped 

up to 200 µN within 5 s, then held at 200 µN for 5 s, and then reduced to 0 µN within 

5 s again. Indentation curves were fitted using the Hertz model, assuming a sample 

Poisson ratio of 0.5 for the polymer. 

Surface Topography. The samples were placed in a Petri dish which was filled with 

Milli-Q water (18.2 MΩ · cm). The surface topography was captured using atomic force 

microscopy (JPK NW III, QI mode) under water. The cantilever with a CONT-W tip 

(NanoWorld) at the very end was used. The resonant frequency of the cantilever is 13 

kHz (9 – 17 kHz). The spring constant of the cantilever is 0.2 N m−1 (0.07 – 0.4 N m−1). 

The RMS surface roughness were analyzed by free software, Gwyddion (v2.56). 
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Immunostaining. Cells for imaging and analysis were fixed in 4% paraformaldehyde 

(PFA) at 4 °C for 30 min followed by washed with PBS for three times and were 

blocked with 10% normal goat serum and 0.2% Triton-X 100 for 1 h at room 

temperature. Then, cells were incubated with primary antibodies at 4 °C overnight 

followed by washing with PBS, and further stained with Alexa-labeled secondary 

antibodies (Invitrogen, 1:1000 dilutions) for 1 h at room temperature and finally with 4′, 

6-diamidine-2′-phenylindole dihydrochloride (DAPI, Invitrogen, 1:20000 dilutions) to 

visualize cell nuclei. 

Cell Viability and Cytotoxicity, and Focal Adhesion. PC12 cells (6 × 104 cells cm−2) 

were plated and maintained in DMEM (Invitrogen) supplemented with 10% FBS, 0.1 

mM minimum essential medium non-essential amino acids (MEM-NEAA; Invitrogen), 

2 mM L-glutamine (Gibco), 100 U mL−1 penicillin and 100 µg mL−1 streptomycin. For 

cell viability, cells were fixed and stained with α/β-Tubulin Antibody (Cell signaling, 

#2148, 1:2000) after culturing for 24 h, 48 h and 72 h, and the cell number was 

calculated. For cell apoptosis, the cells (48 h) were stained with cleaved Caspase3 (a 

marker for dead cells). Cleaved Caspase3 positive cells were counted. For analysis of 

focal adhesion, the medium was replaced with 2.5% FBS culture medium after 24h 

and maintained for another 48 h. Primary antibodies were used for immunostaining as 

following: Phospho-FAK (pY397) antibody (Cell signaling, #3283S, 1:2000); Paxillin 

antibody (Thermo scientific, MA5-13356, 1:1000). To visualize F-actin, cells were 

further stained with Alexa Fluor™ 568 Phalloidin (Thermo scientific, A12380, 1:1000). 

Protein Adsorption. Samples with a diameter of 2 cm were placed in a 6-well plate, 

and each well was filled with 2 mL of 1 wt% bovine serum albumin (BSA) solution in 

phosphate-buffered saline (PBS, pH 7.4, Sigma). The samples were left to allow for 

protein adsorption at ambient temperature (22 °C) for 1 h while stirring in an orbital 
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shaker at 90 rpm. Then, the samples were rinsed 3 times with PBS and placed into 

1.5 mL of 1 wt% SDS solution for 24 h to thoroughly extract BSA from the samples. 

The BSA concentration in the SDS solution was analyzed with Micro BCA™ Protein-

Assay-Kit (Thermo Scientific, 23235). 

Differentiation of PC12 cells. PC12 cells were plated at a low density (1 × 104 cells 

cm−2) in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 0.1 

mM minimum essential medium non-essential amino acids (MEM-NEAA; Invitrogen), 

2 mM L-glutamine (Gibco), 100 U mL−1 penicillin and 100 µg mL−1 streptomycin. The 

medium was replaced with DMEM (Invitrogen) supplemented with 2.5% FBS, 0.1 mM 

minimum essential medium non-essential amino acids (MEM-NEAA; Invitrogen), 2 

mM L-glutamine (Gibco), 100 U mL−1 penicillin and 100 µg mL−1 streptomycin after 16 

h. Cells were retained for 12 days for subsequent analysis. 

Proximity Ligation Assay. PC12 cells were plated on the control and c-PEG-20 

samples in DMEM medium containing 10% FBS at about 40% confluence. 6 h later, 

cells were transfected with CAG-integrin β1-HA-ires-GFP plasmid, in which an HA tag 

was added to the intracellular N-terminal of integrin β1. 24 h later, the medium was 

replaced with 2.5% FBS culture medium and the cells were cultured for another 24 h. 

Cells were fixed with 4% PFA followed by blocking with blocking solution and were 

incubated with primary antibodies at 4°C for overnight. Then the incubations with the 

PLA probes (anti-mouse and anti-rabbit IgG antibodies conjugated with 

oligonucleotides), ligation and amplification according to the user manual of Duolink® 

Proximity Ligation Assay (sigma). The following primary antibodies were used for PLA: 

HA-Tag (Cell signaling, 6E2, #23671:1000), FAK Antibody (Cell signaling, #3285, 

1:1000) and Phospho-FAK (Tyr397) Antibody (Cell signaling, #3283, 1:1000), Paxillin 

Antibody (Cell signaling, #2542, 1:1000), Phospho-Paxillin (Tyr118) Antibody (Cell 
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signaling, #2541, 1:1000) and Talin-1 Antibody (Cell signaling, C45F1, #4021, 1:1000). 

Imaging was obtained on a Leica SP8 confocal laser scanning microscope. 

Quantitative analysis was performed by counting PLA positive dots per cell. 

Western Blotting. PC12 cells were plated on PLL-coated glass slides and c-PEG-20 

samples in DMEM medium containing 10% FBS. 24h later, the medium was replaced 

with 2.5% FBS culture medium and cells were cultured for another 48 h. Then the 

medium was removed, and cells were washed gently by ice cold PBS. Cells were 

lysed on ice by adding 100 µL RIPA buffer (50 mM Tris-HCl (pH 7.5). 150 mM NaCl, 

1 mM EDTA, 1% Triton X-100 and 0.1 % SDS) supplemented with protease inhibitor 

(cOmplete™ Protease Inhibitor Cocktail, Roche) and phosphatase inhibitor 

(PhosSTOP™, Roche). WB was performed according to standard procedures. Briefly, 

samples were separated by 10% SDS-PAGE and blotted on a nitrocellulose 

membrane (0.45 µm, BIO-RAD, USA). Then the membrane was blocked in 10% non-

fat dry milk in PBS at room temperature for 1 h and was further incubated with primary 

antibodies in 1% non-fat BSA at 4 °C for overnight. The following primary antibodies 

were used: FAK Antibody (Cell signaling, #3285, 1:4000), Phospho-FAK (Tyr397) 

Antibody (Cell signaling, #3283, 1:4000) and ß-actin (MP Biomedicals, clone B4， 

1:5000). After three washes, membranes were incubated with a corresponding 

secondary fluorescent antibody (IRDye® 800CW Goat anti-Rabbit IgG Secondary 

Antibody or IRDye® 800CW Goat anti-Mouse IgG Secondary Antibody) at 1:10000 

dilution. Immunofluorescent bands were detected using Fusion FX Spectra machine. 

Quantification of immunosignals was adjusted to ß-actin as loading control and was 

performed using ImageJ (Fiji). 

Differentiation of Adult Neural Stem Cells. Adult neural stem cells culture was prepared 

from the lateral wall of the subventricular zone (SVZ) of young adult (8 − 12 weeks) 
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C57/Bl6 mice. Prior to commencing the culture, plates were coated with 0.1% (w/w) 

poly(D-lysine) (Sigma-Aldrich) and Laminin (5 µg mL−1, Sigma) at 4°C overnight. After 

anesthetizing the mice according to the appropriate institutional guidelines and 

performing cervical dislocation, the mouse brain was quickly removed and put into the 

ice-cold Hank's Balanced Salt Solution (HBSS, Gibco) medium. The thin layer of tissue 

surrounding the ventricle was carefully dissected and stored in HBSS medium on ice. 

Thereafter, the tissue was digested in pre-warmed 0.05% Trypsin-EDTA in HBSS for 

10 min in a water bath at 37 °C, followed by centrifugation at 300 x g for 5 min,  

discarding the supernatant. Then, the tissue was washed twice with growth medium, 

which is composed of Neural Basal Medium A (Invitrogen) with 2% B27 (Invitrogen), 

1× GlutaMAX (Invitrogen). The tissue was suspended again in 2 mL of growth medium 

and dissociated by gently pipetting up and down approximately 10× using a P1000 

pipette, followed by passing the cell suspension through a 40 μm sieve to remove 

debris and un-dissociated tissue clumps.  

The resulting cell suspension was plated onto the poly(D-lysine)/laminin coated 

plates, maintained in growth medium supplemented with 20 ng mL−1 purified mouse 

receptor-grade epidermal growth factor (EGF, Sigma) and 20 ng mL−1 recombinant 

bovine fibroblast growth factor (FGF-2, Sigma). At this stage, the yield of adult neural 

stem cells was very low. EGF and FDF-2 stimulate stem cell proliferation and yield 

enough quantities of  adult neuronal stem cells for subsequent experiments. For the 

differentiation, equal amounts of stem cells were  plated on the samples and 

maintained growth medium with EGF and FDF-2. When the cells reached 

approximately 80% confluency, the growth medium was replaced with a medium 

containing 5 ng mL−1 FGF and 0 ng mL−1 EGF. Following 2 days in 5 ng mL−1 FGF, 

the medium was replaced again with a growth medium in the absence of EGF and 
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FDF-2. Cells were retained for ∼ 5 weeks for subsequent analysis. Primary antibodies 

were used for immunostaining as following: MAP2 antibody (Sigma, #HPA012828, 

1:2000) for neurons, GFAP antibody (Sigma, #G6171, 1:2000) for astrocytes. 

Primary Culture of Hippocampal Neurons. Hippocampi from C57BL/6J mouse 

embryos at embryonic day (E17) were dissected and incubated in HBSS 

supplemented with 0.05% trypsin for 15 min at 37 °C. Then the hippocampi were 

washed twice and dissociated in a plating medium (MEM, Invitrogen) supplemented 

with 10% horse serum, 100 U mL−1 penicillin and 100 µg mL−1 streptomycin (Gibco), 

0.6% glucose (Fresenius Kabi) using Pasteur pipettes with polished tips. Neurons (1 

x 105 cells per cm2) were seeded on the samples and kept at 37 °C and 5% carbon 

dioxide (CO2). Cells were gradually washed with PBS and incubated in a neurobasal 

medium (Invitrogen) supplemented with 2% B27 (Invitrogen), 100 U mL−1 penicillin, 

100 µg mL−1 streptomycin (Gibco) and 0.5 mM L-glutamine (Gibco) after 3 h. The cells 

were retained for ~ 2 weeks and ~ 3 weeks for analysis and calcium imaging, 

respectively. 

DNA Transfection. Lipofectamine® 2000 (Invitrogen) was used for DNA transfection. 

The complexes for transfection were prepared as follows: 4 µL of Lipofectamine® 

2000 was diluted in 100 µL of Opti-MEM I Reduced Serum Medium and incubated for 

5 min at room temperature. In parallel, 2.0 µg of DNA was diluted in 100 µL of Opti-

MEM I Reduced Serum Medium and mixed gently. After 5 min incubation, the diluted 

DNA and diluted Lipofectamine® Transfection Reagent was mixed gently and 

incubated for 20 min at room temperature. The samples were placed in 6-well plates. 

200 µL of complexes was added to each well and mixed gently by rocking the plate 

back and forth. The medium was replaced with fresh growth medium after 6 h. The 

cells were used 48 h post-transfection. 
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Sholl Analysis, and Spine Analysis. The neurons for Sholl analysis and spine analysis 

were transfected with the pAAV-hSyn-IRES-mCitrine plasmid visualizing cell 

morphology (see DNA transfection above). Cells were fixed and stained with a GFP 

antibody 2 days after transfection. Fluorescent images were captured by confocal 

laser scanning microscopy (Leica SP8, and Zeiss LSM880). The images were 

quantified using ImageJ (Fiji). For Sholl analysis, a 20× objective (NA = 0.8) was used 

and Z-series stacks with a step distance of 1 μm were recorded. The Z-projected (Max 

intensity) was performed to converse the stacks into 2D images. The dendrites of 

neurons were traced with the semi-automated Simple Neurite Tracer plugin.340 The 

tracers were saved as SWC (or Traces) files. The Sholl analysis was performed by 

the Sholl Analysis plugin using the SWC files with a step of 10 μm.341 For spine 

analysis, a 63× oil objective (NA = 1.4) was used and Z-series stacks with a step of 

0.2 μm were recorded. Spines were defined as dendritic protrusions from 0.5 μm up 

to 5 μm in length and were manually counted along a selected dendritic segment. For 

each dendritic segment, the number of spines per μm dendrite was calculated.  

Calcium Imaging. Primary hippocampal neurons were incubated with 1 µM Rhod-4 

AM (Abcam, #ab142780) for 30 min at 37 °C in 5% CO2. The samples were washed 

and conditioned in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-

buffered Krebs-Ringer solution (Avantor, J67795.AP, containing 120 mM sodium 

chloride, 5 mM potassium chloride, 2 mM calcium chloride, 1 mM magnesium chloride, 

25 mM sodium bicarbonate, 5.5 mM HEPES, and 1 mM D-glucose, pH 7.2) for 30 min 

at 37 °C. The calcium imaging was performed by confocal laser scanning microscopy 

(Zeiss LSM880) equipped with an incubator (the temperature was equilibrated at 

37 °C). A 20× Plan-Apochromat objective (NA = 0.8) was used. The excitation was 

done with a HeNe laser operating at 543 nm and the emitted fluorescence was 
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detected in the range from 560 to 700 nm. The fluorescent fluctuation of the regions 

of interest (soma) was recorded and analyzed by the ZEN v2.3 software (Zeiss). 

Changes in cytosolic calcium are shown as (f - f0)/f0, where f is the fluorescence 

intensity at soma over time, f0 is the fluorescence intensity at the rest state. 

5.3 Results and Discussion 

In this work, an ionic liquid was used as a medium to prepare CNT-based hydrogel 

composites. Ionic liquids, known as ‘green solvents’ with negligible vapor pressure, 

have been reported to promote the dispersion of carbon nanomaterials in a polymer 

matrix or solutions even without functionalization.160, 161, 164 The main advantage of 

combing CNTs and ionic liquids is that bucky gels containing CNT meshwork infused 

with large amounts of ionic liquids can be obtained by simply mixing using mechanical 

grinding. The entangled CNT bundles are exfoliated to provide finer bundles forming 

percolation networks in ionic liquids.342, 343 The idea of the work is to transfer the in 

situ formed CNT network into a hydrogel matrix by in situ polymerization of suitable 

monomers in ionic liquids followed by solvent replacements. PEG is considered 

biocompatible, and its use in biomedical applications is well established. To prove the 

concept of the idea, CNT-PEG hydrogel composites were selected as a model system. 

Poly(ethylene glycol) diacrylate, which is well dissolvable in ionic liquids, was used as 

precursor for synthesizing PEG hydrogel matrix by polymerization and crosslinking 

under UV illumination.344 

To prepare CNT-PEG hydrogels, CNTs (10, 20, 40 mg) of 10 – 30 μm lengths 

were mixed with 2 mL 1-hexyl-3-methyl-imidazolium bis(trifluoromethyl sulfonyl)imide 

by mechanical grinding for 30 min (Figure 5.1). Then, 0.5 mL poly(ethylene glycol) 

diacrylate containing 10% (v/v) 2-hydroxy-2-methylpropiophene as a photoinitiator 

was added to the mixtures by stirring. The final mixtures were stirred for > 2 h and 
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used as precursors. 50 µL of the precursors were sandwiched between two glass 

slides and illuminated by UV light (365 nm, 250 mA) for a specific amount of time (10 

– 240 s, Table S5.1 in Appendix ΙΙΙ) to make a composite film with a thickness of ∼ 

140 µm. The top cover slide was pre-modified with 3-(trimethoxysilyl)propyl acrylate 

to anchor the composite films covalently. The CNT-PEG hydrogel composites with 

varying CNT loading were obtained by replacing the ionic liquid with acetonitrile and 

then with water. The composites are denoted as c-PEG-x, where x is the initial 

concentration (w/v) of CNTs in the ionic liquid. 

Before studying neuronal differentiation, the physicochemical properties of the 

composites were characterized. Figure 5.2a shows the frequency (ω) dependence of 

the real (G′) and imaginary (G″) parts of the complex shear moduli of the precursors 

as measured by oscillatory shear rheology. The frequency response of the precursor 

Figure 5.1 Schematic illustration on the preparation of CNT-PEG hydrogel composites. 
The CNTs were ground in 1-hexyl-3-methylimidazolium bis(trifluoromethyl sulfonyl) imide. 

Poly(ethylene glycol) diacrylate with photoinitiator was added to the mixtures and they were 

used as precursors. Then, the precursors were sandwiched between two glass slides with two 

cover slides (140 µm thick) used as spacers. The hydrogel composites with varying CNT 

content were prepared by UV-induced polymerization followed by solvent replacements.  
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of pure PEG hydrogels reveals non-Newtonian liquid behavior. It is characterized by 

a typical terminal region with G′(ω) ∼ ω2, G″(ω) ∼ ω1. Upon incorporating the CNTs, 

a plateau with G′ > G″ is observed at low frequencies in c-PEG-5 samples. It indicates 

the formation of weak CNTs percolation networks. For c-PEG-20 samples, G′ > G″ 

over a wider range of frequency reflects the response of strong CNTs networks. The 

formation of CNTs percolation networks also resulted in a remarkable increase in the 

shear viscosity of precursors (Figure S5.1 in Appendix ΙΙΙ). The surface morphology 

of the composites was inspected by scanning electron microscopy. After dehydration, 

the composites showed some protrusions of CNTs through the top of the surface 

(Figure 5.2b, Figure S5.2 in Appendix ΙΙΙ). 

The surface mechanics and topography of materials designed to mimic 

extracellular matrix have great impact on cell adhesion, migration and 

differentiation.345, 346 The surface mechanics of the composites in water was 

investigated by a nanoindenter. The elastic modulus of the composites was obtained 

by fitting indentation curves (Figure S5.3 in Appendix ΙΙΙ) using the Hertz model. The 

elastic modulus of the composite samples varied from ∼ 0.8 MPa (i.e., c-PEG-5) to ∼ 

1.3 MPa (i.e., c-PEG-0) (Figure 5.2c). It should be noted that the precursors with 

CNTs required longer exposure time to UV illumination for adequate crosslinking and 

mechanical strength. The prolonged illumination time were attributed to the reduction 

of polymerization efficiency resulting from the UV adsorption of CNTs, or the dark color 

of precursors.347 Thus, the UV exposure time was tuned to achieve a comparable 

elastic modulus of the composite films (Table S5.1 in Appendix ΙΙΙ).  

The surface topography of the composites in water was investigated using atomic 

force microscopy. Pure PEG hydrogels show a smooth surface (Figure 5.2d). The 

root mean square (RMS) roughness (30 µm × 30 µm) was ∼ 3 nm (Figure 5.2d). Upon 
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incorporating CNTs, the surface roughness of the composites increased significantly 

compared to pure hydrogels (Figure 5.2d, and Figure S5.4 in Appendix ΙΙΙ). The RMS 

roughness of c-PEG-20 samples was ∼ 24 nm. This indicates the increase of surface 

Figure 5.2 Characterization of CNT-PEG hydrogel composites. a) Storage modulus (G′, 

black) and loss modulus (G″, green) of the precursors of c-PEG-0 (◨), c-PEG-5 (◑), c-PEG-

20 (⬗) samples. b) Scanning electron microscopy image of the surface of c-PEG-20 samples 

gently dehydrated at ambient temperature. Scale bar: 5 μm. c) Young’s modulus of the 

composite samples obtained from the nanoindentation experiments. d) Surface topographies 

(2D and 3D height images) of c-PEG-0 (i) and c-PEG-20 (ii) samples captured in water by 

atomic force microscopy. Scale bar: 5 µm (inset: 500 nm). e) Root mean square (RMS) 

roughness of the surface (30 µm × 30 µm) of the composites. f) Apparent contact angles (ΘCA) 

of water droplets in air (orange) and air bubbles underwater (green) on the surface of the 

composite samples. Bar graphs show mean ± SEM.  
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microstructures. No remarkable differences in surface roughness among the 

composite samples could be discerned (Figure 5.2e). Moreover, no significant 

difference in the apparent contact angle of water drops in air (or air bubbles under 

water) was observed (Figure 5.2f). 

The effect of CNT-PEG hydrogel composites on neuronal differentiation was first 

investigated using PC12 cells. PC12 cells exhibited minimal cell viability after culturing 

on c-PEG-0 samples for 24 h (Figure 5.3a), which was attributed to the intrinsic cell 

repellent properties of pure PEG hydrogels due to their minimal protein adsorption 

(Figure 5.3b).348 However, when compared to pure hydrogels, cell adhesion was 

increased on the composites. The cell viability increased with higher CNT loading but 

did not change further above c-PEG-10 samples. The results might indicate that CNTs 

in the composites enhance the adsorption of extracellular matrix proteins, as CNTs 

are prone to interact with many biomolecules.321, 349 The protein adsorption of the 

composites was evaluated using bovine serum albumin. An increased adsorption of 

bovine serum albumin was observed when CNTs content was increased (Figure 5.3b). 

The cytotoxicity of the composites was evaluated by comparing cell viability (Figure 

5.3c) and apoptosis (Figure 5.3d) of PC12 cells cultured on poly(L-lysine) (PLL)-

coated glass substrates (as the positive control) and c-PEG-20 samples for different 

incubation periods (also see Figure S5.5, S5.6 in Appendix ΙΙΙ). These results point 

at minimal cytotoxicity of the composites. 

The differentiation of PC12 cells was investigated by culturing them in a low-serum 

medium (containing 2.5% fetal bovine serum) where proliferation was inhibited while 

no exogenous neurotrophic factors were supplemented. After 12 days, PC12 cells 

could hardly be observed on pure hydrogels while cells on PLL-coated glass 

substrates differentiated to a minimal degree (Figure 5.3e,f). The differentiation of 
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PC12 cells was enhanced with increasing CNT content in the composites. For instance, 

cells cultured on c-PEG-20 samples exhibited a maximum 38 % proportion of cells 

bearing neurites (Figure 5.3f). No significant changes in the neurite bearing rate of 

Figure 5.3 Caption details see next page. 
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PC12 cells were observed when cells were cultured on a sample with even higher 

CNT loading (Figure S5.7 in Appendix ΙΙΙ). As discussed above, the protein 

adsorption was enhanced on the composites (Figure 5.3b). This points to the 

possibility that the adsorption of growth factors (i.e., diffusible signaling proteins that 

stimulate cell growth, differentiation, etc.) secreted by the differentiated PC12 cells 

was enhanced when PC12 cells were cultured on the composites, a fact, which might 

contribute to long-term survival and differentiation.321, 350  

 

Figure 5.3 Proliferation and differentiation of PC12 cells on poly(L-lysine) (PLL)-coated 
glass and CNT-PEG substrates. a) Cell density of PC12 cells after incubation on PLL-coated 

glass substrates (control) and different CNT-PEG composite samples (n = 7 for control and c-

PEG-20, 3 for c-PEG-0, c-PEG-5 and c-PEG-10, 7 for c-PEG-20, one-way ANOVA). b) 

Normalized protein adsorption of PLL-coated glass substrates and different CNT-PEG 

composite samples (n = 6 for all conditions), one-way ANOVA. c) Cell viability of PC12 cells 

cultured on PLL-coated glass substrates (control, green) and c-PEG-20 samples (red) at 

different culture time points following plating (n = 7 for 24 h, 6 for 48 h and 5 for 72 h control 

and 7 for all time points for c-PEG-20 samples, two-way ANOVA). d) Cell survival rate of PC12 

cells after 24 h on PLL-coated glass substrates and on c-PEG-20 samples (n = 6 for controls 

and 5 for c-PEG-20 samples). e) Immunostaining images of PC12 cells after differentiation for 

12 days on PLL-coated glass substrates (control), c-PEG-5, c-PEG-10 and c-PEG-20 samples. 

Cells were stained with α/β-tubulin antibody (red) and the nuclei were stained with DAPI (blue). 

Arrows point to neurites. Scale bar: 50 μm. f) Neurite analysis of PC12 cells cultured on 

different substrates. Cells with a protrusion length of more than 5 μm were assigned as neurite-

bearing cells (n = 5 for PLL-coated glass substrates, 3 for c-PEG-0, 3 for c-PEG-5, 8 for c-

PEG-10 and 16 for c-PEG-20, one-way ANOVA). g) Neurite length measurement of PC12 

cells cultured on different substrates. (n = 21 cells for control, 67 cells for c-PEG-5, 80 cells 

for c-PEG-10 and 110 cells for c-PEG-20, one-way ANOVA). h, i) Immunofluorescent 

detection of phosphorylated focal adhesion kinase (FAKpY397) and of paxillin in PC12 cells 

cultured on PLL-coated glass substrates (left) or c-PEG-20 samples (right). Note that the 

fluorescence intensity for PLL-coated glass substrates (left) was adjusted for 

brightness/contrast to allow for better visualization. F-actin (orange) displays cell protrusions 

and shows presence of FAKpY397 in cell filopodia, which was especially visible when PC12 

cells were cultured on c-PEG-20 samples. j) Quantitative assessment of fluorescence intensity 
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revealed significant increase of FAKpY397 and paxillin in PC12 cells cultured on c-PEG-20 

samples (n = 6 cells for each condition, two-sided t-test). k, l) Western blot of the total FAK (k) 

and of the active, phosphorylated FAK (FAKpY397, l) show a significant increase of FAK and of 

FAKpY397 when PC12 cells were cultured on c-PEG-20 samples (n = 6 for all conditions, two-

sided unpaired t-test). m-q) Images of proximity ligation assay pointing protein-protein 

interaction of integrin beta 1 (ITGB1) with FAK (m), FAKpY397 (n), paxillin (o), paxillinpY118 (p) 

and talin (q). Note the higher protein-protein interaction signals (depicted by red signals) on c-

PEG-20 samples when compared to PLL-coated glass substrates (controls). Quantitative 

analysis of signals pointing to protein/protein interaction revealed significant higher interaction 

for FAK/ITGB1 (m), FAKpY397/ITGB1 (n), paxillin/ITGB1 (o), paxillinpY118/ITGB1 (p), talin/ITGB1 

(q). (n = 5 cells on control glass substrates and 6 cells on c-PEG-20 samples for FAK/ITGB1; 

5 cells on control substrate and 5 cells on c-PEG-20 samples for FAKpY397/ITGB1; 6 cells on 

control substrate and 6 cells on c-PEG-20 samples for paxillin/ITGB1; 6 cells on control 

substrate and 6 cells on c-PEG-20 samples for paxillinpY118/ITGB1; 6 cells on control substrate 

and 6 cells on c-PEG-20 samples for talin/ITGB1; unpaired two-tailed t-test was used for 

normal distributed data and Mann-Whitney test was used for non-parametric data). Bar graphs 

show mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

 

The potential mechanism for triggering the differentiation of PC12 cells on the 

composites was analyzed, focusing on the focal adhesion-mediated signaling. The 

surface microstructures have been reported to promote cell differentiation by triggering 

intracellular signal transduction pathways via the integrin-mediated focal adhesions.40 

Focal adhesions are macromolecular complexes consisting mainly of integrins, focal 

adhesion kinases (FAK), paxillin, talin, which form mechanical links between 

intracellular actin bundles and the extracellular matrix or substrates. The integrin 

activation results in various intracellular signaling alterations related to cell motility, 

survival, proliferation and differentiation and was shown to be important for neuronal 

adhesion as well as for neuronal maturation, where it plays an important role in the 

formation of synaptic contacts, morphologically visible as dendritic spines.351 The 

phosphorylation of FAK at tyrosine-397 (FAKpY397) is regarded as the most critical 

event for neuronal differentiation since FAKpY397 functions as an activated form and a 
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‘switch’ for multiple signaling outputs.352, 353 One of the most important downstream 

targets of FAK is paxillin. The phosphorylation of paxillin (paxillinpY118) acts as a 

platform for the downstream signaling.  

PC12 cells cultured on c-PEG-20 samples for 3 days developed more neurites as 

shown by filamentous actin (F-actin), which reflects the neuronal polarization during 

the early differentiation stage (Figure 5.3h). The fluorescence intensity of 

immunostaining indicates a higher expression level of FAKpY397 and paxillin of PC12 

cells cultured on c-PEG-20 samples compared to the control (Figure 5.3i, j, and 

Figure S5.8 in Appendix ΙΙΙ). In order to quantify upregulation of FAK and of its active 

form, FAKpY397, fluorescence Western blotting was performed, which allows for linear 

signal quantification. Here, higher total FAK levels as well as increased levels of 

FAKpY397 in cells cultured on c-PEG-20 was detected pointing indeed to increased 

formation of focal adhesions (Figure 5.3k, l). To further evaluate whether the 

composites are able to promote focal adhesions formation, proximity ligation assay 

was performed, which is a robust tool to detect protein complexes and an accepted 

method to detect protein-protein interactions in situ. The data showed significantly 

increased numbers of FAK/integrin β1(ITGB1), paxillin/ITGB1 and talin/ITGB1 

complexes in PC12 cells cultured on c-PEG-20 samples when compared to control 

cultures (Figure 5.3g, h), suggesting an increase of focal adhesion formation induced 

by the composites. Moreover, PC12 cells on c-PEG-20 samples displayed more 

FAKpY397/ITGB1 and paxillinpY118/ITGB1 complexes, supporting the surmise that CNT-

PEG hydrogel composite induces the differentiation-supporting intracellular signal 

transduction. Taken together, these results indicate that the surface microstructures 

promote focal adhesion formation and downstream pro-differentiation signaling 

activation. 
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Figure 5.4 Differentiation of adult mouse neural stem cells (NSCs) on PLL-coated glass 
substrates and c-PEG-20 samples. a) Expression of the neuronal marker NeuN was 

comparable in neurons cultivated on PLL-coated glass substrates and c-PEG-20 samples. 

Scale bar: 10 µm. b) Immunostaining images of networks derived from NSCs differentiation 

on PLL-coated glass substrates and c-PEG-20 samples for 5 weeks. Neurons and astrocytes 

are stained with MAP2 and GFAP-antibodies, respectively. Scale bar: 50 μm (inset: 20 μm). 
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c) Astrocytes-to-neurons ratio of NSC-differentiated on glass substrates (control, green) and 

c-PEG-20 samples (red) (n = 8 control and 7 c-PEG-20, two-sided unpaired t-test). d) Sholl 

analysis plots comparing dendritic complexity of neurons derived from NSC differentiation on 

glass substrates (green) and c-PEG-20 samples (red). (n = 10 neurons cultured on PLL-

coated glass substrates and 10 neurons on c-PEG-20 samples, two-way ANOVA). The inset 

shows a conceptual example of Sholl analysis. e-f) Branching points (e) and total length of 

neuron dendrites (f) derived from NSCs on glass substrates (green) and c-PEG-20 samples 

(red) (n = 10 neurons per condition, two-sided t-test (e) and two-way ANOVA (f)). g) 

Assessment of glutamatergic input revealed comparable VGlut-1 punctae along MAP-2 

stained dendrites on neurons cultivated on control glass substrates and on c-PEG-20 samples. 

h) Immunostaining revealed similar distribution of inhibitory synapses on MAP-2 stained 

dendrites of neurons cultivated on glass substrates and on c-PEG-20 samples. i) 

Immunostaining showing typical NSC-differentiated neurons displaying complex dendritic 

trees and an axon cultivated on PLL-coated glass substrates (control) and c-PEG-20 samples. 

Neurons were transfected with the pAAV-hSyn-IRES-mCitrine plasmid and stained with GFP-

antibody to visualize the dendritic spines. Higher detail below shows dendritic spines of 

neurons from NSCs differentiated on control glass substrates or on c-PEG-20 samples. Scale 

bar: 30 μm, 5 μm. j) Spine density of neurons derived from NSCs show significant higher spine 

density when cultivated on c-PEG-20 samples. (n = 333 spines from 11 fields of view on glass 

substrates and n= 612 spines from 14 fields of view on c-PEG-20 samples, unpaired t-test). 

k) Spine head area was significantly increased when neurons were cultivated on c-PEG-20 

samples when compared to control substrates (n = 737 spines on neurons on control glass 

substrates and 875 spines from neurons cultivated on c-PEG-20 samples, two-sided t-test). 

Bar graphs show mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 

 

While PC12 cells are a commonly used model system to investigate cell viability, 

adhesion and differentiation, they are derived from the peripheral nervous system and 

therefore a difficult model to assess regenerative properties of substrates meant to be 

used for therapy of the central nervous system lesions since they do not form 

functional synapses. Neural stem cells (NSCs) have been shown to be suitable for 

restoring connectivity after spinal cord injury.354, 355 Thus, after observing an enhanced 

differentiation of PC12 cells, the differentiation of adult murine NSCs on the 

composites was further investigated (Figure 5.4). NSCs are self-renewing, multipotent 



Polymer-Based Biomaterials with Specific Surface Features 

95 

cells capable of differentiation into neurons and astrocytes.356-358 After differentiation 

for 35 days, both NSCs cultured on PLL-coated glass substrates (control) and c-PEG-

20 samples differentiated into neurons (Figure 5.4a) and developed into neuron-

astrocyte networks (Figure 5.4b). No differences in the gross morphology of networks 

was discerned between PLL-coated glass substrates and c-PEG-20 samples. 

However, the astrocytes-to-neurons ratio was observed to be lower in c-PEG-20 

samples compared to glass substrates (Figure 5.4c). Further analysis revealed that 

the neuronal cell density on the c-PEG-20 samples was comparable to that on the 

glass substrates, while the cell density of astrocytes was significantly reduced (Figure 

S5.9 in Appendix ΙΙΙ). These results suggest that c-PEG-20 samples were likely to 

inhibit the proliferation or survival of the NSCs differentiated astrocytes. 

The dendritic development of neurons was evaluated by a semi-automatic Sholl 

analysis. The analysis is conceptually achieved by drawing concentric circles around 

the soma in a distant-dependent manner. The number of intersections at a varying 

distance (step = 10 μm) from the soma reflects dendritic complexity (Figure 5.4d). No 

distinct differences were observed between glass substrates and c-PEG-20 samples. 

The branching and total length of the dendrites were further investigated (Figure 5.4e, 

f). The total length of primary, secondary and tertiary dendrites was thus classified. 

The results show no significant differences between samples on glass substrates and 

c-PEG-20 samples. The connectivity patterns of the NSC-derived neurons and 

interrogated excitatory and inhibitory synaptic inputs was further assessed. 

Immunostaining displayed well-developed glutamatergic synapses (depicted by the 

presynaptic excitatory marker VGlut1) and inhibitory, GABAergic synapses in the 

neuronal network, which were clearly visible along the MAP-2 stained dendritic 

structures (Figure 5.4g, h). Detailed dendritic investigation (lower image in Figure 
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5.4g, h) pointed to bigger and denser synaptic inputs on dendrites of NSC-derived 

neurons cultured on c-PEG-20 samples. 

To quantify synaptic connectivity patterns, detailed morphological analyses 

(Figure 5.4i-k, and Figure S5.10 in Appendix ΙΙΙ) were performed, indicating that 

neurons cultivated on c-PEG-20 samples showed increased density of dendritic 

spines and a larger spine head area (Figure 5.4i-k). The dendritic spines are specific 

microstructures for neuronal communication and are morphological correlates of 

functional synapses.359 The spine density corresponds to the density of synapses, 

while the spine head area reflects synaptic strength.360-362 The mean spine density of 

neurons on PLL-coated glass substrates and c-PEG-20 samples was 0.49 μm−1, and 

0.74 μm−1, respectively. These results indicate a higher synaptic connectivity of the 

neurons cultivated on c-PEG-20 samples when compared to neurons cultivated on 

PLL-coated glass substrates. As discussed above for PC12 cells, the enhanced 

protein adsorption and surface microstructures mediated focal adhesion formation 

might well contribute to the development and maturation of the neurons differentiated 

from NSCs, which is consistent with the previous report that integrin activation 

promotes spine formation.351 

After investigating the differentiation of NSCs, the maturation and the network 

activity of primary hippocampal neurons was further evaluated. Primary hippocampal 

neurons were prepared from the embryonic (day 17) mouse hippocampal anlage and 

represent an intermediate time point in the development of this postmitotic neuronal 

population,363, 364 which makes them especially suitable for analysis of effects of 

different substrates on neuronal differentiation and maturation. Cultures of primary 

neurons form synaptic connections and are therefore used as in vitro models to study 

neuronal excitability regulation. Primary hippocampal neurons exhibited similar gross 
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Figure 5.5 Caption details see next page. 
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morphology and network densities on PLL-coated glass substrates (control) and c-

PEG-20 samples after 16 days in vitro (DIV 16) (Figure 5.5a, b). In order to assess 

neuronal network excitation/inhibition balance, immunofluorescent staining of 

glutamatergic, excitatory and GABAergic, inhibitory inputs was first performed. The 

results indicates similar distribution of excitatory and inhibitory synapses along the 

MAP-2 stained dendrites (Figure 5.5c, d). 

  

Figure 5.5 Differentiation and neuronal activity of primary hippocampal neurons 
cultured on PLL-coated glass substrates and c-PEG-20 samples. a, b) Immunostaining 

of dendritic processes (stained with MAP-2) of neuronal networks of primary hippocampal 

neuron cultures grown on PLL-coated glass substrates (control) and c-PEG-20 samples for 

16 days in vitro (DIV16). Quantitative assessment of cell densities of neurons cultured on the 

different substrates did not reveal significant differences (n = 3 cultures on control and 4 

cultures on c-PEG-20 samples for cell density, two-tailed t-test). Scale bar: 50 μm. c) 

Glutamatergic input revealed comparable VGlut-1 puncta along MAP-2 stained dendrites on 

primary hippocampal neurons cultivated on control glass substrates and on c-PEG-20 

samples. d) Inhibitory synapses on MAP-2 stained dendrites of neurons cultivated on glass 

substrates displayed a similar distribution when compared to neurons cultivated on c-PEG-20 

samples. Scale bars: 10 µm for (c, d) and 5 µm for (c, d) detail images. e) Exemplary images 

of GFP-transfected primary hippocampal neurons and their dendritic spines (below) from 

neuronal cultures grown on PLL-glass substrates and c-PEG-20 samples for 16 days in vitro 

(DIV16). For visualization, neurons were transfected with the pAAV-hSyn-IRES-mCitrine 

plasmid and stained with GFP antibody for visualizing dendritic spines (shown below). Scale 

bars: 50 μm and 5 μm for detail. f-i) Dendritic spines densities (f), spine head area (g), spine 

head length (h) and quantitative analysis of spine categories (i) were comparable when 

primary hippocampal neurons were cultured on PLL-coated glass substrates (control, green) 

or c-PEG-20 samples (red) (n = 614 spines from neurons cultivated on control and 534 spines 

from neurons cultivated on c-PEG-20 samples [f], n = 520 spines from neurons cultivated on 

control and 570 spines from neurons cultivated on c-PEG-20 samples [g], n = 520 spines from 

neurons cultivated on control and 570 spines from neurons cultivated on c-PEG-20 samples 

[h], n = 614 spines analyzed from neurons cultivated on control glass substrates and 534 

spines from neurons cultivated on c-PEG-20 samples [i], two tailed t-test or Mann-Whitney 

test for nonparametric data). j) Overview on rhodamine-4 AM loaded neurons cultivated on 
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control and c-PEG-20 samples. Circled neurons were assessed for Ca2+-oscillations as 

exemplary depicted by original traces shown in (k). Scale bar: 20 μm. l, m) Frequencies and 

amplitudes of synchronized calcium oscillations did not show significant differences for 

primary hippocampal neurons when grown on PLL-coated glass substrates or c-PEG-20 

samples (n = 13 recordings on control and 11 recordings on c-PEG-20 samples for frequency 

analysis and n = 36 measurements for amplitudes from neurons cultivated on control glass 

substrates and 33 measurements for amplitudes from neurons plated on c-PEG-20 samples, 

two sided t-test). Bar graphs show mean ± SEM. 

 

The maturity of neurons was then analyzed by evaluating dendritic spine densities, 

measurement of the spine head area, spine head length and by assessment of the 

different spine categories. The mean spine densities of neurons on glass substrates 

and c-PEG-20 samples were 0.94 and 0.97 μm−1, respectively (Figure 5.5f). The data 

suggest that primary hippocampal neurons grown on c-PEG-20 substrate displayed a 

comparable spine head area, spine head length and a spine maturation as shown by 

analysis of the different spine categories by careful assessment of spine morphology 

(Figure 5.5g-i). These results indicate that c-PEG-20 samples are optimally suited for 

development of primary immature neurons which exhibit a robust innate differentiation 

program, a finding which is consistent with previous studies.44, 45, 234, 322 Therefore, 

primary hippocampal neurons serve as a good model for investigating the properties 

of network activity on the composites. 

The network activity of primary hippocampal neurons was next investigated by 

calcium imaging, which is a reliable method used to track the activity of neuronal 

populations.365 The primary hippocampal neurons cultured in vitro for 14 days 

exhibited spontaneous synchronized calcium oscillations driven by synaptic activity.366 

Using a calcium indicator (Rhod-4 AM) and confocal microscopy, the oscillations of 

free cytosolic calcium in primary cultures of hippocampal neurons were recorded 

(Figure 5.5j,k). The frequency of calcium oscillations, which is dependent on the 
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periodic changes of the membrane potential driven by action potentials, reflects 

neuronal network excitability.366, 367 The amplitude reflects the efficacy of action 

potential in evoking postsynaptic calcium current through glutamatergic receptors and 

voltage-gated calcium channels.366, 368 Here, the frequencies and amplitudes of 

calcium oscillations in the neurons cultured on PLL-coated glass substrates and c-

PEG-20 samples were compared (Figure 5.5l, m). These results indicate that the 

CNT-PEG hydrogel composites are able to maintain the homeostasis of neuronal 

network activity.  

These results differ from earlier studies performed on CNT-coated substrates 

where an increased neuronal excitability was reported.44, 322 The main difference 

between CNT-coated substrates and CNT-PEG hydrogel composites is that in the 

latter case, the CNTs were embedded in the hydrogel and thus their interactions with 

the neurons might have been partially disrupted. Thus, the encapsulation of the CNT 

network into the hydrogel matrix could indeed play a critical role in maintaining the 

homeostasis of neuronal network activity. Therefore, the encapsulation of the CNT 

network into the hydrogel matrix did not change the developmental balance between 

excitatory synapses and inhibitory synapses, thereby preserving intrinsic neuronal 

activity and neuronal network homeostasis. 

5.4 Conclusions 

In summary, a novel and versatile method for preparing CNT-hydrogel composites has 

been demonstrated. The effects of CNT-PEG hydrogel composites on neuronal 

differentiation and electrical activity were investigated using PC12 cells, adult NSCs 

which were differentiated into neurons and astrocytes and primary hippocampal 

neurons. It is demonstrated that the composites were beneficial for the long-term 

survival and differentiation of PC12 cells and NSCs. The results show an enhanced 
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differentiation of PC12 cells and an increased neuron-to-astrocyte ratio of NSCs on 

the composites compared to the control conditions of glass substrates. Furthermore, 

the spine density of neurons derived from NSCs was increased. The enhanced 

differentiation of PC12 cells and NSCs may be ascribed to the enhanced surface 

microstructures and protein adsorption. Moreover, network activity of primary cultures 

of hippocampal neurons cultured on the composites was maintained within a 

physiological range and was comparable to neuronal activity of primary neurons from 

the same preparation cultured on standard control conditions. In addition, c-PEG-20 

composites allowed for optimal neuronal differentiation up to the level of dendritic 

spines. To sum up, the data suggest that the CNT-PEG hydrogel composites are novel 

versatile substrates for culturing neurons, suitable for the development of lesion 

interponates for potential use in vivo. These substrates display several advantages for 

neuronal differentiation while maintaining homeostatic properties of neuronal networks 

which is an important prerequisite when intended to be used for repair of CNS lesions, 

which are often associated with pathological hyperexcitability as present, e.g., in the 

case of ischemic stroke.  
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5.5 Appendix ΙΙΙ 

Table S5.1 UV illumination time of CNT-PEG hydrogel composites with varying CNT 

content. 

Notation 
CNT concentration 

(g L−1)a 
UV illumination time 

(s)b 

c-PEG-0 0 10 

c-PEG-5 5 60 

c-PEG-10 10 120 

c-PEG-20 20 240 

a) The concentration here is referring to the CNTs in the ionic liquid. b) UV light: 365 

nm, 250 mA (i.e., 15.6 mW cm−2). 

 
 
 

 
Figure S5.1 Frequency dependence of complex viscosity of the precursors of CNT-

PEG hydrogel composites with varying CNT content. (◧: c-PEG-0, ◐: c-PEG-5, ◭ c-

PEG-10, ⬖: c-PEG-20 samples). 

  

Supporting Figure S1-S2

Figure S1. Complex viscosity of the 
precursors of the CNT-PEG hydrogel 
composites 
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Figure S5.2 Scanning electron microscopy images of (a) c-PEG-5 and (b) c-PEG-10 

samples after gentle dehydration. Scale bar: 5 μm. 

 

 

 

Figure S5.3 Indentation curves of CNT-PEG hydrogel composites with varying CNT 

content. (a) c-PEG-0, (b) c-PEG-5, (c) c-PEG-10, and (d) c-PEG-20 samples. The 

elastic modulus of the composites was obtained by fitting the loading curves with the 

Hertz model. 

a b

c d

Figure S3. Indentation curves of CNT-PEG hydrogel composites with varying CNT content.

(a) c-PEG-0, (b) c-PEG-5, (c) c-PEG-10, and (d) c-PEG-20 samples. The elastic modulus of

the composites was obtained by fitting the loading curves with the Hertz model.

Supporting Figure S3

c-PEG-0 c-PEG-5

c-PEG-10 c-PEG-20
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F = 
4
3

E
1	− μ2

(R𝛿3 

where E is the elastic modulus of the sample, µ is the Poisson’s ratio of the sample, R 

is the radius of the probe, and δ is the indentation depth.  

 

 

 

 

 
Figure S5.4 2D and 3D topographies of (a) c-PEG-5 and (b) c-PEG-10 samples 

captured by atomic force microscopy in water. Scale bar: 5 μm.  

 

  

a

b
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Figure S5.5. Confocal scanning laser microscopy (CLSM) images of PC12 cells 

cultured on PLL-coated (a) glass substrates and (b) c-PEG-20 samples for 24 h, 48 h, 

72 h. Cells were stained with Tubulin antibody (the nuclei were stained with 

dihydrochloride). Scale bar: 100 μm. 

 

 

 
Figure S5.6. CLSM images of PC12 cells cultured on PLL-coated (a) glass substrates 

and (b) c-PEG-20 samples for 48 h. The nuclei (blue) were stained with 

dihydrochloride, and the dead cells were marked with cleaved Caspase3 (red). Scale 

bar: 100 μm. 
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Figure S5.7 Neurite bearing rate of PC12 cells cultured on PLL-coated glass 

substrates and CNT-PEG hydrogel composites with varying CNT content (n = 5 for 

PLL-coated glass plates, 3 for c-PEG -0, 3 for c-PEG-5, 8 for c-PEG-10, 16 for c-PEG-

20 and 8 for c-PEG-30, one-way ANOVA). Bar graphs show mean ± SEM. ****p < 

0.0001. 

 

 

 

Supporting Figure S7

Figure S7. Neurite bearing rate of PC12 cells cultured on glass substrates and

CNT-PEG hydrogel composites with varying CNT content. ((no cells were

observed for c-PEG-0, n = 5 for PLL-coated glass substrates, 3 for c-PEG-5, 8

for c-PEG-10, 16 for c-PEG-20 and 8 for c-PEG-30, one-way ANOVA, ***: p <

0.0005)
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Figure S5.8 CLSM images of PC12 cells cultured on (a) glass substrates and (b) c-

PEG-20 samples for 72 h. Cells were stained with Phospho-FAK (Tyr397) Antibody 

Paxillin antibody. Scale bar: 5 μm. 
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Figure S5.9 Cell density of neuron (left) and astrocyte (right) from NSC differentiated 

on PLL-coated glass substrates (control) and c-PEG-20 samples (n = 8 for control and 

7 for c-PEG-20) ***: p < 0.0001, two-sided t-test. 

 

 

 

 

 

 

 

Supporting Figure S9

Figure S9. Cell density of neuron (left) and astrocyte (right) from NSC
differentiated on glass substrates and c-PEG-20 samples. (n = 8 of NSC-
derived cells cultured on PLL-coated glass substrates and n = 7 of NSC-
derived cells cultured on c-PEG-20 substrates, two-way ANOVA, ***: p <
0.0005).
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Figure S5.10 Results comparing the morphological classification of dendritic spines 

by shape (a) and the head length of dendritic spines (b) of neurons derived from NSCs 

cultured on PLL-coated glass substrates (green) or on c-PEG-20 samples (red) (for a: 

n = 614 total spine numbers in percent from 11 fields of view for NSC-derived neurons 

cultured on PLL-coated glass plates and total 534 spine numbers in percent from 14 

fields of view for NSC-derived neurons cultured on c-PEG-20 substrates, for b: n = 

737 spines from neurons cultured on PLL-coated glass slides and 875 spines from 

neurons cultured on c-PEG-20 substrates. two-sided t-test). 

 

 

 

 

 

Supporting Figure S10

Figure S10. Results comparing the morphological classification of dendritic spines
by shape (a) and the head length (b) of dendritic spines of neurons derived from
NSCs cultured on PLL-coated glass substrates (green) or on c-PEG-20 samples
(red) (n = 614 spines from 6 NSC-derived neurons on PLL-coated glass plates and
534 spines from 6 NSC-derived neurons on c-PEG-20 substrates [a], n = 737
spines from 8 NSC-derived neurons on PLL-coated glass plates and 875 spines
from 6 NSC-derived neurons on c-PEG-20 substrates [b], two-sided t-test).

a b
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Chapter 6  

Concluding Remarks 

This thesis focuses on the development, characterization, and applications of polymer-

based biomaterials. Different polymer composites for specific biomedical applications 

have been developed by incorporating organic salts or inorganic nanoparticles into the 

polymer matrix. These include: (i) responsive ionogels with a self-replenishing surface 

for combating biofouling; (ii) mechanically elastic superhydrophobic composite 

coatings with photocatalytic activity for wound dressing; (iii) carbon nanotube-hydrogel 

composites for nerve tissue engineering.  

A new type of responsive ionogel with renewable antibiofouling properties has 

been described in the first part of the work (Chapter 3). The renewability of the 

antibiofouling performance relies on the spontaneous migration of ionic liquids 

infiltrated within polymer scaffolds to the surface. The phase-transition of ionic liquids 

is used as a ‘switch’, allowing for reversibly activating the ionogel surface from 

bactericidal (antimicrobial surface) to biofilm-release (slippery surface) functions. The 

reversibility of the surface properties enables restoring antimicrobial efficacy after 

biofilm contamination, tackling the big challenge of irreversible loss of bactericidal 

functions of traditional antimicrobial surfaces. On the other hand, uncontrollable liquid 

loss is one of the main drawbacks of traditional slippery surfaces. The on-demand 

activation of phase transition can minimize the unexpected loss of ionic liquids. I 

believe this new type of ionogels will be helpful for the long-term stability of combating 

biofouling. Future work can focus on studying the migration of ionic liquids from 

polymer gel matrices, which will help better understand the self-replenishing process 

of the surface and, hopefully, control the process. 
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The second part of the work is focused on preparing and characterizing a 

mechanically elastic and photocatalytically active superhydrophobic coating (Chapter 

4). Due to their non-wetting features, superhydrophobic surfaces serve as a promising 

candidate for blood-repellent wound dressing, capable of minimizing the loss of blood 

and the formation of clot-gauze composites. To tackle the poor mechanical properties 

and biocompatibility, a new strategy for preparing superhydrophobic surfaces based 

on the self-assembly of titanium nanoparticles with biocompatible polymers has been 

proposed. The combination of mechanically elastic polymers and photocatalytically 

active titanium provides robust blood repellency and additional antimicrobial functions 

of the superhydrophobic coatings. This new strategy may help develop blood repellent 

wound dressing capable of reducing blood loss, clot-gauze composite formation, and 

bacterial infections. Future work can focus on studying the possible mechanism of 

blood clotting on this type of superhydrophobic surface. It will be beneficial for further 

exploring the capacity of the superhydrophobic coatings to promote rapid blood 

clotting while maintaining low blood adhesion. 

In the last part of the work (Chapter 5), a new and versatile method to prepare 

carbon nanotube-hydrogel composites has been described. The electrical conductivity 

of such nanocomposite hydrogels has been often assumed to facilitate neuronal 

differentiation by stimulating neuronal excitability. To obtain deeper understanding of 

whether the electrical conductivity of nanocomposite hydrogels could actually affect 

neuronal differentiation and excitability, different cell types with varying behaviors have 

been used for investigation. It is observed that the nanocomposite hydrogels could 

indeed facilitate neuronal differentiation while maintaining homeostasis of network 

activity. The results provide new insights showing that high electrical conductivity by 

itself is not fundamental for carbon nanotube-based nanocomposites to be used as 
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artificial nerve grafts. Concurrently, other physicochemical properties, such as surface 

topography, should also be considered to design biocompatible functional scaffolds 

for nerve regeneration. Future work can focus on studying neuronal behaviors on the 

nanocomposite hydrogels under electrical stimulation, which will provide new 

information beneficial for further exploring the possibility of the nanocomposite 

hydrogels to be used as neural interface electrodes for signal recording and 

stimulation. 

The surface properties of biomaterials that interact with the biological systems are 

essential. As proof of concept, the three parts of the work demonstrated that the 

combination of polymers with tunable physicochemical properties and organic salts 

and inorganic nanoparticles with diverse functionality could serve as an efficient 

toolbox for developing advanced biomaterials with specific surface characteristics.  
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